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ADSTRACT 

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

K a p t a g a t a r r a y i n K enya s e t up by the Durham U n i v e r s i t y 

Department of G e o l o g i c a l S c i e n c e ^ . The a r r a y c o n s i s t e d o f 

t o n s h o r t p e r i o d s e i s m o m e t e r s and was s i t e d 10 km w e s t o f 

the E l g e y o e s c a r p m e n t , w h i c h forms the w e s t e r n boundary o f 

The G r e g o r y R i f t . 

Onset time a n a l y s i s was u s e d to d e t e r m i n e t h e s l o w n e s s 

and a z i m u t h o f a p p r o a c h f o r t e l e s e i s m i c a r r i v a l s . L a r g e 

d e v i a t i o n s from the e x p e c t e d s l o w n e s s and a z i m u t h a r e found 

and i t a s shown t h a t t h e m a j o r c a u s e o f the t>c a n o m a l i e s i s 

the low v e l o c i t y u p p e r mantle w h i c h i s assumed to e x i s t 

b e n e a t h the Kenyan domal u p l i f t . 

A p r e l i m i n a r y a n a l y s i s o f 60 t e l e s e i & m i c a r r i v a l s shows 

t h a t t h e a n o m a l i e s c a n n o t be e x p l a i n e d m terms o f a s i n g l e 

p l a n e i n t e r f a c e o r any p l a n e s t r u c t u r e . I t i s shown t h a t 

i f the da La i s to be e x p l a i n e d by a s i n g l e boundary t h e n the 

s t r u c t u r e must t h i n b o t h to the n o r t h and w e s t o f the s t a t i o n 

The s t r u c t u r e was Lhus assumed to be c a u s e d by a s t r u c t u r e 

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

optimum s t r u c t u r e s were c a l c u l a t e d f o r v a r i o u s assumed 

v e l o c i t i e s . 

R e l a t i v e t e l e s e i s r u i c P-wave d e l a y time d a t a between 

K a p t a g a t and Bulawayo, w h i c h c o n f i r m s t h e p r e s e n c e o f low 

m a t e r i a l b e n e a t h the s t a t i o n , wa& r e i n t e r p r e t e d on t he b a s i s 

o f t h e model p r o p o s e d and was found to be c o n s i s t e n t w i t h a 

depth to the bottom o f the s t r u c t u r e b o U e e n 150 and 3°0 km. 



The a r r i v a J o f a phase c o r r e s p o n d i n g t o a r e f l e c t i o n 

from the top o f the p r o p o s e d s t r u c t u r e was s e a r c h e d f o r i n 

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

t e c h n i q u e s b u t no c o n s i s t e n t a r r i v a l c o u l d be i d e n t i f i e d 

w i t h c o n f i d e n c e . 

A p r e l i m i n a r y s t u d y showed t h a t the p o s t u l a t e d sei&mic 

s t r u c t u r e was n o t i n c o n s i s t e n t wn th t h e a v a i l a b l e g r a v i t y 

d a t a . 
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CHAPTER 1 

SECTION 1 - THE EAST AFRICAN R I F T SYSTEM 

1.1.1. I n t r o d u c t i o n 

The E a s t A f r i c a n R i f t System e x t e n d s s o u t h w a r d f o r 

some ^,000 km from i t s n o r t h e r n j u n c t i o n w i t h t h e Red Sea 

and the G u l f o f Aden. I t s t r e t c h e s t h r o u g h E t h i o p i a and 

s p l i t s to form the E a s t e r n and Western R i f t s w h i c h c o n v e r g e 

a g a i n toward L a k e Malawi ( F i g . 1 . 1 . ) . A p p a r e n t f a u l t i n g 

ends toward the Limpopo r i v e r a r e a a l t h o u g h h e a t f l o w 

s t u d i e s (Chapman and P o l l a c k , 1975) i n d i c a t e t h a t r i f t i n g 

o c c u r s down to l6°S w h i l e s e i s m i c i t y s t u d i e s s u g g e s t t h a t 

i t may e x t e n d a s f a r a s 2k°S ( F a i r h e a d and G i r d i e r , I 9 6 9 ) . 

The r i f t , c h a r a c t e r i s t i c a l l y between kO and 65 km 

wide, t r a v e r s e s two b r o a d , e l o n g a t e d domal u p l i f t s , 

e l l i p t i c a l i n p l a n and some 1,000 km wide, i n E t h i o p i a 

and Kenya and i t i s o n l y h e r e t h a t the c l a s s i c g r a b e n 

s t r u c t u r e s a r e w e l l d e f i n e d ; t h e t h r o w s on the major f a u l t s 

i n t h e s e r e g i o n s a r e e s t i m a t e d t o be a s much a s k km 

( B a k e r and Wohlenberg, 1 9 7 1 ) . 

A l t h o u g h the r i f t i s a n o r t h - s o u t h f e a t u r e on a 

c o n t i n e n t a l s c a l e i n d i v i d u a l s t r u c t u r e s o n l y r a r e l y show 

t h i s t r e n d ; t h e r i f t t e n d s to be formed a s a s e r i e s o f 

en e c h e l o n f a u l t s w h i c h e f f e c t i v e l y d e f i n e a n o r t h - s o u t h 

s t r u c t u r e ( K i n g , 1 9 7 0 ) . 

I t i s now g e n e r a l l y a c c e p t e d t h a t the r i f t i s a 

t e n s i o n a l f e a t u r e and n o t p r o d u c e d by c o m p r e s s i o n a s 

s u g g e s t e d b\ some e a r l y w o r k e r s (Wayland, 1930; B u l l a r d , 

1936; W i l l i s , 1 9 3 6 ) ; t h e f a u l t i n g h a s been shown by 



Fx.»uro 1.1 

.he ILast A f r i c a " h i l l System snub'- o f : t h i o j i a 



Sudan Ethiopia 

\ 
UGANDA 

\ 

1 KENYA 

Lake 

Victoria 

1^ J V 1 

' A 
/ s 

/ 

\ \ 

TANZANIA 

\ 

y i i 
ZAMBIA 

10° 

Kms / 
100 200 300 

It Mozambique 
35° 30 40° 



- 2 -

o b s e r v a t i o n , g r a v i t y and f o c a l mechanism s t u d i e s to be 
p r e p o n d e r a n t l y n o r m a l , n o t r e v e r s e , i n d i c a t i n g e x t e n s i o n . 
( G r e g o r y , 1921; G i r d i e r , 1964; H e i s k a n e n and V e n i n g 
M e i n e s z , 1958; S y k e s and L a n d i s m a n , 1964; F a i r h e a d , 1968, 
F a i r h e a d and G i r d i e r , 1971.) 

1.1.2. Development o f the E a s t A f r i c a n R i f t S ystem 

The basement o f E a s t A f r i c a i s formed o f a complex 

o r metamorphic and i g n e o u s r o c k s o f P r e c a m b r i a n and l o w e r 

P a l a e o z o i c age. D u r i n g most o f t h e P a l a e o z o i c , E a s t 

A f r a c a was o c c u p i e d by f o l d m ountains b e i n g e r o d e d . 

Marine t r a n s g r e s s i o n commenced i n the l a t e T n a s s i c - l o w e r 

J u r a s s i c i n t h e n o r t h e a s t o f A f r i c a and d e v e l o p e d w e s t w a r d 

t o c o v e r S o m a l i a , n o r t h e a s t Kenya, most o f E t h i o p i a and 

s o u t h w e s t A r a b i a by t h e u p p e r J u r a s s i c , By t he s t a r t 

o f the C r e t a c e o u s E t h i o p i a had r e-emerged and the p r o c e s s 

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

e a r l y T e r t i a r y ( B a k e r e t a l , 1 9 7 2 ) . 

The u p l i f t i n E t h i o p i a i n t h e u p p e r Eocene marks the 

s t a r t o± the E t h i o p i a n dornal u p l i f t and by t h e end o f t h e 

E o c e n e t h e c o a s t - l i n e s o f t h e G u l f o f Aden and the I n d i a n 

Ocean had been d e t e r m i n e d . At the same t i m e a s , o r s l i g h t l y 

a f t e r , t h e u p w a r p i n g , t h e T r a p S e r i e s f i s s u r e b a s a l t s were 

produced; they r e p r e s e n t the l a r g e s t s i n g l e v o l c a n i c e v e n t 
2 

i n t h e h i s t o r y o i the r i f t and c o v e r e d 750,000 km i n 

E t h i o p i a and 30,000 km i n s o u t h w e s t A r a b i a ( G a s s , 1 9 7 0 ) . 

I t i s e s t i m a t e d t h a t t h e t h i c k n e s s r e a c h e s k km i n n o r t h e r n 

E t h i o p i a (Mohr, 1967) and t h e t o t a l volume i s a s s e s s e d a s 

400,000 km^ ( G a s s , 1 9 7 0 ) . The t i m i n g , i n r e l a t i o n t o 

doming, i s d i s p u t e d b u t Mohr ( I 9 6 3 ) c l a i m s t h a t u p l i f t was 

c o m p l e t e d b e f o r e v o l c a n i s m o c c u r e d . G r a s t y e t a l ( 1 9 6 3 ) 
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show t h a t the f l o w s a r e E o c e n e - O l i g o c e n e i n the n o r t h and 
O l i g o c e n e i n the s o u t h ; no s u c h e a r l y T e r t i a r y v o l c a n i s m 
o c c u r e d i n K enya ( L o g a t c h e v e t a l , 1 9 7 2 ) . 

T h e r e was t h e n a p e r i o d o f s t a b i l i t y ( S a g g e r s o n and 

B a k e r , 1 965) f o l l o w e d by u p l i f t s i n b o t h Kenya and E t h i o p i a 

i n the m i d d l e t o l a t e Miocene. I n Kenya, the u p l i f t was 

about 300 m and was a c companied by t h e e r u p t i o n o f f i s s u r e 

p h o n o l i t e s ( B a k e r and Wohlenberg, 1 9 7 0 ) ; u p l i f t i n E t h i o p i a 

h a s been e s t i m a t e d a t 500 m ( M e r l a , 1 9 6 3 ) . 

T h e r e now f o l l o w e d a n o t h e r p e r i o d o f q u i e s c e n c e 

( S a g g e r s o n and B a k e r , 1965) when t h e u p l i f t s were e r o d e d 

u n t i l t h e f i n a l and most i m p o r t a n t s t a g e o f u p l i f t began. 

I n c e n t r a l Kenya the u p l i f t was up to 1,500 m and the r i f t 

m a r g i n s were warped downwards and a t r u e g r a b e n was p r o d u c e d . 

At the same t i m e a s the s t a r t o f the u p l i f t m a s s i v e e r u p t i o n s 

o f i g n i m b r i t e s began i n the c e n t r a l p a r t o f the K e n y a r i f t 

sometimes f i l l i n g and o v e r f l o w i n g i t ( B a k e r and U o h l e n b e r g , 

1 9 7 1 ) t D u r i n g e a r l y P l e i s t o c e n e the f l o o r o f the g r a b e n 

was c u t by dense swarms o f minor f a u l t s s i n c e w h i c h t i m e 

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

The v o l c a n i c h i s t o r y o f the R i f t i s e x t r e m e l y complex 

and the p r e s e n t w r i t e r i s n o t competent to d e a l w i t h t h e 

p r oblems i n d e t a i l . A l l t h e r o c k s o f the Kenyan and 

E t h i o p i a n dome a r e a l k a l i n e w i t h two d i s t i n c t g e n e t i c s e n e s 

o b s e r v a b l e , one s t r o n g l y a l k a l i n e and the o t h e r m i l d l y 

a l k a l i n e . I n b o t h E t h i o p i a and K e n y a t h e p r e - r i f t f l o o d 

b a s a l t s a r e more a l k a l i n e t h a n t h e b a s a l t s o f the r i f t f l o o r , 

s u g g e s t i n g s h a l l o w e r m e l t i n g b e n e a t h the r i f t t h a n t h e 

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

t h e Kenya b a s a l t s i s l o w e r t h a n t h a t o f t h o s e from E t h i o p i a 
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s u g g e s t i n g a d e e p e r o r i g i n f o r the f o r m e r ( G r e e n e t a l , 1 9 6 7 ) . 

G a s s ( f o r example G a s s , 1970; G a s s , 1972) h a s a r g u e d 

t h a t t h e domal u p l i f t i s c a u s e d by t h e p r o g r e s s i v e u p w e l l m g 

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

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

r i f t i n g p r o c e e d s from a l k a l i b a s a l t s f o r p a r t i a l m e l t s 

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

s e p a r a t i o n . H a r r i s ( 1 9 6 9 ) h a s g i v e n e v i d e n c e t h a t t h i s 

o c c u r s b u t B a k e r e t a l ( 1 9 7 2 ) c o n s i d e r t h a t many d i f f i c u l t i e s 

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

t h a t no s a t i s f a c t o r y p e t r o g e n e t i c model y e t e x i s t s b u t f i n d 

i t ' d i f f i c u l t t o e s c a p e the c o n c l u s i o n ' t h a t v o l c a n i s m and 

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

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

and d i l a t i o n . 

1.1.3- E v i d e n c e f o r Anomalous Mantle b e n e a t h the R i f t 

Most e x p l a n a t i o n s o f t h e u p l i f t , r i f t i n g and f a u l t i n g 

( e . g . G a s s , 1970; Osmaston, 1971; A r t y u s h k o v , 1973) have 

p o s t u l a t e d t h e e x i s t e n c e o f an anomalous mantle s t r u c t u r e 

b e n e a t h t h e r i f t and t h e e v i d e n c e f o r t h i s and i t s more 

d e t a i l e d s t r u c t u r e w i l l now be d i s c u s s e d . 

S u r f a c e wave d i s p e r s i o n t e c h n i q u e s a r e u s e f u l f o r 

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

between two s t a t i o n s ( b l o c h e t a l , 1 9 6 9 ) . The R a y l e i g h 

wave d i s p e r s i o n c u r v e s between s t a t i o n s w h i c h have sampled 

t h e r i f t have b e e n shown ( b u n d a r a l i n g h a m , 1971; Long e t a l , 

1972) t o be s i m i l a r t o t h o s e found f o r the r e s t o f A f r i c a 

(Gumper and Pomeroy, 1970) f o r s h o r t e r p e r i o d s r e f l e c t i n g 

c r u s t a l s t r u c t u r e b u t t o have a much l o w e r v e l o c i t y f o r the 



l o n g e r p e r i o d s w h i c h r e f l e c t u pper mantle s t r u c t u r e . 

K n o p o f f and S c h l u e ( 1 9 7 2 ) a n a l y s e d t h e phase v e l o c i t y 

f o r the p a t h A d d i s A b a b a - N a i r o b i and s u g g e s t e d a v e l o c i t y 

f o r S n between 4.25 and 4.45 km/sec e x t e n d i n g to a d e p t h 

o f 120-200 km (compared w i t h t h e a v e r a g e A f r i c a n v a l u e o f 

4.6-4.8 km/sec g i v e n by Gumper and Pomeroy ( 1 9 7 0 ) ) a l t h o u g h 

the a n a l y s i s o f Der e t a l ( 1 9 7 0 ) would s u g g e s t t h a t t h e s e 

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

b o u n d a r i e s . 

V a r i o u s s t u d i e s o f P-wave d e l a y t i m e s f o r s t a t i o n s 

c l o s e to the r i f t a l l i n d i c a t e a p o s i t i v e d e l a y showing 

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

low v e l o c i t y m a t e r i a l ( L i l w a l l and D o u g l a s , 19 70; l l e r r i n 

and T a g g a r t , 1968; S u n d a r a l i n g h a m , 1 971;Backhouse, 1972; 

C o l l e y , 1 9 7 3 ) . 

Gumper and Pomeroy ( 1 9 7 0 ) found t h a t d i d not 

p r o p a g a t e a c r o s s the r i f L n o r t h of the e q u a t o r and deduced 

the e x i s t e n c e o f a m a n t l e w i t h low Q i n t h i s r e g i o n 

( M o l n a r and O l i v e r , 1 9 6 9 ) . 

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

a s e i s m i c r e f r a c t i o n l i n o was shot a l o n f the r i f t between 

L a k e s H a n m n g t o n and R u d o l f ( G r i f f i t h s e t a l , 1971; G r i f f i t h 

1972) and from u n r e v e r s e d d a t a a h i g h ( a p p a r e n t ) v e l o c i t y 

r e f r a c t o r (P wave v e l o c i t y 6.4 km/sec) was found a t a depth 

o f 3 km w i t h a 7*5 km/sec l a y e r a t a d e p t h o f 20 km. I t 

was s u g g e s t e d t h a t t h i s h i g h v e l o c i t y l a y e r c o u l d be the 

top o f the anomalous m a n t l e . 

Banks and O t t e y ( 1 9 7 4 ) have a t t e m p t e d to d e f i n e the 

anomalous m a t e r i a l by i t s e x p e c t e d h i g h c o n d u c t i v i t y and 
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have i n v e s t i g a t e d the r e s p o n s e to s h o r t p e r i o d v a r i a t i o n s 
i n the e a r t h ' s m a g n e t i c f i e l d u s i n g a r r a y s o f magnetometers. 
I n t h e i r r e p o r t o f a p r e l i m i n a r y s m a l l s c a l e e x p e r i m e n t t h e y 
f i n d a r e g i o n o f h i g h c o n d u c t i v i t y a p p r o x i m a t e l y 20 km 
b e n e a t h the r i f t f l o o r and a n o t h e r a p p r o x i m a t e l y 100 km 
t o t h e e a s t a t a d e p t h o f 100 km. 

G r a v i t y measurements i n Kenya have been i m p r o v i n g i n 

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

t e r r a i n a n d some f u r t h e r d e t a i l e d g r a v i t y s t u d i e s a r e 

s h o r t l y e x p e c t e d . A b r o a d n e g a t i v e Bouguer anomaly o f 

up to -150 mgals i s found o v e r the u p l i f t e d r e g i o n and 

s u p e r i m p o s e d on t h i s i s a l o w e r a m p l i t u d e (40-50 m g a l s ) 

s h o r t e r w a v e l e n g t h (40-80 km) p o s i t i v e anomaly o v e r t h e 

r i f t . The r e g i o n o v e r t h e u p l i f t i s i n a p p r o x i m a t e i s o s t a t i c 

e q u i l i b r i u m ( B u l l a r d , 1936) and t h i s h a s been shown ( B o t t , 

1 9 65) to r e q u i r e a low d e n s i t y body a t the b a s e o f the c r u s t 

o r w i t h i n the upper m a n t l e . A l l w o r k e r s a g r e e t h a t t h e 

anomaly must be e x p l a i n e d i n terms of a low d e n s i t y m a n t l e 

i n t r u d i n g i n t o t h e c r u s t where i t c a u s e s t h e s h o r t wave

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

c o n s i d e r a b l y a p p a r e n t l y b e c a u s e o f the d i t f i c u t l y o f 

a s s e s s i n g t h e i n f l u e n c e of t he low d e n s i t y v o l c a n i c s . B a k e r 

and V o h l e n b e r g ( 1 9 7 1 ) p o s t u l a t e a body 10 km wide p e n e t r a t i n g 

t o w i t h i n 1.5 km below s e a l e v e l w i t h a d e n s i t y c o n t r a s t o f 

0.15 grn/cc and an a n o m a l o u s l y loiv d e n s i t y m a n t l e o f 3.2 gm/cc. 

Khan and M a n s f i e l d ( l 9 7 l ) > however, assume t h a t the 7>5 km/sec 

l a y e r found by G r i f f i t h s e t a l ( l 9 7 l ) r e p r e s e n t s t h e t o p of 

t h e anomalous m a n t l e . 

I n summary, we may c o n c l u d e t h a t t h e r e i s a w e a l t h o f 

e v i d e n c e w h i c h shows beyond r e a s o n a b l e doubt t h a t m a t e r i a l 
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o f a n o m a l o u s l y low d e n s i t y , low v e l o c i t y and low Q 

u n d e r l i e s t h e r e g i o n o f domal u p l i f t i n Kenya and E t h i o p i a . 

F u r t h e r d e t a i l s o f the s t r u c t u r e a r e s p a r s e and 

c o n t r o v e r s i a l ( f o r example the v a r i o u s i n t e r p r e t a t i o n s 

o f t h e g r a v i t y a n o m a l i e s ) and the purpose o f t h i s work 

i s to use s e i s m i c a r r a y d a t a to d e r i v e f u r t h e r i n f o r m a t i o n 

on t h e shape and v e l o c i t y o f the anomalous body. 

1.1.4. T h e o r i e s o f F o r m a t i o n o f t h e R i f t 

S i n c e the development o f the c o n c e p t o f s e a f l o o r 

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

o f t h e r i f t have been framed i n t h o s e t e r m s . 

The s e i s m i c i t y o f the r i f t s y s t e m forms a c o n t i n u a t i o n 

o f t h e z o n e s o f s h a l l o w s e i s m i c i t y a s s o c i a t e d w i t h t h e 

m i d - I n d i a n R i d g e , the C a r l s b e r g R i d g e and the G u l f o f Aden 

(Wohlenberg, 1970) a l t h o u g h the e p i c e n t r e s e x h i b i t r a t h e r 

more s c a t t e r t h a n ithose a s s o c i a t e d w i t h mid-ocean r i d g e s 

( S y k e s and Landisman, 196k), 

The most u s u a l c l a s s i f i c a t i o n o f the R i f t S y s t e m i s 

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

t h e Red Sea and t h e G u l f o f Aden (McKenzie e t a l , 1 9 7 0 ) . 

The Red Sea i s c o n s i d e r e d a s a s p r e a d i n g c e n t r e f o r the 

A r a b i a n and Nubian p l a t e s and t h e G u l f o f Aden f o r the 

A r a b i a n and S o m a l i a n p l a t e s . A c c o r d i n g t o the p o s t u l a t e s 

o f p l a t e t e c t o n i c s (McKenzie and P a r k e r , 1967; Morgan, 1968) 

t h e motion a c r o s s the r i f t may be deduced i f the m o t i o n s 

a c r o s s the o t h e r two s p r e a d i n g c e n t r e s can be f o u n d . 

The motion between t h e A r a b i a n and S o m a l i a n p l a t e s 

a p p e a r s t o be w e l l d e t e r m i n e d . L a u g h t o n ( 1 9 6 6 ) f i r s t 

c a l c u l a t e d the d i r e c t i o n o f s p r e a d i n g from the s t r i k e o f 
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t r a n s f o r m f a u l t s i n t h e G u l f o f Aden and t h e p o l e o f 
r o t a t i o n h a s b e en p l a c e d a t a p p r o x i m a t e l y 26.5°N, 21.5°E 
w i t h an a n g l e o f r o t a t i o n o f 7*6° (McKenzie e t a l , 1970; 
Le P i c h o n , 1 9 6 8 ) . 

The motion between t h e A r a b i a n and Nubian p l a t e s h a s 

a r o u s e d somewhat more c o n t r o v e r s y . E a r l y o b s e r v a t i o n s 

s u g g e s t e d t o G i r d l e r ( 1 9 5 8 ) t h a t o n l y t h e a x i a l t r o u g h o f 

t h e Red Sea was u n d e r l a i n by o c e a n i c c r u s t b u t l a t e r work 

by F r a z i e r ( 1 9 7 0 ) and T r a m o n t i n x ^nd D a v i e s ( 1 9 6 9 ) showed 

t h a t a l a r g e p a r t o f t h e s e a was a s s o c i a t e d w i t h o c e a n i c 

c r u s t . The i i r s t a t t e m p t t o l o c a t e the p o l e o f r o t a t i o n 

and t h u s c a l c u l a t e t h e motion between the Nubian and 

S o m a l i a n p l a t e s was by R o b e r t s ( 1 9 6 9 ) and l e d t o a p o l e f o r 

the two A f r i c a n p l a t e s a t 30°N 4-7°E w i t h a r a t e o f o p e n i n g 

o f 0.7 cm/year. T h i s was shown t o be s t r o n g l y a t v a r i a n c e 

w i t h o b s e r v a t i o n by B a k e r ( 1 9 6 9 ) * ^ n e »»ost o b v i o u s 

c o n t r a d i c t i o n b e i n g the o b s e r v a t i o n t h a t t h e r i f t d e c r e a s e s 

i n w i d t h on goj.ng s o u t h . 

The n e x t c a l c u l a t i o n was by I I c K e n z i e e t a l ( 1 9 7 0 ) who 

c a l c u l a t e d the N u b i a n - A r a b i a n p o l e from a s t a t i s t i c a l f i t 

o f t h e c o a s t - l i n e s and hence computed the N u b i a n - S o m a l i a n 

p o l e t o be a t 8.5°S 31°E w i t h a r o t a t i o n a n g l e o f 1.9°« 

T h e s e c o n c l u s i o n s were s u b j e c t t o c o n s i d e r a b l e c r i t i c i s m . 

A l - C h a l a b i ( l 9 7 l ) q u e s t i o n e d the r e l i a b i l i t y o f f i t t i n g 

c o n t o u r s to l o c a t e p o l e s ( a l t h o u g h t h i s a n a l y s i s was i n 

t u r n c r i t i c i z e d by B u l l a r d and McKenzie (l97l)). O t h e r 

w r i t e r s (Mohr, 1970; F r e u n d , 1970; B a k e r and Wohlenberg, 

1970) q u e s t i o n e d the s e p a r a t i o n p r e d i c t e d by t h e p l a t e t h e o r y 

when compared w i t h t h e o b s e r v e d c r u s t a l s e p a r a t i o n . 
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An a l t e r n a t i v e to the three pole system was put 
forward by Gass and Gibson (1969) and Baker (1969) who 
considered a l l three p l a t e s to be moving northward but 
at d i f f e r e n t r a t e s so th a t l e f t l a t e r a l shear had taken 
p l a c e along the E a s t A f r i c a n R i f t . 

The r o l e of p l a t e t e c t o n i c s i n the E a s t A f r i c a n R i f t 

System i s thus of questionable value a t l e a s t i n the 

elementary form proposed and the d e t a i l e d i n t e r p r e t a t i o n s 

drawn. T h i s i s suggested f o r s e v e r a l reasons; f i r s t , 

c a l c u l a t i o n s on the l o c a t i o n of the t h i r d pole i n a three 

pole system depend c r u c i a l l y on the l o c a t i o n of the t h i r d 

p ole. Tt has been shown ( G i r d l e r and D a r r a c o t t , 1972) 

th a t an e r r o r i n one r o t a t i o n angle of 0.1° can move the 

l o c a t i o n of the A f r i c a n pole by 6°-8°. With the u n c e r t a i n t y 

i n v o l v e d i n the motion of the Arabian-Nubian pole l o c a t i o n s 

of the A f r i c a n pole are thus h i g h l y dubious. Secondly, 

McKenzie e t a l (1970) r e a l i z e d t h a t the concept of 

c h a r a c t e r i z i n g the motion between p l a t e s by a s i n g l e pole 

was a s i m p l i f i c a t i o n . The work of Baker and Wohlenbcrg 

( l 9 7 l ) shows t h a t the no r t h e r n and southern r e g i o n s of 

the Kenyan u p l i f t have undergone a maximum c r u s t a l e x t e n s i o n 

of 3 km whereas between 5 and 25 km are allowed i n the c e n t r a l 

s e c t o r of the r i f t . Saggerson and Baker (1965) show t h a t 

the v e r t i c a l movements i n E a s t A f r i c a were i n t e r s p e r s e d with 

long periods of s t a b i l i t y . C l e a r l y , these o b s e r v a t i o n s 

cannot be r e c o n c i l e d w i t h the i d e a of two p l a t e s moving a t 

a uniform r a t e about a f i x e d pole. F i n a l l y , i t has r e c e n t l y 

been suggested ( G i r d l e r and S t i l e s , 197*0 that the Red Sea 

has developed i n two separate stages between kl and 3^ 

m i l l i o n years before present and from 5 m i l l i o n y e a r s to 

the present day. 
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Oxburgh and T u r c o t t e (197*0 have a p p l i e d t h e i r theory 
of membrane t e c t o n i c s ( T u r c o t t e and Oxburgh, 1973» T u r c o t t e , 
197*0 t o t n e formation of the R i f t System. They e x p l a i n 
the r i f t i n g as b eing caused by the s t r e s s e s s e t up w i t h i n 
the p l a t e as A f r i c a moves northward on an e l l i p s o i d a l e a r t h . 
T h e i r argument c l e a r l y hinges on the motion of A f r i c a s i n c e 
the T e r t i a r y and the.y conclude t h a t present, palafomagne_tic 
evidence cannot d e f i n e the motion i n t h i s p e r iod adequately; 
they a l s o c o n s i d e r t h a t the work of Burke and Wilson (1972) 
which c l a i m s t h a t the A f r i c a n p l a t e has been s t a t i o n a r y 
s i n c e the T e r t i a r y i s not c o n c l u s i v e . U n t i l f u r t h e r 
evidence appears, t h e i r theory cannot be considered as more 
than i n t e r e s t i n g s p e c u l a t i o n . 

1.1.5. The Role of the R i f t System i n Global T e c t o n i c s 

The place of the r i f t system w i t h i n the realm of g l o b a l 

t e c t o n i c s has v a r i e d with time and author. Some authors 

such as Gass (e.g. Gass, 1972) see the r i f t system and the 

a s s o c i a t e d Red Sea and Gulf of Aden as a l a b o r a t o r y f o r the 

break up of a c o n t i n e n t and the e a r l y stages of sea f l o o r 

spreading, w h i l e others p l a c e r a t h e r l e s s s i g n i f i c a n c e on 

the s t r u c t u r e with, f o r example, McKenzie et a l (19 70) 

c o n s i d e r i n g t h a t the r i f t , although "o± <jreat i n t e r e s t , 

i s not of g l o b a l importance." 

In c o n s i d e r i n g c o n t i n e n t a l r i f t s Le Bas ( l 9 7 l ) has 

s t r o n g l y emphasized t h a t the f e a t u r e of c h i e f s i g n i f i c a n c e 

i n the s t r u c t u r e i s the domal u p l i f t and that the r o l e of 

the r i f t v a l l e y s i s not v i t a l . I t has been pointed out 

(Gass, 1972; Le Bas, 1971) that domal u p l i f t s are widely 

d i s t r i b u t e d throughout A f r i c a (Le Bas l i s t s eighteen such 

s t r u c t u r e s ) . Gass goes on to suggest that a true r i f t zone 
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occurs and c o n t i n e n t a l r i f t i n g begins when the a r e a s of 
u p l i f t merge and the r e s u l t a n t f r a c t u r e s overlap; a 
p e t r o g e n e t i c sequence i s proposed with p r o g r e s s i v e 
development from c o n t i n e n t a l a l k a l i b a l a l t s i n the early-
stages of the process to the production of oceanic t h o l e n t e s 
on complete c r u s t a l s e p a r a t i o n . Le Bas takes a d i f f e r e n t 
point of view and argues that the s t r u c t u r e s of E t h i o p i a 
and Kenya (and a l l other such r e g i o n s of u p l i f t ) are 
independent and i n v o l v e p r o c e s s e s q u i t e d i s t i n c t from 
those i n v o l v e d i n sea f l o o r spreading. Murray (1970) 
considered that the long d u r a t i o n of a l k a l i n e magmatism 
w i t h i n the r i f t a l s o supports t h i s point of view and Baker 
et a l (1972) a s s e r t s t r o n g l y , from a review of the g e o l o g i c a l 
evidence, t h a t the r i f t system i s not t y p i c a l of the i n i t a a l 
c o n t i n e n t a l break up by the sea f l o o r spreading p r o c e s s . 

One of the aims of the present work i s to i n v e s t i g a t e 

the connection between the two anomalous s t r u c t u r e s beneath 

the r e g i o n s of u p l i f t and thus compare these c o n t r a s t i n g 

v i e w p o i n t s . 

One theory which has been put forward i n e a r l i e r 

s t u d i e s was that the present T e r t i a r y s t r u c t u r e i s the 

l a t e s t phase i n the h i s t o r y of s e v e r a l generations of 

f a u l t i n g d a t i n g to the Precambrian (see f o r example Dixey, 

1956 and McConnell, 1970). Such a suggestion has wide 

i m p l i c a t i o n s f o r the theory of c o n t i n e n t a l d r i f t f o r i f a 

phenomenon which has i t s o r i g i n w i t h i n the asthenosphere 

may be shown to have e x i s t e d f o r a l a r g e p a r t of g e o l o g i c a l 

time then r e l a t i v e h o r i z o n t a l motions between the l i t h o s p h e r e 

and asthenosphere are d i f f i c u l t to envisage. Recent work 

(King, 1970; Baker et a l , 1972) has shown, however, t h a t 
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the p r e s e n t phase of movement i s independent from e a r l i e r 
s t r u c t u r e s which are considered to have provided a c r u s t a l 
g r a i n f o r f a u l t i n g to occur. 
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CHAPTER 1 
PREVIOUS TELESEISMIC STUDIES AT KAPTAGAT 

The present study i s a development from the work of 

Backhouse (1972) and, as a p r e l i m i n a r y , a b r i e f survey of 

t h i s work w i l l be made. 

The main par t of the* previous study concerned the 

measurement and a n a l y s i s of t e l e s e i s m i c s i g n a l s recorded at 

the s e i s m i c a r r a y s t a t i o n a t Kaptagat, Northern Kenya. 

1.2.1. Kaptagat Array S t a t i o n 

The s e i s m i c a r r a y s t a t i o n a t Kaptagat was operated by 

the U n i v e r s i t y of Durham Geology Department between October, 

1969 and June, 1972. The purpose of the p r o j e c t was to 

i n v e s t i g a t e the s t r u c t u r e of the c r u s t and upper mantle 

beneath E a s t A f r i c a and to study the s e i s m i c i t y of the 

e a s t e r n and western branches of the r i f t and other s e i s m i c a l l y 

a c t i v e regions such as the Kavirondo and Speke Gulf R i f t s . 

Kaptagat i s 2,390 m above sea l e v e l on the U a s i n Gishu 

p l a t e a u which c o n s i s t s of phonolite l a v a s d i p p i n g g e n t l y 

westward. There are two major l a v a flows and the only 

borehole which p i e r c e d the phonolite showed a t o t a l t h i c k n e s s 

of Ihh m. As t h i s s i t e was 15 km south west of Kaptagat 

i t i s l i k e l y t h a t the t h i c k n e s s of phonolite beneath Kaptagat 

i s between 150 and 200 m. These l a v a s o v e r l i e Precambrian 

basement g n e i s s (Jennings, 1964). 

The Java flo^vs form pa r t of the Kapsabet p l a t e a u , an 

upstanding block which i s bounded to the e a s t , south and 

west by major f a u l t s ( F i g . 1 . 2 ) . Approximately 15 km to 

the e a s t of Kaptagat l i e s the Elgeyo escarpment which forms 
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the western boundary of the Gregory R i f t . The Nandi f a u l t 

l i e s approximately 60 km to the west of the a r r a y and runs 

SSE a f t e r emerging from the l a v a s of Mount Elgon. To the 

south the Nyando f a u l t , which i s the northern escarpment 

of the Kavirondo R i f t V a l l e y , forms the southern boundary 

of the Kapsabet block. 

The a r r a y c o n s i s t e d of ten Willmore f l k . I I s h o r t period 

seismometers s e t v e r t i c a l l y to two seconds period and 

arranged i n an • L' shape with arm dimensions of approximately 

5 km. T h i s i s i l l u s t r a t e d m F i t . 1 . 3 and d e t a i l s are 

given i n Table 1.1. The r e c o r d i n g system \»as as d e s c r i b e d 

by Long (1968). S i g n a l s from the ten seismometers were 

a m p l i f i e d , frequency modulated and recorded on one i n c h , 

fourteen t r a c k magnetic tape a t a speed of 15/160 i n / s e c . 

I n a d d i t i o n , an i n t e r n a l l y generated b i n a r y time code and 

a r a d i o s i g n a l p r o v i d i n g Greenwich Mean Time were recorded. 

1.2.2. Parameters Measured Using Arrays 

Waves a r r i v i n g a t an a r r a y from an earthquake c r o s s i t 

w i t h an apparent v e l o c i t y v . The wave w i l l thus c r o s s 
3? 

each of the seismomeLers i n t u r n and the time d e l a y s i n c u r r e d 

w i l l be i n d i c a t i v e of the apparent v e l o c i t y and azimuth of 

approach. 

I f the v e l o c i t y of the wave i n the medium beneath the 

a r r a y i s v and the angle of i n c i d e n c e i s 1, then assuming 

a f l a t e a r t h 

v = v 1 - ( i ) p — v ' s i n 1 

(Carpenter, 1966). For the case of plane p a r a l l e l s t r u c t u r e 

beneath the a r r a y i s a constant f o r the raypath as a 

consequence of S n e l l ' s Laws of R e f r a c t i o n . For a s p h e r i c a l l y 

http://flk.II
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T a b l e 1.1 

P i t C o - o r d i n a t c s a n d U t i t u d t s • 

P i t X x ( k i t i ) Y i { k m ) F'st u n a t e d P i t l O l e v a t i o n 

Er±~Qr (km) 

Y l 0.166 +0.001 0.0 

Y2 -1.888 0.003 +0.015 -30.0 

Y j -2.6^5 0.025 +0.030 -50.0 

Yk -3.720 - 0 . 0 1 j +0.010 -50.0 

Y5 -4.750 -0.250 +0.060 -70.0 

n i -O.OOS -O.766 +0.010 + 10.0 

R2 -0. Ilk -1.425 +0.020 +20.0 

H3 -0.365 -3.07 7 +0.010 +30.0 

Rk -O.663 -3.736 +0.030 +10.0 

R5 -0.925 -5-200 +0.010 +J0.0 
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symmetric e a r t h i t may be shown ( B u l l o n , I965) t h a t the 
phase v e l o c i t y a c r o s s the s u r f a c e a t r a d i u s r i s v / r . s i n 1 
and that t h i s i s a l s o a constant f o r the r a y p a t h . 

The r e c i p r o c a l of the phase v e l o c i t y i s c a l l e d dT/dA 

or slowness. 

1.2.3. Onset Time A n a l y s i s 

For an a r r a y the s i z e of Kaptagat i t i s c onsidered t h a t 

onset time a n a l y s i s provides the most r e l i a b l e determination 

of v e l o c i t y and azimuth ( M i t c h e l l , 1969; C o r b i s h l e y , 1969). 

T h i s technique r e q u i r e s the r e l a t i v e onset times f o r 

each of the seismometers to be measured. These times enable 

the v e l o c i t y and azimuth to be determnned as i s now shown. 

The l o c a t i o n s of an a r r a y of m seismometers are 

d e s c r i b e d by the c o - o r d i n a t e s (X^, ) which correspond to 

a d i s t a n c e R̂ ^ from the o r i g i n a t an azimuth 9^ ( F i g . 1.4). 

Consider a plane wavefront propagating a c r o s s the a r r a y 

from an azimuth o( with v e l o c i t y Vp By equation l - ( i ) the 

phase v e l o c i t y along R^ i s V^cos (^1
-0l)« 

The a r r i v a l time, T , of the wave a t (X , Y ) , r e l a t i v e 
' 1' x 1 1' 

to the o r i g i n i s then 

T = -R cos (&,-a) 1 1 ^ i ' 

I n p r a c t i c e tne a r r i v a l time i s measured r e l a t i v e bo 

an a r b i t r a r y z e r o . I f t h i s i s taken as t then 

t = C + T 1 1 

= C - R cos (&.-°0 1 x i ' 

where C i s the time the wave c r o s s e s the o r i g i n and i s a 
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constant f o r each p i t . 

Assuming t h a t R and 9 are known and that the t 
1 1 i 

are measured w i t h e r r o r s £ which .ire normally d i s t r i b u t e d 
i ' 

then i f m, the number of seismometers, i s g r e a t e r than three, 

the equations form an over-determined s e t of l i n e a r equations 

which may be solved f o r the q u a n t i t i e s C, Wand V by l e a s t 

squares a p p l i e d to . F u l l d e t a i l s of the s o l u t i o n 

i n c l u d i n g the e s t i m a t i o n of confidence l i m i t s are given by 

Douglas (1967). 

Since dT/d& = l/ V the a r r i v a l time a t the i t h seismometer 

f o r the kt h event, t , may be w r i t t e n 
' i k 

fclk= c K - R i co.(0c-«K) + elK i - ( n ) 

C o r b i s h l e y (1969) showed t h a t the most a c c u r a t e 

method of measuring r e l a t i v e onset times was waveform 

matching (Evernden, 1953)• With t h i s technique waveforms 

are matched over s e v e r a l wavelengths and an a r b i t r a r y common 

point i s measured on a l l t r a c e s . 

T h i s method has two advantages. F i r s t , because ' f i r s t 

breaks* are not measured events with emergent a r r i v a l s may 

be s t u d i e d . Secondly, by matching the waveform over s e v e r a l 

wavelengths the incoherent n o i s e w i t h i n the a r r a y w i l l be 

averaged out to some e x t e n t . 

1.2.4. E r r o r s 

S e v e r a l sources of e r r o r e x i s t i n the measurements 

d e s c r i b e d and the assumptions made and these are now 

b r i e f l y reviewed. 

1. Plane Wavefront Approximation 

I n s e c t i o n 1.2.3 i t was assumed that the wavefront 

c r o s s i n g the a r r a y was p l a n a r . The wavefront w i l l however 
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approximate to a c i r c l e of r a d i u s A ° , where A° i s the 

d i s t a n c e from source to s t a t i o n . 

The maximum timing e r r o r occurs f o r the s h o r t e s t 

d i s t a n c e considered whi c h i s A = 20°. For t h i s d i s t a n c e 

the maxi mum time d i f f e r e n c e between plane and c i r c u l a r 

wavefronts i s 0.7 m i l l i s e c o n d s . As timing measurements are 

made to an accuracy of approximately JO m i l l i s e c o n d s t h i s 

e r r o r i s n e g l i g i b l e . 

2. E r r o r s i n the L o c a t i o n of E p i c e n t r e s 

The t e l e s e i s m i c events considered were a l l l i s t e d i n 

the NOAA P r e l i m i n a r y Determination of E p i c e n t r e b u l l e t i n s 

and consequently t h e i r l o c a t i o n s and f o c a l depths were 

known. Using a standard e a r t h model • t h e o r e t i c a l ' v a l u e s 

of slowness and azimuth may be estimated. I t i s suggested 

(Douglas, 1967; Underwood and L i l w a l l , 1969; Davies and 

McKenzie, 1969) th a t earthquakes may be m i s l o c a t e d by 

approximately 25 km wi t h a f o c a l depth e r r o r of up to 75 km. 

I t i s shown t h a t t h i s m i s l o c a t i o n causes a maximum e r r o r 

i n azimuth of 0.7° and i n slowness of 0.1 secs/deg; the f o c a l 

depth e r r o r w i l l a l s o cause a maximum slowness e r r o r of 

0.1 secs/deg. 

I n the present work c o n s i d e r a t i o n was given to 

r e l o c a t i n g the e p i c e n t r e s used by the J o i n t E p i c e n t r a l 

Determination method (Douglas, 1967). I t was not done 

f i r s t because these maximum e r r o r s are much s m a l l e r than 

the observed anomalies and, as i s d i s c u s s e d l a t e r ( s e c t i o n 

4.2), i t i s not p o s s i b l e to i n t e r p r e t the anomalies to a 

degree i n f l u e n c e d by these e r r o r s . 
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3. Random R e a d i n g E r r o r s 

Random e r r o r s w i l l be i n t r o d u c e d i n t o t h e measurements 

a t a l l s t a g e s o f the p r o c e s s o f r e c o r d i n g , r e p l a y i n g and 

m e a s u r i n g the r e c o r d s . I t i s shown, u s i n g t h e t h e o r y 

o f K e l l y (196k) t h a t the maximum r e a d i n g e r r o r i n s l o w n e s s 

i s 0.2 s e c / d e g and i n a z i m u t h l e s s t h a n 2°. 

1.2.5. A n o m a l i e s and t h e i r I n t e r p r e t a t i o n 

A ssuming an a v e r a g e e a r t h model i t i s p o s s i b l e t o 

d e r i v e t h e o r e t i c a l v a l u e s f o r the s l o w n e s s and a z i m u t h 

e x p e c t e d f o r e a c h e v e n t . U s i n g t h e s e , s l o w n e s s and a z i m u t h 

a n o m a l i e s may be d e f i n e d and t h e s e form t h e b a s i s o f the 

i n t e r p r e t a t i o n . The d a t a and a f o r m a l d e f i n i t i o n o f t h e 

a n o m a l i e s a r e g i v e n i n t he n e x t c h a p t e r . 

The a n o m a l i e s o b s e r v e d a t K a p t a g a t a r e compared w i t h 

t h o s e found a t o t h e r a r r a y s t a t i o n s ( C o r b i s h l e y , 1970; 

N i a z i , I966; O t s u k a , 1966a, 1966b; G r e e n f i e l d and Sheppard, 

J 969) and i t i s c o n c l u d e d t h a t t h e i r dependence on a z i m u t h 

and d i s t a n c e i s s i m i l a r to t h a t found a t o t h e r a r r a y s a l t h o u g h 

t h e magnitude o f the a n o m a l i e s a t K a p t a g a t i s f a r l a r g e r . 

S i n c e a t o t h e r a r r a y s t h e a n o m a l i e s had been i n t e r p r e t e d 

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

a s c r i b e d to t h e Moho, t h i s was a t t e m p t e d w i t h t h e K a p t a g a t 

d a t a . 

Thus t h e s t r u c t u r e b e n e a t h K a p t a g a t was assumed t o 

c o n s i s t o f nor m a l c r u s t and m a n t l e t o an unknown d e p t h . 

The boundary between normal and anomalous mantle was assumed 

to c o n s i s t o f a s i n g l e p l a n e i n t e r f a c e d i p p i n g w e s t w a r d w h i c h 

i s the s o u r c e o f t he o b s e r v e d a n o m a l i e s ; t h e anomalous 

mantle v e l o c i t y was f i x e d a t 7«5 km/sec ( G r i f f i t h s c t a l , 
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1971) and v a r i o u s a n g l e s o f d i p were u s e d t o s i m u l a t e 
the o b s e r v e d s l o w n e s s and a z i m u t h measurements. I t was 
found t h a t the l a r g e a n o m a l i e s r e q u i r e d e x t r e m e l y s t e e p d i p s 
to be p l a c e d on the boundary ( t h i s w i l l be a n a l y s e d i n more 
d e t a i l i n c h a p t e r t h r e e but e s s e n t i a l l y the d e v i a t i o n 
p roduced by a s i n g l e i n t e r f a c e i n c r e a s e s w i t h t he a n g l e o f 
3 n c i a e n c e ) and c o n s e q u e n t l y c e r t a i n e v e n t s , n o t a b l y t n o s e 
f o r s h o r t e r d i s t a n c e s and t h u s making l a r g e a n g l e s o f 
i n c i d e n c e to a h o r i z o n t a l boundary, underwent t o t a l i n t e r n a l 
r e f l e c t i o n b e f o r e a c h i e v i n g t h e n e c e s s a r y d e v i a t i o n . 
C o n s e q u e n t l y t h e model o f a s i n g l e i n t e r f a c e was r e j e c t e d 
a s b e i n g u n a b l e t o s a t i s f y t h e d a t a and s t r u c t u r e s c o n t a i n i n g 
two i n t e r f a c e s were p r o p o s e d . 

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

i n t e r f a c e was u n j u s t i f i e d . I t i s a l w a y s p o s s i b l e , v i t h m 

c e r t a i n l i m i t s to be d e s c r i b e d i n c h a p t e r t h r e e , to a v o i d 

t o t a l i n t e r n a l r e f l e c t i o n by a d j x i s t m g the boundary so a s 

t o r e d u c e the a n g l e o f i n c i d e n c e . S i n c e t h e r e i s no 

f u n d a m e n t a l r e a s o n to assume a p l a n e boundary the most 

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

i n t e r f a c e between normal and anomalous m a n t l e . 

The model w h i c h was, however, assumed i s i l l u s t r a t e d 

i n F i g . 1 . 5 . B o t h i n t e r f a c e s a r e assumed to l i e i n t h e 

same v e r t i c a l p l a n e and V2 i s a g a i n m a i n t a i n e d a t 7»5 kin/sec. 

A n g l e s D l and D2 a r e a l l o w e d t o v a r y a s a s the d i r e c t i o n o f 

maximum t h i c k e n i n g o f t h e s t r u c t u r e , 1̂  . An optimum s o l u t i o n 

was found when the upper s u r f a c e had a d i p , D2, o f 27° and 

t h e l o w e r s u r f a c e a d i p , 01, o f 36° w i t h f 125° e a s t o f 

n o r t h . T h i s w i l l be r e f e r r e d t o a s model 1. 
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The b a s i c d i s a d v a n t a g e o f t h i s model i s t h a t i t 
i n c r e a s e s t h e number o f p a r a m e t e r s needed i n i t s d e f i n i t i o n 
and t h u s d e c r e a s e s the de g r e e to w h i c h t h e y may be d e t e r m i n e d . 
Thus F i g . 1 . 6 shows a c o n t o u r map o f t h e RMSD v a l u e s m t h e 
sp a c e d e f i n e d by D l and D2 w i t h minimum RMSD o f 2.03. I t 
can be s e e n t h a t t h e number o f s t r u c t u r e s w i t h i n one r o o t 
mean s q u a r e d e v i a t i o n o f t h e minimum i s v a s t . I n p a r t i c u l a r 
the c o n t o u r s on D2 a r e open ended showing how p o o r l y t h i s 
i n t e r f a c e i s d e f i n e d . To put the problem a n o t h e r way; 
3 f t h e s t r u c t u r e i s a s p o s t t i l a t e d , t h e p r e s e n t d a t a i s 
u n a b l e t o s a y a n y t h i n g m e a n i n g f u l about t h e d i p s i n v o l v e d . 

A n a l y s i s o f t h i s model u s i n g s l o w n e s s anomaly a l o n e was 

the n made and t h i s gave an optimum model for an uppe r d i p 

o f 26°, a l o w e r d i p o f k6° and w i t h a t 123° e a s t o f n o r t h . 

F i g . 1 . 7 shows t h e c o n t o u r map o v e r D l and D2 and a g a i n t h e 

c o n t o u r s a r e open ended b ut t he minimum RMSD i s now r e d u c e d 

to 1. 3 s u g g e s t i n g t h a t s l o w n e s s a n o m a l i e s a r e more u s e f u l 

i n t h i s a n a l y s i s . 

1.2.6. D e l a y Times 

b e v e n t y - e i g h t measurements o f d e l a y time a t K a p t a g a t 

r e l a t i v e to Bulawayo were made and t h e s e gave a mean d e l a y 

o f 2.20 - 2.00 s e c where t h e e r r o r i s the 95$ c o n f i d e n c e l i m i t . 

The d e l a y s were t h e n a n a l y z e d i n terms o f a c o n s t a n t 

and a z i m u t h a l l y dependent term o f the form 

T k = A + B s i n (<Xk + U) l - ( i n ) 

where T, and oc, a r e t h e r d e l a y time and a z i m u t h o f the k t h k k 
e v e n t and A, B and U a r e c o n s t a n t s . U s i n g a l e a s t s q u a r e s 

p r o c e d u r e on t h e whole d a t a s e t A, B and U were e v a l u a t e d 

to g i v e 
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Contouj ed w e i g h t e d hlu'jD f o r wedge model 
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T k = 2.36 + 0.32* s i n (o( k + 2 8 4 ) . 
The 95% c o n f i d e n c e l i m i t on B i s - O.hl. 

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

d i f f i c u l t and w i l l be c o n s i d e r e d l a t e r one p o i n t i s q u i t e c l e a r 

t h e r e i s no s i g n i f i c a n t v a r i a t i o n , a t t h e 95% c o n f i d e n c e l e v e l , 

o f d e l a y time w i t h a z i m u t h . The d e l a y tune v a r i a t i o n w i t h 

a z i m u t h f o r wedge model one i s i l l u s t r a t e d i n F i g . 1 . 8 , Here 

the v a l u e o f b i n e q u a t i o n l - ( n i ) i s p l o t t e d a s a f u n c t i o n 

o f V2, the anomalous v e l o c i t y . I f t h e assumed anomalous 

v e l o c i t y i s 7»5 km/sec i t c a n be s e e n t h a t the e x p e c t e d d e l a y 

time v a r i a t i o n w i l l have an o s c i l l a t i n g component o f 

a p l i t u d e 1.6 s e c a p p r o x i m a t e l y . 

I n q u a l i t a t i v e terms the model c o n t a i n i n g two s t e e p l y 

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

tame w i t h a z i m u t h w h i c h i s n o t i n agreement w i t h o b s e r v a t i o n . 

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

a p p r o a c h to the d a t a was d e v e l o p e d and t h i s i s d e s c r i b e d 

i n the p r e s e n t work. 

1.2.7» Summary 

T h i s c o n c l u d e s the r e v i e w o f the p r e v i o u s work i n 

so f a r a s i t a p p l i e s t o t h e p r e s e n t s t u d y . N e c e s s a r i l y 

many of t h e d e t a i l s have been o r m t t e d and the t e c h n i q u e s 

used have been b r a c f l y d e s c r i b e d . I f f u r t h e r d e t a i l s a r e 

r e q u i r e d t h e p r e v i o u s work s h o u l d be c o n s u l t e d . 

The f i n a l model o f the u p p e r m a n t l e beneeith the G r e g o r y 

R i f t p r o p o s e d by Backhouse i s summarized i n F i g . 1 . 9 . where 

a c r o s s s e c t i o n a c r o s s the r i f t i s shown. The s t r u c t u r e i s 

assumed t o e x t e n d a l o n g the l e n g t h o f the r i f t b o t h n o r t h 

and s o u t h from K a p t a g a t . 



Figure. 1.8 

V r u u a t i o n J Ji a m p l i t u d e o f a z i n i u t ' i a l d e l a y tn.ic term due to 

1 O " " e l o c i t y vcdge uioJel 1 w i t h w._ d _,e v e l o c i t y V2. Ha t c h e d 

a r e a g i v e s 9^1' c o n f i d e n c e l i m i t s on o h s e r v u d a m p l i t u i l e oF 

a z i m u t i ' a l tprtn ( s o l i d l i n e ) . D o t t e d l ] n ? j i ^ e s the 

o b s e r v e d a i r p J i L u d e a t a n g l e il' f o r wedge node L 1. 





F i g u r e 1.9 

F i n a l model o f Backhouse (197 0 * o r s t r u c t u t e ot 1 he 

c r u s t and upper u i a n t l e b e n e a t l i t>ie G r e g o r y i d l t . 
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CHAPTER 2 
T E L E S E I S M I C DATA 

Two s e t s o f d a t a a r e p r e s e n t e d . The f i r s t i s from 

t h e p r e v i o u s work and w i l l be c a l l e d d a t a s e t A and the 

second from the p r e s e n t work w i l l be c a l l e d d a t a s e t B. 

2.1. The D a t a 

1. D a t a S e t A 

The s e i s m i c a r r a y a t K a p t a g a t o p e r a t e d from O c t o b e r , 

I969 u n t i l J u n e , 1972 and t h e p r e v i o u s work u s e d t e l e s o i s m i c 

d a t a from J u l y , 1970 u n t i l May, 1971. The main c o n c e r n 

was f o r t h e q u a l i t y o f the d a t a o b t a i n e d and s t r i c t c r i t e r i a 

had to be s a t i s f i e d b e f o r e an e v e n t was c o n s i d e r e d a s 

s u i t a b l e f o r p r o c e s s i n g . Thus the e v e n t had to be r e c o r d e d 

w i t h c l e a r o n s e t s by a t l e a s t t h r e e s e i s m o m e t e r s on pach arm 

o f the a r r a y and, i n f a c t , most o f t h e t h i r t y - f o u r e v e n t s 

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

a d d i t i o n i m p u l s i v e s i g n a l s were u s e d , a s C o r b i s h l e y (1969) 

had s u g g e s t e d t h a t the v a r i a t i o n i n s e i s m o m e t e r c h a r a c t e r i s t i c s 

c o u l d i n t r o d u c e t i m i n g e r r o r s and t h e s e would be m i n i m i z e d 

by u s i n g i m p u l s i v e s i g n a l s . 

The l o c a t i o n s o f e a r t h q u a k e s c o m p r i s i n g d a t a s e t A a r e 

i l l u s t r a t e d i n F i g . 2 . 1 . The r a d i a l d i s t a n c e r e p r e s e n t s 

d i s t a n c e , i n d e c r e e s , from K a p t a g a t and the a z i m u t h t h a t 

e x p e c t e d a t the a r r a y From t h e NOAA l o c a t i o n . I t c a n be 

s e e n t h a t the d i s t r i b u t i o n o f e v e n t s i s v e r y uneven, and 

t h i s may be b r i e f l y summarized 

1. A z i m u t h 0° - 90°: C o v e r a g e i s g e n e r a l l y s a t i s f a c t o r y 

r e p r e s e n t i n g t h e a c t i v e a r e a s of S o u t h e r n E u r o p e , A s i a 

and the F a r E a s t . 



i'j a u i e 2.1 

A z i i i u t h - d i s t a n c e p l o t ol l o c a t i o n s of e a r t h q u a k e s 

i n d a t a s e t A. 



Data Set 'A' 

N 
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2. AzLmuth 90° - 180°: T h e r e a r e t h r e e e v e n t s from 
Sumatra, the M i d - I n d i a n R i s e and the Mozambique C h a n n e l . 

3. A z i m u t h 180° - 270°: T h e r e i s one e v e n t from the 

S o u t h S a n d w i c h I s l a n d s . 

h. A z i m u t h 270° - 3^0°: T h e r e a r e f o u r e v e n t s from 

t h e M e d i t e r r a n e a n , Y u g o s l a v i a , t h e G r e e n l a n d S e a and Turkey-

I t may be n o t e d t h a t t h e r e a r e two e v e n t s between a z i m u t h s 

120° and 330°. 

2. D a t a S e t B 

As a r e s u l t o f t he d i s t r i b u t i o n o f d a t a s e t A i t was 

d e c i d e d t o c o n s i d e r a l l the r e c o r d i n g s made d u r i n g t h e 

e x p e r i m e n t b u t to p l a c e e m p h a s i s on e x p a n d i n g the c o v e r a g e 

o f the d a t a e v e n though t h i s would n e c e s s i t a t e r e d u c i n g 

t h e q u a l i t y o f t h e e v e n t s p r o c e s s e d . I n p r a c t i c e i t was 

found t h a t t h r e e s e i s m o m e t e r s r e c o r d i n g on e a c h arm was 

u s u a l l y t h e minimum n e c e s s a r y to g i v e a d e q u a t e c o n t r o l on 

v e l o c i t y and a z i m u t h . However, i t was found n e c e s s a r y to 

u s e r e c o r d s w i t h a much l o w e r s i g n a l t o n o i s e r a t i o t h a n 

t h a t f o und on the r e c o r d s o f d a t a s e t A and o n t h e s e e v e n t s 

a n a l o g u e f r e q u e n c y f i l t e r s were u s e d t o improve the s i g n a l 

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

The p a s s band u s e d depended on the s i g n a l and n o i s e 

s p e c t r a but u s u a l l y 0.1 Hz t o 2.0 Hz was found s a t i s f a c t o r y 

T h r e e K r o h n - H i t e f i l t e r s were u s e d f o r t h i s work and b e f o r e 

e a c h e v e n t was p l a y e d out i t was n e c e s s a r y to e n s u r e t h a t 

t h e f i l t e r i n g p r o c e s s would not i n t r o d u c e any s i g n i f i c a n t 

r e l a t i v e t u n c d e l a y s i n t o the r e c o r d . Thus the e v e n t from 

one c h a n n e l was u s e d a s i n p u t to a l l t h r e e f i l t e r s 

s i m u l t a n e o u s l y and the r e l a t i v e o n s e t time was p i c k e d f o r 



t h e same s i g n a l . No s i g n i f i c a n t d e l a y s were e v e r found 

e x c e p t when the f i l t e r s had o n l y r e c e n t l y been s w i t c h e d on. 

« 

The l o c a t i o n s o f the t w e n t y - e i g h t e a r t h q u a k e s c o m p r i s i n g 

d a t a s e t B a r e shown i n F i g . 2 . 2 . The s e t s t i l l r e f l e c t s 

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

i l l u s t r a t e the improvement i n d a t a c o v e r a g e . 

1. A z i m u t h 0° - 90°: E l e v e n e v e n t s a r e i n t h i s q u a d r a n t . 

T h e y have been c h o s e n t o improve the d i s t r i b u t i o n w i t h i n 

t h e r e g i o n . 

2. A z i m u t h 90° - 180°: Seven e v e n t s a r e xn t h i s q u a d r a n t . 

3. Azimuth 180° - 270°: F o u r e v e n t s a r o i n t h i s q u a d r a n t . 

h. Asii'iuth 270° - 360°. S i x e v e n t s a r e i n t h i s q u a d r a n t . 

I t must, however, be e m p h a s i z e d t h a t t h e q u a l i t y o f 

much o f t h i s d a t a i s i n many c a s e s v e r y c o n s i d e r a b l y i n f e r i o r 

to t h a t u s e d i n d a t a s e t A. 

2.2. V e l o c i t i e s E x p e c t e d i n the A r r a y 

B e f o r e c o n s i d e r i n g the v e l o c i t i e s a c t u a l l y measured 

c o n s i d e r a t i o n A V I I I be g i v e n t o the v e l o c i t i e s e x p e c t e d and 

the way t h e s e i n f l u e n c e the a c c u r a c y o f the measurements made. 

From e q u a t i o n ] - ( i ) i t - c a n be ^een t h a t t h e phase 

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

d e c r e a s e s . T f t h e d i r e c t P-wave i s c o n s i d e r e d t h i s means 

t h a t a s the d i s t a n c e i n c r e a s e s the phase v e l o c i t y a c r o s s i h e 

a r r a y a l s o i n c r e a s e s . I f the a v e r a g e e a r t n s t r u c t u r e o f 

l l e r r i n e t a l (1968) i s assumed t h e e x p e c t e d v e l o c i t y a s a 

f u n c t a on o f d i s t a n c e may be c a l c u l a t e d and t h i s i s shown 

i n F i g.2.3. 

At A=20° the e x p e c t e d v e l o c i t y i s 9«85 km/sec and 



F i g u r e 2.2 

Azii.julh - d i s t a n c e p l o t of l o c a t i o n s o f e a r t h q u a k e s 

d a t a s e t B. 
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K i . - ' . u r e 2.3 

Phase v e l o c i t y as a f u n c t i o n o f e p i c t n t r a l c l i s l a n c 

a c c o r d i n g t o R e - r r i n e t a l (19(58) 
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t a k i n g t h e mean s p a c i n g o f t h e s e i s m o m e t e r s a s one k i l o m e t r e 
t h e maximum d e l a y between a d j a c e n t s e i s m o m e t e r s i s 0.10 s e c . 
When A= 100° t h e e x p e c t e d phase v e l o c i t y i s 24.36 km/sec 
and the maximum d e l a y i s 0.04 s e c . 

T h e s e f i g u r e s must be c o n s i d e r e d i n a s s e s s i n g t h e 

a c c u r a c y o f t h e t i m i n g measurements and the r e s u l t i n g d a t a . 

I t must be r e c o g n i z e d t h a t f o r v e l o c i t i e s o f dO km/sec and 

above the a c c u r a c y o f the measurements a p p r o a c h e s the a v e r a g e 

d e l a y b etween s e i s m o m e t e r s . 

2.3 D e f i n i t i o n o f A n o m a l i e s 

A l l the e v e n t s s t u d i e d i n both d a t a s e t s were l i s t e d i n 

t h e NOAA P r e l i m i n a r y D e t e r m i n a t i o n o f E p i c e n t r e s b u l l e t i n s . 

When a v a i l a b l e the b u l l e t i n s o f I S C were u s e d b u t no 

s i g n i f i c a n t d i s c r e p a n c i e s were e v e r found. Thus t h e 

e p i c e n t r a l c o - o r d i n a t e s and f o c a l depbh were known s u b j e c t 

to t h e e r r o r s p r e v i o u s l y d i s c u s s e d . The e v e n t s a r e d e s c r i b e d 

by numbers o f the form 3^7 • 70; t h e f o u r f i g u r e number r e f e r s 

to t h e code number u s e d i n t h e GEDESS computer program (Young 

and G i b b s , 1968) p r o v i d e d by t h e AWRE s e i s m o l o g y group and 

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

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

t h e Durham l i b r a r y . 

C a l c u l a t i o n o f T h e o r e t i c a l A z i m u t h and S l o w n e s s 

The p a r a m e t e r s measured a r e compared w i t h t h o s e e x p e c t e d 

from t h e e a r t h model o f H e r r i n e t a l (1968). 

The t h e o r e t i c a l a z i m u t h I s t a k e n a s t h e g r e a t c i r c l e 

a z i m u t h between s t a t i o n and s o u r c e d e f i n e d by t h e NOAA d a t a ; 

t h e a z i m u t h anomaly i s t h e n d e f i n e d a s the d i f f e r e n c e between 

the a z i m u t h measured and t he g r e a t c i r c l e a z i m u t h . 
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The v a l u e s o f s l o w n e s s t o be e x p e c t e d from t h e a v e r a g e 

e a r t h model have been c a l c u l a t e d a s s u m i n g a s u r f a c e f o c u s . 

T h e s e may be c o r r e c t e d f o r any f o c a l d e p t h by a p p l i c a t i o n 

o f S n e l l ' s Laws a s shown i n F i g . 2 . ^ . Assuming a f o c u s 

w i t h i n the f i r s t l a y e r t h e a p p r o p r i a t e t h e o r e t i c a l d i s t a n c e 

f o r dT/d& i s g i v e n by 

CDEL = DEL + h . t a n l 

w here, to a good a p p r o x i m a t i o n , i may be c a l c u l a t e d from 

dT = r . s i n 1 
dA V 

where d.T/d& i s t h a t a p p r o p r i a t e f o r d i s t a n c e DEL, V i s 

t h e v e l o c i t y o f the l a y e r and r i s the r a d i a l d i s t a n c e . 

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

e a c h l a y e r u s i n g S n e l l ' s Laws. 

G e n e r a l l y , f o r a f o c a l d e p t h l e s s t h a n 50 km the 

c o r r e c t i o n i s 0.01 s e c / d e g o r l e s s and the maximum c o r r e c t i o n 

a p p l i e d was 0.11 s e c / d e g f o r an e v e n t w i t h a f o c a l d e p t h o f 

212 km a t a d i s t a n c e o f kB.k deg. 

The s l o w n e s s anomaly a s t h e n d e f i n e d a s the d i f f e r e n c e 

between the measured s l o w n e s s and the t h e o r e t i c a l s l o w n e s s 

a s c a l c u l a t e d above. 

A n o m a l i e s 

The r e s u l t i n g a n o m a l i e s f o r d a t a s e t A a r e g i v e n i n 

T a b l e 2.1. and t h o s e f o r d a t a s e t B an T a b ] e 2.2. W D t h the 

e r r o r s shown b e i n g t h e 95$ c o n f i d e n c e l i m i t s . B o t h s e t s o f 

a n o m a l i e s a r e p l o t t e d a g a i n s t the e x p e c t e d a z i m u t h i n F i g s . 2 . 5 

and 2.6. 

The e r r o r s on t h e a n o m a l i e s a r e , i n the mam, s u b s t a n t i a l 

a s i s to be e x p e c t e d from h i g h v e l o c i t y s i g n a l s a c r o s s a 



J<orth s t r u c t u r e o f i l c r u n e t a l ( 1 9 6 M f o r c o r r e c t i n g 

e p i c e n t r a l d i s t a n c e f o r the e f f e c t o f f o c a l d e p t h . 
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O b s e r v e d Azimulh anumalxob f o r d a t a s e t s A. -,nd B. 
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F i g u r e 2 . 6 
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s n i a l l t e m p o r a r y a r r a y . I n p a r t i c u l a r the e r r o r s on d a t a 
s e t B a r e o f t e n v e r y l a r g e . T h i s i s due, i n p a r t , t o the 
p o o r e r s i g n a l q u a l i t y , a s d e s c r i b e d p r e v i o u s l y , b u t a l s o to 
the r e d u c e d number of s e i s m o m e t e r s u s u a l l y o p e r a t i n g t h u s 
d e c r e a s i n g t h e number o f d e g r e e s o f freedom i n the e r r o r 
a n a l y s i s and i n c r e a s i n g the v a l u e o f S t u d e n t ' s t . 

I n s p i t e o f t h i s the d a t a shows a c o n s i s t e n t v a r i a t i o n 

o f s l o w n e s s and a z i m u t h anomaly w i t h a z i m u t h . Detween ^0° 

and 180° the measured s l o w n e s s i s l e s s t h a n t h e t h e o r e t i c a l 

v a l u e so t h a t the waves a r r i v e a t the a r r a y more s t e e p l y 

t h a n e x p e c t e d . From 180° t o k0° m a c l o c k w i s e s e n s e the 

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

d a t a i s from s e t D. The a z i m u t h a n o m a l i e s between 0° and 

100° show a c o n s i s t e n t d e v i a t i o n o f the waves i n an a n t i -

cJoclcwase s e n s e , w h i l e between 120° and 2J0°('>) t h e y a r e 

d e v i a t e d i n a c l o c k w i s e s e n s e . The few d.ata p o i n t s between 

290° and 36-0° a p p e a r t o have n e g l i g i b l e a z i m u t h anomaly. 

2.k A n a l y s i s o f R e s i d u a l s and S i t e C o r r e c t i o n s 

I t h a s been n o t e d , i n s e c t i o n 1.2.4., t h a t the 

d i f f e r e n c e between the p l a n e and c i r c u l a r w a v e f r o n t c a u s e d 

n e g l i g i b l e e r r o r f o r t e l e s e i s m s . I t i s however p o s s i b l e 

t h a t the w a v e f r o n t a t t h e a r r a y w i l l have been e f f e c t e d 

on p a s s i n g t h r o u g h mhoniogeneous s t r u c t u r e s w i t h i n t h e 

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

v e l o c i t y and a z i m u t h . T h i s w i l l be r e f l e c t e d i n the time 

r e s i d u a l s a t the p i t s and t h e s e r e s i d u a l s may be u s e d to 

d e f i n e p i t c o r r e c t i o n s . 

I t was shown m s e c t i o n 1.2.3. t h a t t h e o n s e t time a t 

the i t h s e i s m o m e t e r f o r the k t h e v e n t may be w r i t t e n 
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where £ i k i s the time r e s i d u a l a f t e r f i t t i n g C^, of^ and 

(dT/dA ) k by l e a s t s q u a r e s . T h i s r e s i d u a l may be due t o 

s t r u c t u r e d i s c u s s e d above or s i m p l y t i m i n g and p i c k i n g e r r o r s . 

C o r b i s h l e y (1970) h a s a n a l y s e d t h e s e r e s i d u a l s i n terms o f 

a c o n s t a n t and a z i m u t h a l l y dependent term o f the form 

I . = A + B . s i n (« + E ) + r , o / \ b i k 1 1 v k i ' l k 2 - ( i ) 

where , and a r e c o n s t a n t s f o r e a c h s e i s m o m e t e r , 

of, i s t h e a z i m u t h o f t h e k t h e v e n t and r , i s the r e m a i n i n g k i k 
e r r o r . 

B a ckhouse (1972) h a s c a l c u l a t e d t h e s e c o n s t a n t s f o r 

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

e r r o r s r , and t h e s e a r e shown i n T a b l e 2.3. \ * i t h the i k 
a s s o c i a t e d 95^ c o n f i d e n c e l i m i t s . 

The a n b o m o g e n o i t i e s may oucur anywhere w i t h i n t h e 

r a y p a t h b u t any v a r i a t i o n i n the m a n t l e i s l i k e l y to e f f e c t 

t h e whole w a v e f r o n t a r r i v i n g a t the a r r a y and t h u s g i v e r i s e 

t o s l o w n e s s and a z i m u t h a n o m a l i e s . Hence the s t r u c t u r e 

c a u s i n g the r e s i d u a l s i s l i k e l y to be n e a r t h e a r r a y . 

The v a l u e s o f A i a r e a l l v e r y s m a l l w h i c h s u g g e s t s t h a t 

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

be s m a l l . T h i s a g r e e s w i t h t h e g e o l o g i c a l e v i d e n c e t h a t 

a l l the s e i s m o m e t e r s Fire on a s u b s t a n t i a l d e p t h o f p h o n o l i t e 

w h i c h shows l i t t l e v a r i a t i o n i n c o m p o s i t i o n b e n e a t h the 

a r r a y ( J e n n i n g s , 1964). 

An a z i m u t h a l v a r i a t i o n i n the form o f e q u a t i o n 2 - ( i ) 

i s an a p p r o x i m a t i o n to the e f f e c t ' s o f a d i p p i n g l a y e r b e n e a t h 

t h e s e i s m o m e t e r . B^ i s dependent on the s i z e o f t he d i p 

and the phase a n g l e c o n t r o l s i t s d i r e c t i o n . 



Table 2.3 

Array S i t e C o r r e c t i o n s . 

P i t A i (sec) Bi (sec) E i (degrees) 
-0.005+0.03 5 0.008+0.017 319.fi 

Y2 0.016+0.019 0.011+0.022 39.9 
Y3 0.029+0.021 0.0l4j0.02k 250.7 
Yk -0.017+0.019 0.016+0.020 24.3 
Y5 -0.007+0.011 0.008+0.012 205.0 

HI 

A2 

R3 
R4 
R5 

•0.020+0.012 
O.Ou +0.010 
0.011+0.021 
0.010+0.015 
-0.01^+0.022 

0.008+0. Ol^J 
0.012_+0.012 
0.018+0.022 
0.055*0.016 
0.009+0.024 

17^.7 
180.4 
105.8 

32J.5 
276.2 

http://319.fi
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I t may be s e e n t h a t the B i t e r m s a r e l e s s t h a n 0.02 s e c 
i n d i c a t i n g a g e n e r a l l y pJane s t r u c t u r e b e n e a t h t h e a r r a y w i t h 
the e x p e c t e d random d i r e c t i o n o f d i p s i n d i c a t e d by the 
v a r i a t i o n i n t h e phase a n g l e lfi . 

T h e s e c o r r e c t i o n s a r e o f the same o r d e r o f magnitude a s 

t n o s e e s t i m a t e d f o r oth«r a r r a y s ( C o r b i s h l e y , 1970). 

2,5, C o r r e c t i o n s to A n o m a l i e s 

By e q u a t i o n l - ( x i ) 

and by i n s e r t i n g e q u a t i o n 2 - ( i ) 

bin - C K-Ri c^stSt-*,) (4T) K + At 4 B tsi~(o< K +E0 + r l k 

A new c o r r e c t e d t i m e , ( ^ j ^ ) ^ m a y now be d e f i n e d w h i c h 

w i l l c o r r e c t Tor the s t r u c t u r e b e n e a t h t h e a r r a y . 

( t . ) = t . - (A + B - s i n («, + E ) ) v i k ' n i k x i i x k i ' ' 
and a s a r e s u l t 

( t . ) = CL - R cos (9 - tf, ) ( d T ) . + r . 2 - ( n ) v i k ' n K i x i k' T T k l k 

d A 
E q u a t i o n s 2 - ( n ) may now be s o l v e d i n e x a c t l y the same way 

a s l - ( i i ) ino new a n o m a l i e s may be d e f i n e d . T h i s h a s been 

done f o r d a t a s e t s A and B and t h e r e s u l t i n g a n o m a l i e s a r e 

shown i n T a b l e s 2.k and 2.5. 

Fo r d a t a s e t A the mean e r r o r s i n s l o w n e s s and a z i m u t h 

have been r e d u c e d by 0.2 s e c / d e g and 1.6 deg r e s p e c t i v e l y 

and f o r d a t a s e t B t h e cot r e s p o n d m g v a l u e s a r e O.63 s e c / d e g 

and 0,7 deg. 

I n a ] 1 t h e i n t e r p r e t a t i o n s to f o l l o w t h e s e c o r r e c t e d 

a n o m a l i e s a r e u s e d . 
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CHAPTER 3 
PRELIMINARY INTERPREATION OF TELESEISMIC DATA 

The purpose of t h i s chapter i s t o propose a more 
genera] method of i n t e r p r e t a t i o n which w i l l form the basis 
f o r the moaels proposed i n the next chapter. 

3•1• Comparison of Kaptagat w i t h other Arrays 
The basis f o r the previous i n t e r p r e t a t i o n o f the 

t e l c s c i s m i c a r r a y data was t h e i r s i m i l a r i t y w i t h those found 
at other a r r a y s . As examples of many such st u d i e s the 
f o l l o w i n g are taken: 

1. Using the Warramunga Array, A u s t r a l i a , Cleary et a l 
(1968) concluded t h a t the Moho beneath the a r r a y had a d i p 
of 6.5°. 

2. G r e e n f i e l d and Sheppard (196S) found t h a t the 
Large Aperture Seismic Array (LASA), c e n t r a l Montana, U.S.A., 
gave maximum anomalies of n e a r l y 1 sec/deg i n slowness and 
3° m azimuth. 

3. N i a z i (1966) using the Tonto Torest Array i n Arizona 
found the d i p on the Moho to be 'as much as 8°.' 

4. Otsuka (1966) u s i n g arrays i n C a l i f o r n i a found a 
c y c l i c v a r i a t i o n o f anomaly w i t h azimuth g i v i n g maximum 
azimuth and slowness anomalies of 4.5° and 0.6 sec/deg 
r e s p e c t i v e l y . 

( i t may be remarked t h a t these anomalies were d e r i v e d 
w i t h reference to J e f f r e y s - B u l l e n Tables (l94o) and wh i l e 
these may a l t e r d e t a i l s i n the anomalies compared w i t h Hernn's 
Tables the general t r e n d w i l l remain u n a l t e r e d . ) 

I n comparison, the average absolute anomaly at Kaptagat, 
based upon 60 events, i s l6.4°pn azimuth and I.23 sec/deg on 
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slowness. I n a d d i t i o n , i t has been described t h a t the 
present data r e q u i r e s a d i p p i n g i n t e r f a c e so steep t h a t 
t o t a l i n t e r n a l r e f l e c t i o n occurs f o r some events ( i f the 
e n t i r e anomaly i s to be a t t r i b u t e d to a s i n g l e i n t e r f a c e ) 
and t h a t a model w i t h a slope of 27° on the upper i n t e r f a c e 
s t i l l r e q u i r e s a slope of 46° on the lower i n t e r f a c e i n the 
model of Backhouse. 

This d i f f e r e n c e i s not s u r p r i s i n g since, i n general, 
seismic arrays have been used to study the source e f f e c t s 
of earthquakes or the p r o p e r t i e s of the path between source 
and r e c e i v e r and consequently the e f f e c t o f the s t r u c t u r e 
beneath the a r r a y has been considered an unwanted f e a t u r e 
f o r which c o r r e c t i o n s must be made. The aim of a r r a y 
l o c a t i o n has t h e r e f o r e been to minimize the e f f e c t o f 
s t r u c t u r e beneath the a r r a y . The d i f f e r e n c e i n the approach 
to the s i t i n g o f seismic arrays between previous i n v e s t i g a t i o n s 
and t h a t being described i s i l l u s t r a t e d by Corbishley (1970) 
who recommended t h a t 'seismic arrays should i d e a l l y be s i t u a t e d 
over regions t h a t are f r e e from e l a s t i c d i s c o n t i n u i t i e s , 
l a t e r a l v a r i a t i o n s and m areas t h a t have low r e l i e f . ' 
C l e a r l y , u s i n g these c r i t e r i a , Kaptagat i s not an i d e a l s i t e 
and i x i s suggested t h a t the methods a p p l i e d t o the s t r u c t u r e 
beneath other arrays are not n e c e s s a r i l y a p p l i c a b l e t o 
Kaptagat. 

Recent work by Alci (1973) and Capon (1974), based on 
the theory of wave propogation i n a random medium due to 
Chernov (1960), has suggested t h a t the anomalies at other 
arrays could be ascribed to a cause other than t h a t of a 
d i p p i n g i n t e r f a c e . The slowness anomaly at nine of t h e 
subarrays of LASA, which each c o n s i s t o f t w e n t y - f i v e 
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seismometers w i t h i n a diameter of 7 km was c a l c u l a t e d and 
found to vary considerably w i t h i n each subarray. This 
v a r i a t i o n was explained by a random v a r i a t i o n i n the 
r e f r a c t i v e index of the c r u s t and upper mantle to a depth 
of 136 kin. The standard d e v i a t i o n of the r e f r a c t i v e index 
was r e q u i r e d to be 1*9Y° and the c o r r e l a t i o n distance was 
found to be 12 km. Thus although f o r LASA, which has a 
diameter o f 300 km, t h i s random disturbance causes 'only 
a small experimental e r r o r , ' smaller arrays such as Kaptagat 
would observe a coherent waveform through such a random 
medium and thus observe a slowness and azimuth anomaly. 

This e x p l a n a t i o n i s also favoured f o r the observed 
anomalies a t NORSAR (Norwegian Seismic Array) by Dahle 
et a l (1975) a f t e r Berteussen (1975) had sho\m t h a t a plane 
d i p p i n g i n t e r f a c e could e x p l a i n only 17 • 9up of the observed 
anomaly and only 2k. 3f* could be explained by a s i n g l e 
i n t e r f a c e which was p h y s i c a l l y reasonable. ( i t may be 
noted t h a t i n s p i t e of t h i s , the anomalies at NORSAR had 
e a r l i e r been 'explained' on the basis of a Moho d i p p i n g a t 
12.6° (Kanestrom, 1969).) 

I t should be emphasized t h a t t h i s model provides an 
a l t e r n n t i v e e x p l a n a t i o n f o r the small anomalies such as 
are found a t other arrays whose order o f magnitude was 
mentioned e a r l i e r and cannot be used to e x p l a i n the b u l k 
of the much l a r g e r anomalies found a t Kaptagat. 

3.2. Source of the Anomaly 
The anomalies observed a t the ar r a y may be caused by 

s t r u c t u r e anywhere w i t h i n the raypath. By us i n g other 
s t u d i e s i t i s p o s s i b l e to estimate the e f f e c t s of va r i o u s 
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p a r t s of the raypath and thus decide the major source of 

the anomaly. 

1. S t r u c t u r e at Source and w i t h i n the Lower Mantle 
I t i s u n l i k e l y t h a t the source or the lower mantle 

could account f o r the major p a r t of the anomaly since 
s i m i l a r v a r i a t i o n s would then be expected at other a r r a y s . 
Davies and Sheppard (1972) considered t h a t the anomalies 
observed at LASA, a f t e r c o r r e c t i o n had been made f o r l o c a l 
s t r u c t u r e , were caused by l a t e r a l v a r i a t i o n s m v e l o c i t y 
s t r u c t u r e w i t h i n the mantle. This has been confirmed by 
Powell (1975) who found s i m i l a r anomaly d i s t r i b u t i o n s a t 
two array s t a t i o n s , LASA and Hansford, which were close 
enough to observe s i m i l a r source and mantle s t r u c t u r e but 
w i t h s u f f i c i e n t s e p a r a t i o n to have d i f f e r i n g c r u s t a ] 
s t r u c t u r e s . Doth these st u d i e s i n d i c a t e t h a t these 
inhomogeneities w i t h i n the mantle and at source cannot be 
the cause of the major p a r t of the anomalies. 

2. S t r u c t u r e Immediately Beneath the Array 
I t has been shown i n the a n a l y s i s of r e s i d u a l s of 

t r a v e l times a t the p i t s ( s e c t i o n 2.k.) t h a t there i s l i t t l e 
l a t e r a l mhomogeneity beneath the a r r a y . 

3. S t r u c t u r e W i t h i n the Crust 
Maguire and Long (1975) have shown t h a t l o c a l and 

r e g i o n a l a r r i v a l s a t Kaptagat e x h i b i t no systematic v a r i a t i o n 
of apparent v e l o c i t y w i t h azimuth thus i n d i c a t i n g a plane 
p a r a l l e l c r u s t a l s t r u c t u r e beneath the ar r a y . 

k. S t r u c t u r e W i t h i n the Upper Mantle 
I t i s thus necessary to conclude t h a t the source of the 

major p a r t o f the anomaly i s the anomalous mantle m a t e r i a l 



- 34 -

beneath the r i f t which i s i n f e r r e d from g r a v i t y , seismic 
and other methods described i n Chapter 1. 

3•3• Basic Approach to the Problem 
I t has been suggested t h a t the d i f f i c u l t y found m 

the i n t e r p r e t a t i o n of the a r r a y data by Backhouse was due 
to i n s u f f i c i e n t c o n s i d e r a t i o n of the p r o p e r t i e s o f the 
model r e q u i r e d to s a t i s f y the data. The purpose of t h i s 
chapter i s t o deduce some of the p r o p e r t i e s of the s t r u c t u r e 
which are necessary to give the observed anomalies, making 
the s i m p l i f y i n g assumptions t h a t the whole of the anomaly 
i s caused by a s i n g l e i n t e r f a c e and t h a t the body may be 
c h a r a c t e r i z e d as having a uniform v e l o c i t y . 

( i t may be noted t h a t a plane i n t e r f a c e at the bottom 
of the anomaly does not give r i s e t o an azimuth anomaly but 
does produce a small slowness anomaly due t o the d e v i a t i o n 
produced on t r a v e r s i n g the low v e l o c i t y s t r u c t u r e . This 
e f f e c t as of considerable importance i n c o n s i d e r i n g delay 
times and w i l l be discussed i n g r e a t e r d e t a i l i n Chapter 5 
where i t w i l l be shown t h a t i t can produce, at most, y$> of 
the observed slowness anomaly and as such may be neglected.) 

I t i s stressed at the outset t n a t t h i s p r e l i m i n a r y 
work does not i n t e n d t o d e f i n e a s t r u c t u r e but r a t h e r to 
attempt t o d e f i n e the basic geometric p r o p e r t i e s of the 
model r e q u i r e d t o s a t i s f y the data. 

I t was shown i n s e c t i o n 1.2.2. t h a t f o r a s p h e r i c a l l y 
symmetric e a r t h both slowness and azimuth are constants f o r 
the r aypath. I f i t i s assumed t h a t the anomaly i s produced 
at a s i n g l e i n t e r f a c e the slowness find azimuth of the wave 
before e n t e r i n g the anomalous zone may be d e r i v e d from the 
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' t h e o r e t i c a l ' slowness and azimuth, these parameters may 
also be c a l c u l a t e d Tor the wave w i t h i n the zone i f a mean 
v e l o c i t y f o r the body i s assumed and i n a s i m i l a r manner 
they may be c a l c u l a t e d on l e a v i n g the zone from the measured 
slowness and azimuth. The compressmnal v e l o c i t y w i t h i n 
the normal upper mantle v a r i e s very sl o w l y w i t h depth 
(Lehn'ann, 196?) so that the depth of the intorPacp i s not 
c r u c i a l and the estimate made f o r the v e l o c i t y of the normal 
mantle w i l l be reasonably accurate. 

I t w i l l be shown t h a t , i f a v e l o c i t y f o r the anomalous 
mantle i s assumed, i t i s p o s s i b l e to c a l c u l a t e the d i r e c t i o n 
of the normal to the surface which as causing the anomaly. 
By c o n s i d e r i n g a l l the events i n t f n s manner i t i s p o s s i b l e 
to begin Lo b u i l d up a p i c t u r e oT the surface causing the 
anomalies. This procedure and the r e s u l t s obtained are 
now described. 

3.4. Use of D i r e c t i o n Cosines 
I f the v e l o c i t y i n the medium beneath the array I s 

known the angle of incidence nay be c a l c u l a t e d from the 
measured slowness using equation l - ( i ) . Thus the measurement 
of slowness and azimuth i s e q u i v a l e n t t o measuring the 
d i r e c t i o n of approach of the wave i n throe dimensions and 
i t i s p o ssible t o s p e c i f y t h i s d i r e c t i o n by d e f i n i n g the 
d i r e c t i o n cosines r e l a t i v e t o a co-orHmate system as shown 
i n Fig.3.1. 

The ray PO i s i n c i d e n t at angle 1 to the a r r a y from 
an azimuth 9. The d i r e c t i o n cosines of the ray OP are 
COSoc, C0S|8 and COb-y and denoted ( l , m , n ) . OR is the 
p r o j e c t i o n of OP on the xy-plane and OY the p r o j e c t i o n of OP 
on the l i n e Oy. 



F i g u r e 3.1 

Diagram to i l l u s t r a t e the use o f d i r e c t i o n c o s i n e 

d e s c r i . b e t h f C I T I M t i o n o a p p r o a c h of a wave. 
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We have 

s i n 1 = OR 
OP 

cos P = OY 
OP 

si n 0 = OY 
OR 

so t h a t 
in = cos |?> = OY = OY. OH = s i n 0. s i n i 3 - ( i ) 

OP OR OP 
s i m i l a r l y i t may be shown 

1 = cos ©I = cos 9. s i n l 3 - ( n ) 
and n = cos ̂  = cos i 3 - ( i n ) 
the ray OP may thus be represented by the u n i t v e c t o r R 
w i t h components (cos 9 . s i n l , s i n 0 . s i n l , cos l ) . 

3 . 5 * R e s t r a i n t s on V e l o c i t y 
One of the fundamental problems of Lhe work i s the 

dependence o f s t r u c t u r e on v e l o c i t y so t h a t i t would appear 
t h a t i t i s not possible t o d e r i v e both v e l o c i t y and s t r u c t u r e 
u sing t h i s data alone. There are however some c o n s t r a i n t s 
which may be a p p l i e d to the v e l o c i t y . 

I f the normal upper mantle i s assumed to have a 
v e l o c i t y of 8 . 1 km/sec then the d i r e c t i o n cosines of the 
wave i n t h i s medium may be c a l c u l a t e d and represented by the 
u n i t v e c t o r T ( t ^ j t g , S i m i l a r l y , assuming a v e l o c i t y 

A 

f o r the anomalous body a corresponding v e c t o r 1̂  1 2 ' 1J' 

may be c a l c u l a t e d . 
On passing through an i n t e r f a c e w i t h a v e l o c i t y c o n t r a s t 

a wave i s d e viated according t o S n e l l ' s Laws o f R e f r a c t i o n . 
I f the angle o f incidence i s 1 m a medium w i t h v e l o c i t y V 
and angle of r e f r a c t i o n i s r m medium w i t h v e l o c i t y then 
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s i n 1 = y i 3 - ( i v ) 
s m r v 

r 
I f V then the d e v i a t i o n , d, i s given by 

d = r - i 
As the angle of incidence increases the d e v i a t i o n w i l l 
a lso increase anu w i l l reach a maximum at the c r i t i c a l angle, i , when the d e v i a t i o n , d , i s given by c nicLX 

max 2 _ 1

C 3 - ( v ) 
This i s i l l u s t r a t e d m F i g . 3 . 2 . whoro Lho d e v i a t i o n i s 
p l o t t e d against the i n c i d e n t angle f o r a v e l o c i t y r a t i o 
o f 0 . 9 ^ and the maximum d e v i a t i o n i s shown to be 2 0 . 0 ° . 

I f V i s f i x e d the maximum d e v i a t i o n f o r v a r i o u s V r l 
may be c a l c u l a t e d . This i s shown i n F i g . 3 . 3 * where as 
the v e l o c i t y i s decreased the maximum d e v i a t i o n increases. 

For the problem o f the low v e l o c i t y upper mantle the 
d e v i a t i o n , , i s given by 

A A 

cos <X = I.T. = 1i«'ti + 1 2 * ' t 2 + 1 3 ' ' t 3 3 - ( v i ) 

This d e v i a t i o n must be le s s than the maximum d e v i a t i o n 
p o s s i b l e so t h a t 

cos (X ^ cos d 
~ max 

By 3 - ( v ) and 3 - ( v i ) 

1 l , t l + 1 2 " * 2 + 1 3 * t j - ° O S ^ — _ 1 c ^ 
i , . t - + i 0 . t 0 + i ~ . t _ < s i n i J - l <L <Z J 3 c 

and since s i n i = v c — i v r 
1 l " t l + 12't2 + X y t 3 i ^ x 

r 
Thus i f a v e l o c i t y f o r the normal upper mailt Le i s assumed 
an upper l i m i t on the v e l o c i t y i n the low v e l o c i t y medium 
i s given by 
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D e v i a t i o n p r o d u c e d b y A p i a n o w a ve on c r o s s i n g a p l a n e 

i n t e r f a c e wa t h v c l o c i t v r a t i o 0.3^ a s Ui«' a> >_le of 

i n c i d e n c e i s v a r i e d . 



V) 

0) 

0) 

ii 
>1>t 

8 

i • i i i CO ID CNJ CO CM 

seej6ap -(i-J)-uoipi aoq 



F i & u r e 3 . 3 

The- mdXj nium d e v i a t i o n L h a t con he p r o d u c e d b y a p l a n e 

J n t o r i a c e a s V i s v a r i e d , J i s f i x e d a t 8.1 k m / s e c 



s 

in 
id 

(A 

V) 

in <6 

g i 
CO 

S d d j 6 e p - UOlJDIAaQ 



- 38 -

V V 1 r + i + l 

Another p o s s i b l e r e s t r a i n t t o place on the v e l o c i t y i s to 

case a lower v e l o c i t y may be obtained but i t i s sometimes 
the case t h a t the t h e o r e t i c a l d e v i a t i o n i s exceeded before 
the i n t e r f a c e becomes v e r t i c a l . 

I n most cases the v e l o c i t i e s obtained by the above 
methods are u s u a l l y 7>9 km/sec or above but the lower 
v e l o c i t i e s obtained are l i s t e d i n Table 3.1. Method (a) 
r e f e r s t o the t h e o r e t i c a l l i m i t and method (b) to the l i m i t 
obtained by having a v e r t i c a l i n t e r f a c e . Where no value 
i s given f o r method (b) t h i s i n d i c a t e s t h a t the t h e o r e t i c a l 
maximum i s reached before the surface becomes v e r t i c a l . The 
f i r s t data group are from d i t a set A and the second f r o i T ' data 
set B. 

The extremely low values obtained f o r some events m 
data set B are probably i n e r r o r but there would seem to 
be some j u s t i f i c a t i o n f o r r e q u i r i n g a v e l o c i t y l e s s than 
7 « 5 km/sec. 

As t h i s represents the upper l i m n ; on the v e l o c i t y the 
true v e l o c i t y must be consi d e r a b l y l e s s than t h i s value f o r 
any reasonable s t r u c t u r e . I t must, however, be compared 
w i t h the 7 . 5 km/sec l a y e r found by G r i f f i t h s e t a l ( l 9 7 l ) 

20 km beneath the r i f t w i t h c a u t i o n . F i r s t , t h i s v e l o c i t y 
was obtained from an unreversed l i n e and could be an apparent 
v e l o c i t y . Second, the concept o f c h a r a c t e r i z i n g the zone 
by a p a r t i c u l a r v e l o c i t y i s almost c e r t a i n l y an over
s i m p l i f i c a t i o n . I t i s most l i k e l y t h a t the zone w i l l have 

l i m i t the d i p on the surface to being v e r t i c a l . I n t h i s 



T a b l e 3 . 1 

Luna t i n t i V e l o c i t i e s on b t r u c t u r e . 

V e l o c i t y (km/scc) V e l o c i t y (l<m/sec) 
Event No. Method (a) Method (b) 
1 4 7 6 . 7 1 8 . 0 0 7 . 5 5 
2 5 ^ 1 . 7 0 7 . 9 0 7 . 6 5 

5 3 5 . 7 1 7 . 9 5 7 - 5 5 
1 6 9 3 . 7 1 7 . 8 5 7 . 7 5 
^ 3 ^ 7 . 7 0 7 . 8 5 7 -45 
2 8 0 7 . 7 0 8 . 0 0 7 . 7 5 
2 6 3 5 . 7 0 7 . 9 5 7 -55 
442 .71 7 .80 7 . 5 5 

3 0 6 6 . 7 0 7 . 9 5 7 . 5 5 
1 3 9 7 - 7 1 S . 0 5 7 . 7 0 
3 ri63 . 70 7 . 9 0 7 - 3 5 
^ 0 9 ^ . 7 0 8 . 0 0 7 . 5 0 

^3^2.71 7 . 5 5 
kky9.7l 7 . 6 0 
2 3 3 1 . 7 1 7 - 9 5 7 - 5 5 
4 7 3 7 - 7 1 7 . 9 5 7 - 5 5 
4 7 6 5 . 7 1 7.80 7.45 

4 5 6 . 7 2 7 . 8 5 7 . 4 0 
4 9 9 . 7 2 7 . 7 5 7 . 2 0 
5 3 3 . 7 2 7.40 
6 6 7 . 7 2 7 . 4 5 
4 5 8 . 7 0 7 . 3 0 7 . 0 5 

3 U 8 . 7 0 8 . 0 0 7 . 6 0 
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a v e l o c i t y s t r u c t u r e and what i s being d e f i n e d i s a 
complicated mean v e l o c i t y over a l l raypaths. While the 
r e f r a c t i o n l i n e may only be seeing the ' l i d ' o f the 
s t r u c t u r e the a r r i v a l s at the a r r a y w i l l have sampled the 
body of the s t r u c t u r e . This problem w i l l be considered i n 
more d e t a i l l a t e r . 

3 . 6 . C a l c u l a t i o n of the Normal 
I t has been shown t h a t the measured slowness and 

A 
azimuth a l l o w T to be c a l c u l a t e d and t h a t the t h e o r e t i c a l 

A 

values d e f i n e I . The problem i s then t o deduce the 
d i r e c t i o n cosines of the normal causing the d e v i a t i o n . 

These may be c a l c u l a t e d usang Sne l l ' s Laws of R e f r a c t i o n 
1. The i n c i d e n t ray, the r e f r a c t e d ray and the normal 

l i e i n the same plane. 
2 . The r a t i o of the sines of the angles of incidence 

and r e f r a c t i o n equal the r a t i o o f the v e l o c i t i e s i n the 
i n c i d e n t and r e f r a c t e d media. 

The d e t a i l s of the c a l c u l a t i o n are given i n Appendix A. 

I n order to a i d r e p r e s e n t a t i o n of the normals the d i p 
and s t r i k e of the plane w i t h t h a t normal have been c a l c t i l a t e d 
u sing the inverse of equations 3-{x), (n)» ( a n ) and f o r 
the r e s t of t h i s chapter t h i s r e p r e s e n t a t i o n w i l l be used. 

The normals have been c a l c u l a t e d f o r v a r i o u s v e l o c i t e s 
of the anomalous upper mantle assuming a v e l o c i t y of 8 . 1 km/sec 
f o r the normal mantle. 

3 . 7• P r o p e r t i e s of the Normals 
Before p r e s e n t i n g and d i s c u s s i n g the r e s u l t s t h e i r 
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s e n s i t i v i t y t o v a r i o u s parameters w i l l be considered. For 
c l a r i t y , d e t a i l s w i l l be given only f o r sample events which 
i l l u s t r a t e the general behaviour of the whole data sets. 

1. V a r i a t i o n i n the Anomalous VeJocity 
Figs. 3 > ^ « and 3 « 5 . i l l u s t r a t e the behaviour of the 

d i p and s t r i k e of the normal as the anomalous v e l o c i t y i s 
v a r i e d from 6 . 8 km/sec to J.8 km/sec f o r seven events 
producing a wide v a r i e t y of the dips and s t r i k e s . I t can 
be seen t h a t as the v e l o c i t y increases, and the v e l o c i t y 
c o n t r a s t decreases, the d i p on the s t r u c t u r e r e q u i r e d to 
produce the observed d e v i a t i o n increases; the e f f e c t of 
i n c r e a s i n g the d i p i s , f o r n e a r l y a l l the angles of approach 
covered by the data, to increase the angle of incidence and 
thus, from F i g , 3 . 2 . , the d e v i a t i o n . F i g . 3 . 5 - shows t h a t 
the s t r i k e of the surface i s independent of the assumed 
v e l o c i t y . This may be shown to be expected as a consequence 
of S n e l l ' s Laws, but since the algebra i s somewhat l a b o r i o u s 
the proof i s given i n Appendix B. 

F i g . 3 « ^ « i l l u s t r a t e s a fundamental p o i n t which w i l l 
occur c o n s t a n t l y throughout t h i s work and t h i s i s the 
dependence of the s t r u c t u r e on v e l o c i t y . The general shape 
of the body i s not a l t e r e d by changing the anomalous v e l o c i t y 
since the s t r i k e of the i n t e r f a c e has been shown to be 
independent of the v e l o c i t y ; r a t h e r the scale o± the 
s t r u c t u r e i s c o n t r o l l e d by t h i s v e l o c i t y . I f the zone i s 
c h a r a c t e r i z e d by a l a r g e average v e l o c i t y the dips are l a r g e 
and the s t r u c t u r e i s small and deep wh i l e a very low average 
v e l o c i t y w i l l produce a l a r g e shalloxir s t r u c t u r e . I t may be 
noted t h a t although the v e l o c i t y c o n t r o l s the d i p t h i s does 
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not preclude the p o s s i b i l i t y of us i n g t h i s data to determine 
an optimum v e l o c i t y (and s t r u c t u r e ) since the d i p bears a 
non l i n e a r r e l a t i o n s h i p to the v e l o c i t y so t h a t the s c a l i n g 
process of d i p against v e l o c i t y i s a complex one. 

2. V a r i a t i o n m Measured Parameters 
Only event 304-7.70 i s considered i n d e t a i l as a l l other 

events show s i m i l a r p r o p e r t i e s . The measured v e l o c i t y and 
azimuth have been v a r i e d between the l i m i t s d e f i n e d by the 
95^o confidence l i m i t s and the e f f e c t s on the d i p and s t r i k e 
of the normal are shown i n F i g s . 3 • 6 . t o 3 » 9 » 

F i g s . 3 - 6 . and 3 « 7 . show t h a t an e r r o r of 0 . 6 km/sec 
on the measured phase v e l o c i t y leads t o n e g l i g i b l e v a r i a t i o n 
i n the d i p of the s t r u c t u r e but to a v a r i a t i o n i n the s t r i k e 
of the normal o f approximately 7 ° ' 

F i g s . 3 • 8 . and 3 » 9 » show t h a t even a 3 ° e r r o r i n the 
measurement of azimuth can lead t o a k° v a r i a t i o n i n the d i p 
of the normal and a 5 ° v a r i a t i o n i n i t s s t r i k e . 

I t can thus be seen t h a t , i f the average e r r o r s are 
considered, measured e r r o r s on azimuth can lead t o much more 
severe e r r o r s on s t r u c t u r e , both i n regard t o the d i p and 
s t r i k e o f the normal, than the measured v e l o c i t y e r r o r s . 
This i s a po s s i b l e e x p l a n a t i o n f o r the observation made by 
Backhouse t h a t slowness i s a more u s e f u l parameter i n t h i s 
study than azimuth. The second p o i n t t h a t emerges i s t h a t 
the s t r i k e of the normal i s v ery s e n s i t i v e t o the e r r o r s m 
measurement and care should thus be taken i n i n t e r p r e t i n g 
these s t r i k e s . 

(While a t t e n t i o n has been given to e r r o r s on the 
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measured v e l o c i t y and a z i m u t h s i m i l a r c o n s i d e r a t i o n s w i l l 

a p p l y to e r r o r s on the t h e o r e t i c a l v e l o c i t y and a z i m u t h ; 

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

has b e e n shown l i k e l y t o o c c u r , t h i s w i l l a l s o produce e r r o r s 

i n t h e c a l c u l a t e d s t r u c t u r e i n a s i m i l a r way to t h a t d e s c r i b e d 

a b ove.) 

Fig.3•10. shows the v a r i a t i o n o f the d i p o f t h e s t r u c t u r e 

w i t h d i s t a n c e f o r a l l a z i m u t h s assuming an anomalous v e l o c i t y 

o f 1 ,k km/sec. C l e a r l y t h e n e g l e c t of any azi_muthal 

dependence w i l l produce wide v a r i a t i o n s i n t h e d i p s a s shown 

b u t a g e n e r a l t r e n d may be o b s e r v e d , namely t h a t e v e n t s from 

s h o r t e r d3 s t a n c e s a p p e a r to have e n c o u n t e r e d s t r u c t u r e s w i t h 

s h a l l o w d i p s w h i l e e v e n t s f u r t h e r away have met s t e e p e r d i p s . 

As the d i s t a n t e v e n t s a p p r o a c h the a r r a v a t a s t e e p a n g l e t h e y 

o b s e r v e the i n t e r f a c e n e a r the a r r a y ana t h u s i t may be 

c o n c l u d e d t h a t s t r u c t u r e c l o s e to the a r r a y i s c h a r a c t e r i z e d 

by a s t e e p boundary w h i l e f u r t h e r away the boundary becomes 

s h a l l o w e r . 

Fig.3.11. a t t e m p t s t o i l l u s t r a t e the v a r i a t i o n o f t h e 

d i r e c t i o n o f s t r i k e o f t h e s u r f a c e . The d i s t a n c e o f the 

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

Thus s t r i k e s n e a r the c e n t r e o f the p l o t i n d i c a t e s t r u c t u r e 

n e a r K a p t a g a t and the a z i m u t h i s t h a t measured a t K a p t a g a t . 

I t h a s been shown t h a t t h o s e d i r e c t i o n s a r e s e n s i t i v e t o 

e r r o r s i n measurement so c o n s i d e r a b l e s c a t t e r may be e x p e c t e d . 

N e v e r t h e l e s s some t r e n d s may be o b s e r v e d . Those e v e n t s from 

the e a s t sample s t r u c t u r e between K a p t a g a t and t h e R i f t and 

show s t r i k e s p o i n t i n g on a v e r a g e n o r t h . E v e n t s from a z i m u t h s 

between 30° and 70° show t h a t the s t r i k e h a s come around to 

the e a s t somewhat w h i l e e v e n t s from the n o r t h show a s t r i k e 
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between n o r t h e a s t and e a s t . E v e n t s between 3^0° and 360° 
show a c o n s i s t e n t e a s t w a r d s t r i k e . Some e v e n t s hove been 
o m i t t e d from the d i a g r a m when s e v e r a l e v e n t s come from t h e 
same r e g i o n . 

The d i a g r a m s i l l u s t r a t e why B a c k h o u s e ' s o r i g i n a l model 

o f a s i n g l e p l a n e d i p p i n g boundary f a i l e d . To a t t e m p t to 

r e p r e s e n t the v a r i a t i o n i n d i p shown by s u c h a model must 

l e a d to l a r g e e r r o r s and zis he commented t h e l a r g e d i p 

r e q u i r e d Cor d i s t a n t e v e n t s would l e a d to t o t a l i n t e r n a l 

r e f l e c t i o n f o r n e a r e r e v e n t s where a c o n s i d e r a b l y s m a l l e r d i p 

i s r e q u i r e d . S i m i l a r l y the v a r i a t i o n i n the d i r e c t i o n o f 

the s t r i k e o f t h e s u r f a c e i n d i c a t e s t h a t t h e s t r u c t u r e i s 

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

may h e l p to s o l v e the s l o w n e s s a n o m a l i e s no p l a n e s t r u c t u r e 

w i l l e v e r e x p l a i n the o b s e r v e d v a r i a t i o n m s t r i k e d i r e c t i o n . 

Two d a t a groups a p p e a r to be a t v a r i a n c e w i t h t he g e n e r a l 

t r e n d found i n the d i p a g a i n s t d i s t a n c e p l o t and a r e l i s t e d 

i n T a b l e 3.2. and i n d i c a t e d by r e c t a n g l e s i n Fig.3.10. 

The f i r s t group c o n t a i n s a l l e v e n t s from d i s t a n c e s l e s s 

t h a n 30° and a p p e a r to r e q u i r e d i p s g r e a t e r t h a n e x p e c t e d . 

The s e c o n d group c o n t a i n s e v e n t s i n the d i s t a n c e r a n g e 70° 

to 80° and shons s m a l l e r d i p s t h a n e x p e c t e d on the t r e n d 

s u g g e s t e d . They a r e a l l from the west o f K a p t a g a t and have 

s m a l l a z i m u t h a n o m a l i e s e s p e c i a l l y t h o s e from t h e n o r t h . 

At the p r e s e n t time i t i s d i f f i c u l t to e x c l u d e the p o s s i b i l i t y 

t h a t t h e s e e f f e c t s a r e due t o the asymmetry o f t h e s t r u c t u r e 

w h i c h t h e s e s i m p l e , e f f e c t i v e l y two d i m e n s i o n a l p l o t s , c a n n o t 

i n v e s t i g a t e . The methods d e v e l o p e d i n the n e x t c h a p t e r 

p e r m i t a more t h o r o u g h a n a l y s i s o f t h i s p roblem and t h e s e 

g r o u p s w i l l t h u s be c o n s i d e r e d l a t e r . 
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3.8. E r r o r s 

I f i t i s assumed t h a t t h e e r r o r s i n t h e d i p and s t r i k e 

o f t h e s t r u c t u r e a r e r e f l e c t e d i n t h e e r r o r s found i n the 

measurements o f the s l o w n e s s and az:mulh a t the a r r a y t h e n 

Pormal e r r o r s may be a s c r i b e d to the d i p s and s t r i k e s 

a s c r i b e d to t h e s t r u c t u r e i f a v e l o c i t y i s assumed. On 

a s s u m i n g a v e l o c i t y o f 7.2 km/sec f o r the anomalous v e l o c i t y 

the e r r o r s on the d i p s f o r the d a t a are i l l u s t r a t e d i n Fig.3.12. 

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

p o i n t s have been o m i t t e d t o a v o i d c o n f u s i o n . The e r r o r s on 

the s L r i k e o f t h e s u r f a c e a r e r a t h e r l a r g e r f o r the r e a s o n 

e x p l a i n e d i n t h e p r e v i o u s s e c t i o n and go up t o a s much a s 

20° and have an a v e r a g e o f 11.9° m c o n t r a s t to the a v e r a g e 

e r r o r o f 5.9° on the d i p . On some e v e n t s i t i s n o t p o s s i b 3 e 

to d e r i v e a f o r m a l e r r o r a s t h e d e v i a t i o n r e q u i r e d by one 

or b o t h o f t he l i m i t i n g v a l u e s o f s l o w n e s s and a z i m u t h c a n n o t 

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

T h e s e e r r o r s c a n n o t be u s e d to r e s t r a i n the s t r u c t u r e 

m any r e a l s e r s o b e c a u s e i t i s n o t p o s s i b l e to a s c r i b e t h e 

whole o f t h e measured anomaly t o t h i s s i n g l e i n t e r f a c e r a t h e r 

t h e y may be c o n s i d e r e d a s p r o v i d i n g a l i m i t to t h e e x t e n t to 

w h i c h any more d e t a i l e d i n t e r p r e t a t i o n ns m e a n i n g f u l . 

3.9* C o n c l u s i o n s 

I f i t i s assumed t h a t the ma j o r p a r t o f t h e anomaly may 

be a s c r i b e d t o a s i n g l e i n t e r f a c e t h e a n a l y s i s h a s shown 

t h a t we may c o n c l u d e 

1. The ' a v e r a g e ' v e l o c i t y m the anomalous m a t e r i a l 

must be l e s s t h a n 7.5 km/sec. 

2. D i p s on t he s t r u c t u r e c l o s e t o K a p t a g a t a r e r e q u i r e d 

to be c o n s i d e r a b l y s t e e p e r t h a n d i p s on t h e s t r u c t u r e f u r t h e r 
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away f r o m K a p t a g a t . The s t r u c t u r e i s a p p a r e n t l y t h i n n i n g 
b o t h n o r t h and w e s t f r o m K a p t a g a t . 

3. The s t r i k e s o f t h e s u r f a c e f o r s t r u c t u r e t o t h e 

n o r t h o f K a p t a g a t show a more e a s t e r l y c o m p o n e n t t h a n t h o s e 

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

4. A s i n g l e p l a n e i n t e r f a c e c a n n o t g i v e a r e a l i s t i c 

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

5. No p i a n o s t r u c t u r e , no m a t t e r how c o m p l e x , c a n 

e x p l a i n t h e o b s e r v e d a n o m a l i e s . 

T h ese c o n c l u s i o n s f o r m t h e b a s i s f o r t h e i n t e r p r e t a t i o n 

o f t h e n e x t c h a p t e r . 
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CHAPTER h 
OPTIMIZED SBI5i-IIC MODELS 

4.1. I n t r o d u c t i o n 

The p r e n u m i n a r y w o r k , d e s c r i b e d i n c h a p t e r 3 i h a s 

i n d i c a t e d some o f t h e p r o p e r t i e s o f t h e s i n g l e i n t e r f a c e 

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

m e a s u r e d . T h i s m e t h o d , h o w e v e r , d o e s have some s e v e r e 

l i m a t a t a o n s . 

F i r s t , a l t h o u g h t h e d i p and s t r i k e o f t h e s t r u c t u r e a r e 

known, as i s i t s d i r e c t i o n f r o m K a p t a g a b , t h e d e p t h o f t h e 

i n t e r f a c e i s n o t known. M o r e o v e r , b e c a u s e t h e v e l o c i t y 

g r a d i e n t w i t h i n t h e u p p e r m a n t l e i s so s m a l l , t h e r e does n o t 

a p p e a r t o be a n y way o f p t i t t a n g a c o n s t r u a n t on t h e u o o t h 

u s i n g t h e p r e s e n t m e t h o d . S e c o n d l y , t h e r e w i l l be e r i o r s 

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

h a v e been e s t i m a t e d and shown t o be c o n s i d e r a b l e ( b c c l i o n 3«8) 

I t i s t h u s d e s i r a b l e t o d e r i v e a s u r f a c e w h i c h e f f e c t i v e ] y 

smoothes o u t t h e s e i r r e g u l a r i t i e s . T h i r d l y , f r o m a more 

p r a c t i c a l p o a n t o f v i e w , i t i s v e r y d i f f i c u l t t o v i s u a l i z e 

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

and s t r i k e s a t v s r i o u s p o i n t s . The d i . f f i c " l i y f o u n d m 

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

i l l u s t r a t e s t h i s p r o b l e m . 

I n o r d e r t o overcome These proD3ems t h e s u r f a c e w i l l be 

d e s c r i b e d b y a f u n c t i o n f ( x , y , z ) = 0. riayt w i l l t h e n be 

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

p r o d u c e d w i l l be c o m p a r e d w i t h t h o s e m e a s u r e d . By a d j u s t i n g 

t h e c o n s t a n t s o f t h e f u n c t i o n a s u r f a c e w h i c h p r o d u c e s t h e 

minimum d i f f e r e n c e b e t w e e n t h e o b s e r v e d and t h e c a l c u l a t e d 
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a n o m a l i e s may be f o u n d . 

By d e r i v i n g a s u r f a c e w h i c h b e s t f i t s t h e d a t a i n a 

l e a s t s q u a r e s sense t h e r a n d o m e r r o r s w h i c h h a ve b e e n 

i n t r o d u c e d i n t o t h e m e a s u r e m e n t s w i l l be s m o o t h e d . A l s o , 

i f i t i s assumed t h a t t h e a n o m a l o u s s t r u c t u r e a p p r o a c h e s 

t h e s u r f a c e b e n e a t h t h e r i f t ( w h e t h e r t h e 1.5 km b e n e a t h 

sea l e v e l s u g g e s t e d b y B a k e r anu K o h l e n b e r g (1971) o r t h e 

20 kin b e n e a t h t h e s u r f a c e s u g g e s t e d b y Khan and M a n s f i e l d 

( l 9 7 l ) ) c o n t r o l on t h e d e p t h w i l l be much i m p r o v e d . E f f e c t i v e l 

t h e s t r u c t u r e i s b e i n g l o c a t e d a t one p o i n t a nd t h e d a t a 

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

4.2. C h o i c e o f Form o f S t r u c t u r e 

T h r e e p o i n t s i n f l u e n c e d t h e c h o i c e o f t h e f o r m o f 

t h e f u n c t i o n f ( x , y , z ) = 0: 

1. The f u n c t i o n may bo c h o s e n t o be as c o m p l i c a t e d as 

d e s i r e d . As t h e nuaiber o f p a r a m e t e r s r e q u i r e d t o d e s c r i b e 

t h e s u r f a c e i n c r e a s e s t h e a c c u r a c y w i t h w h i c h t h e y may be 

d e t e r m i n e d w i l l d e c r e a s e as t h e amount o f d a t a a v a i l a b l e i s 

l j m i t e d . From a more p r a c t i c a l p o i n t o f v i e w t h e 

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

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

i n c r e a s e d . 

2. I f t h e s t r u c t u r e i s made so c o m p l i c a t e d as t o a l l o w 

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

s i m p l e p l a n e wave t h e o r y may no l o n g e r be v a l i d . F o r e x a m p l e , 

B e r t e u s s e n (1975)1 i n a t t e m p t i n g t o d e r i v e a s t r u c t u r e f o r 

t h e Moho b e n e a t h NORSAR, d e c i d e d t h a t a p o l y n o m i a l above t h e 

t h i r d o r d e r w o u l d p r o d r j e e s u c h a d e t a i l e d map o f t h e s t r u c t u r e 

t h a t p l a n e wave t h e o r y w o u ] d n o t be a p p l i c a b l e . 



- 1*8 -

3. The e x t e n t t o w h i c h t h e s t r u c t u r e may be d e f i n e d i s 
l i m i t e d b y T o u r f a c t o r s : 

( I ) The a c c u r a c y o f t h e a r r a y m e a s u r e m e n t s . T h i s 

has a l r e a d y b e e n d i s c u s s e d i n s e c t i o n 1.2.4. 

( I I ) The e f f e c t o f t h e a n o m a l i e s i n t r o d u c e d b y v a r i o u s 

p a r t s o f t h e r a y p a t h . A ] t n o u g h i t h a s been shown t h a t t h e s e 

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

p e r t u r b a t i o n s . C o n s e q u e n t l y , i t i s i m p o s s i b l e t o t e l l i f 

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

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

w i t h i n t h e r e s t o f t h e r a / p a t h . 

( I I I ) The a s s u m p t i o n o f a una f o r m v e l o c i t y w i t h i n t h e 

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

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

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

( i v ) A l t h o u g h I T h a s b e e n assumed t h a t t h e b o t t o m o f 

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

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

u p p e r i n t e r f a c e w i t h t h e n o r m a l m a n t l e . 

I t was t h u s d e c i d e d t o t a k e a m o d e l w h i c h i l l u s t r a t e d 

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

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

( i ) Tn c r o s s s e c t i o n a s t e e p s l o p e i s r e q u i r e d f o r 

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

a t g r e a t e r d e p t h s . 

( i i ) I n p l a n b e t w e e n K a p t a g a t and t h e r i f t t h e s t r u c t u r e 

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

t h e s t r u c t u r e seems t o t r e n d t o t h e e a s t . 

Theso f e a t u r e s may be M o d e l l e d b y an e x p r e s s i o n o f 

t h e f o r m 
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r(x,y,z) = *2 + ~ -2 ~ 1 = 0 ^ - ( - L ) 
a~ b c " 

w h e r e t h e z - a x i s p o i n t s v e r l i c o l l y downwards and x - and y-

a x e s a r e i n t h e p l a n e o f t h e s u r f a c e . Thus i n c r o s s - s e c t i o n 

t h e f u n c t i o n i s a h y p e r b o l a and i n p l a n i s an e l l i p s e . The 

o r i e n t a t i o n o f t h e a x e s i n t h e x - y p l a n e i s p i l l o w e d t o -vary 

as 3s t h o l o c a t i o n o f t h e c o - o r d i n a t e s y s t e m . As h a s b e e n 

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

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

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

t o v a r y . The s t r u c t u r e i s t h u s d e s c r i b e d c o m p l e t e l y b y s i x 

p a r a m e t e r s - a,b,c, t h e c o - o r d i n a t e s o f t h e o r i g i n ana t h e 

o r i e n t a t i o n o f t h e c o - o r d i n a t e s y s t e m - f o r a f i x e d v e l o c i t y 

w i t h i n t h e a n o m a l o u s u p p e r m a n t l e . 

T h r e e p r o p e r t i e s o f t h e f u n c t i o n f(x,y,«.) a r e o f 

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

( L ) The v a r i a t i o n i n d i p p r o v i d e d b y t h e h y p e r b o l i c 
2 2 2 2 f o r m ( x / a ) - ( z / c ) = 1 i s s m a l l b e y o n d t h e r e g i o n 

I x I > 2a. However, t h e t o t a l r a n g e o f g r a d i e n t p r o v i d e d 

b y t h e t h r e e d i m e n s i o n a l f o r m o f f ( x , y , z j ) i s much l a r g e r . 

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

r a t h e r t h a n assume a f o r m w h i c h p r o v i d e d a more r a p i d 

v a r i a t i o n o f g r a d i e n t . I f i t was f o u n d t h a i t h i s f u n c t i o n 

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

f u n c t i o n c o u l d be u s e d . 
p p P ? ( n ) The n y p e r b o l a ( x ~ / a " ) - ( z ~ / c ~ ) = 1 t e n d s t o t h e 

s t r a i g h t l i n e x = z ( a / c ) f o r | x | » a and I Z J >> c. 

C l e a r l y t h i s i s p h y s i c a l l y u n r e a l i s t i c . As l o n g as t h i s i s 

r e c o g n i z e d i t w i l l c a u s e f e w d i f f i c u l t i e s and may be u s e d t o 

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

c r o s s t h e s t r u c t u r e as d e f i n e d b y f ( x , y , z ) = 0 t h i s c o u l d 
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i n d i c a t e t h a t t h e s t r u c t u r e n e e d s t o be made s h a l l o w e r 
m t h i s p a r t i c u l a r r e g i o n . 

( 1 1 1 ) One o f t h e c r i t i c i s m s made o f t h e f i n a l m o d e l 

o f B a c k h o u s e was t h e p o o r r e s o l u t i o n on t h e p a r a m e t e r s 

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

p a r a m e t e r s w h i l e t h e p r e s e n t one i s d e f i n e d b y s i x so t h a t 

t h e p r o b l e m s o f r e s o l u t i o n a r e l i k e l y t o be e v e n w o r s e , 

However, t h i s f a i l s t o r e c o g n i z e t h a t B a c k h o u s e ' s f i n a l 

m o d e l was n o t b a s e d on a n y c o n s i d e r a t i o n o f t h e d a t a w h e r e a s 

t h e p r e s e n t m o d e l has b e e n d e f i n e d so t h a t i t d o e s p o s s e s s 

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

i t i s p o s s i b l e t o hope f o r somewhat b e t t e r r e s o l u t i o n . 

Ray T r a c i n g P r o c e d u r e s 

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

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

a u t h o r s a l t h o u g h t h e y o f t e n t e n d t o be somewhat s p e c i a l i z e d 

i n t h e i r a p p r o a c h . 

S a t t l e g g e r (1965) t r e a t e d t h e c a s e o f r e f r a c t i o n t h r o u g h 

a two d i m e n s i o n a l m o d e l w i t h any number o f d i p p i n g i n t e r f a c e s . 

A l t h o u g h i t was c o n s i d e r e d t h a t t h e method c o u l d be e x t e n d e d 

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

was d e s c r i b e d as v e r y l o n g . O t s u k a (1966) d e v e l o p e d an 

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

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

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

e t a l ( l 9 7 l ) d e s c r i b e d a m e t h o d f o r c a l c u l a t i n g b o t h t r a v e l 

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

a r b i t r a r y number o f p l a n e o r c i r c u l a r i n t e r f a c e s f o r u s e i n 

t h e a n a l y s i s o f a n o m a l i e s a s s o c i a t e d w i t h t h e L0NGSI10T 

e x p l o s i o n . F i n a l l y , Shah (1973) d e s c r i b e s a more g e n e r a l 
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m e t h o d f o r t r a c i n g r a y s t h r o u g h an i n t e r f a c e d e f i n e d b y t h e 
f u n c t i o n ^ ( x , y , z ) and h a s i n c l u d e d t h e c a s e o f t r a n s m i s s i o n 
t h r o u g h a s t r u c t u r e w i t h a c o n t i n u o u s l y v a r y i n g v e l o c i t y . 

Shah's t r e a t m e n t p r o v i d e s t h e b a s i s o f t h e m e t h o d u s e d 

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

o f t h e m e t h o d s a r e g i v e n i n A p p e n d i x B and o n l y an o u t l i n e 

i s g i v e n b e l o w . A c r u s t a l s t r u c t u r e a p p r o p r i a t e t o K a p t a g a t 

is assumed ( L o n g and M a ^ u i r e , 1975) as i s H e r r m ' s a v e r a g e 

m o d e l f o r n o r m a l u p p e r m a n t l e ( H e m n e t a l , 1968). The 

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

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

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

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

i n t e r f a c e u s i n g S n e l l ' s Laws o f R e f r a c t i o n . S i n c e i t i s 

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

b y t h i s i n t e r f a c e t h e r a v w i l l t h e n h a v e t h e san>e s l o w n e s s 

and a z i m u t h i f t r a c e d b a c k t o s o u r c e . Thus i f t h e m o d e l 

s a t i s f i e s t h e s t r u c t u r e t h e wave i n t h e m a n t l e w i l l h a v e t h e 

same s l o w n e s s and a z i m u t h as t h e t h e o r e t i c a l v a l u e s c a l c u l a t e d . 

The r e s i d u a l s a r e d e f i n e d as t h e d i f f e r e n c e b e t w e e n t h e 

t h e o r e t i c a l v a l u e s and t h e c a l c u l a t e d v a l u e s and t h e a i m i s 

t o d e r i v e a s t r u c t u r e w h i c h w i l l m i n i m i z e t h e s e r e s i d u a l s . 

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

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

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

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

r e s i d i i a l was p l a c e d e q u a l t o t h e a n o m a l y on o c c a s i o n s when 

t h i s p r o b l e m a r o s e , 

When t h e o b s e r v e d r a y h a d n o t c r o s s e d t h e a n o m a l o u s 

s t r u c t u r e b y a d e p t h o f kOO km i t was assumed t h a t t h e 
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i n t e r s e c t i o n wouLd n o t o c c u r and so t h e r e s i d u a l was p u t 
e q u a l t o t h e m e a s u r e d a n o m a l y . I t seems l i k e l y t h a t Lhe 
a n o m a l y w i l l t r e n d t o t h e n o r m a l u p p e r m a n t l e as i t s d e p t h 
i n c r e a s e s so t h a t i f an i n t e r s e c t i o n o c c u r s d e e p e r t h a n 
hOO km 3 t I s u n l a k e l y t o r e p r e s e n t a r e a l i s t i c s t r u c t u r e 
b e c a u s e o f t h e a s y m p t o l i c f o r m o f t h e h y p e r b o l a . Thus i t 
was f o u n d t h a t e v e n t s w h i c h u o r r c s p o n d e d Lo d e p u h s o f 
i n t e r s e c t i o n g r e a t e r t h a n kOO km w e r e a l l f o u n d t o h a v e v e r y 
l a r g e r e s i d u a l s . Thus ^ ' i l l be- d i s c u s s e d " u r t h c r l « t c r i n 
t h i s c h a p t e r . 

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

w i t h i n t h e d a t a s e t s i s t o v a r i e d some method was r o q u j r o d 

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

n e c e s s a r i l y n somewhat a r b i t r a r y p r o c e d u r e b u t must bo r e J a t e d 

t o t i i e e r r o r s Pound f o r e a c h o f t h e m e a s u r e m e n t s . S e v e r a l 

m e t h o d s w r e t r i e d b u t t h e d i f f e r e n c e s m s t r u c t u r e so 

p r o d u c e d were n e v e r j u d g e d t o be s i g n i f i c a n t . I t was f o u n d 

t h a t t h e r e l a t i v e i m p o r t a n c e a t t a c h e d t o t h e a z i m u t h and 

s l o w n e s s r e s i d u a l s was f a r more c r u c i a l . D e c k h o u s e r e m a r k e d 

t h a t s l o w n e s s seemed t o be a more r e l i a b l e p a r a m e t e r t h a n 

a z i m u t h i n h i s buuay and a p o s s i b l e e x p l a n a t i o n o f t h i s was 

( j i v o u i n b e c n o n j.o. w h e r e n was snown t n a t t h e d i p and 

s t r i k e o f an i n t e r f a c e w e r e more s e n s i t i v e t o a z i m u t h e r r o r s 

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

t o be m i n i m i z e d was gi_ven b y 

F = 
( V ) (s ) 2 (w ) (z ) 2 

v s' x _ r ' i + * z' v r ' i 
i=lTn - (S ) 2 (Z ) 2 

v e 7 I x e ' i 
w h e r e 

(S ) , (z ) a r e s l o w n e s s ano a z i m u t h r e s i d u a l s f o r t h e 

I t h e v e n t 



- 53 -

lb ) , (Z ) a r e p r n n o r t i o n n 1 t o t h e e r r o r s f o u n d f o r t h e 
© j . e n 1 

s l o w n e s s and a z i m u t h on t h e i t h e v e n t 

W , W n r e w e i g h t s a t t a c h e d t o .the s l o w n e s s d a t a z z 
g r o u p and t h e a z i m u t h d a t a g r o u p 

an d n i s t h e number o f e v e n t s . 

(S ) and (Z ) w e r e m a i n t a i n e d a t a c o n s t a n t v a l u e f o r a l l x e ' I v e' i 
c a l c u l a t i o n s " h e r e a s W and W were v a r i e d Tor each n p t j n u z a t i o n 

s z 
p r o c e d u r e . 

k.k. O p t i m i z i n g P r o c e d u r e s 

As t h e s t r u c t u r e was t o be d e s c r i b e d i n i t i a l l y by s i x 

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

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

a n d v a r i o u s o p t i m i z a t i o n p r o c e d u r e s w e re u s e d . 

'Is no r e a s o n a b l e s t a r t i n g v a l u e was Known and i t was 

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

e x i s t e d i t was d e c i d e d t o use a Monte C a r l o t y p e s e a r c h 

(James, 1968) as a p r e l i m i n a r y t o u s i n g more m e t h o d i c a l means 

o f f i n d i n g a minimum. I n t h i s t e c h n i q u e e a c h p a r a m e t e r i s 

g i v e n a s t a r t i n g v a l u e and u p p e r and l o w e r l i m i t s . E a ch t i m e 

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

a c c o r d i n g t o a G a u s s i a n d i s t r i b u t i o n w i t h w i d t h s e q u a l t o 

one h a l f t h e t o t a l a l l o w e d v a r i a t i o n . By c a l c u l a t i n g t h e 

f u n c t i o n f o r a w i d e r a n g e o f r a n d o m v a l u e s t h e 6 - d i m e n s i o n a l 

f i e l d may be c o v e r e d i n r e a s o n a b l e d e t a i l so t h a t i t i s l i k e l y 

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

I n o r d e r t o c a l c u l a t e t h e e x a c t minimum, t o t h e a c c u r a c y 

r e q u i r e d , a d e v e l o p m e n t o f t h e m e t h o d o f c o - o r d i n a t e v a r i a t i o n , 

due t o R o s e n b r o c k (1960), was u s e d . S t a r t i n g a t t h e i n i t i a l 

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

f u n c t i o n u s i n g t h e S c h m i d t o r t h o g o n a l i z a t i o n p r o c e d u r e . The 

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

d i r e c t i o n s i n t u r n u n t i l a new minimum i s f o u n d . A now s e t 

o f o r t h o g o n a l v e c t o r s i s now d e f i n e d w i t h one o f t h e 

c o m p o n e n t s b e i n ^ t h e d i r e c t i o n j o i n i n g t h e o l d minimum ( o r 

s t a r t i n g v a l u e ) _ _ t o t h e new minimum and t h e p r o c e s s as r e p e a t e d 

u n t i l no s i g n i f i c a n t i m p r o v e . n e n t i s f o u n d i n t h e f u n c t i o n . 

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

a s o l u t i o n i n r e g i o n s q u i t e f a r f r o m t h e minimum and b e i n g 

a b l e t o cope w i t h p o o r l y b e h a v e d f u n c t i o n s . I t s d i s a d v a n t a g e 

l i e s m t h e s l o w n e s s o f i t s c o n v e r g e n c e t o an e x a c t minimum. 

S i n c e i t was e n v i s a g e d t h a t t h e f u n c t i o n w o u l d be b a d l y b e h a v e d 

i n t h o s e p a r t s o f t h e s p a c e w h e r e t o t a l i n t e r n a l r e f l e c t i o n 

o c c u r r e d and b e c a u s e o f t h e p r e v i o u s c o n s i d e r a t i o n s o f Lhc 

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

an e x a c t minimum was m e a n i n g l e s s t h i s t e c h n i q u e was c o n s i d e r e d 

o f more u s e t h a n o t h e r , more s o p h i s t i c a t e d t e c h n i q u e s ( f o r 

e x a m p l e DavLdon (1Q6B) o r P o w e l l (1964)) w h i c h t e n d t o oe 

e x t r e m e l y r a p i d when c l o s e t o a minimum b u t a r e r a t h e r p o o r e r 

f u r t h e r away f r o m t h e minimum and w i t h b a d l y b e h a v e d f u n c t i o n s . 

The two o p t i m i z i n g r o u t i n e s , t h e .onte C a r l o and t h e 

R o s c n b r o c k , were a v a i l a b l e as m a m p r o g r a m s m a CERN l i b r a r y 

p r o g r a m (James and Roos, 1°6 Q) f o r u s e on t h e MJIIAC IBM 360/67 

and l a t e r on t h e IBM 370/168 and s u b r o u t i n e s d e f i n i n g t h e 

f u n c t i o n t o be m i n i m i z e d and t h e i n p u t / o u t p u t c o n t r o l s w e r e 

w r i t t e n and a r c d e s c r i b e d a t t h e end o f t h e t h e s i s . 
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5. O p t i m i z e d M o d e l s 

5.1. Monte C a r l o T e c h n i q u e s 

I n an a t t e m p t t o d e f i n e a r e a s w i t h i n w h i c h an o p t i m u m 

s o l u t i o n m i L ' h t be f o u n d a r a n d o m s e a r c h was c a r r i e d o u t o v e r 

a w i d e r a n g e o f v a l u e s d e f i n i n g t h e s t r u c t u r e . I t wats 

d e m o n s t r a t e d i n t h e l a s t c h a p t e r t h a t a v a r i a t i o n i n t h e 

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

s t r u c t u r e and t h u s t h i s v e l o c i t y was s e t t o an a r b i t r a r y 

v a l u e o f 7.1 km/sec, as a r e s u l t t h e f i e l d o f s e a r c h i b 

r e d u c e d t o s i x v a r i a b l e s . The f u l l d a t a s e t o f s i x t y e v e n t s 

was u s e d and t h e w e i g h t i n g f a c t o r s on s l o w n e s s and a z u r u t h 

( e q u a t i o n '+-(11)) w e r e c h o s e n so t h a t e q u a l w e i g h t s a r e , on 

a v e r a g e , g i v e n t o b o t h s e t s o f a n o m a l i e s i_f t h e w e i g h t i n g 

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

S i n c e t h e a v e r a g e a z i m u t h e r r o r , as a f r a c t i o n o f t h e a v e r ^ t ' 

c.ni'.'uth ano'ualy, i s l a r g e r t h a n t h e c o r r e s p o n d i n g f a c t o r f o r 

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

r a t h e r more h e a v i l y on t h e s l o w n e s s d a t a , s i n c e i t h as b e e n 

d e m o n s t r a t e d ( s e c t i o n 3»8.) t h a t t h e s t r u c t u r e i s r a t h e r more 

s e n s i t i v e t o a z i m u t h e r r o r s t h a n s l o w n e s s e r r o r s t h i s i s 

c o n s i d e r e d s a t i s f a c t o r y . 

U p p e r and l o w e r l i m i t s f o r t h e p a r a m e t e r s w e re c h o s e n 

so a s t o encompass a l l r e a s o n a b l e v a l u e s and s t a r t i n g v a l u e s 

f o r Lhe p a r a m e t e r s w e re c h o s e n a t r a n d o m w i t n i n t h e s e l i m i t s 

f o r t h e e i g h t r u n s w h i c h were made. L a t h 1 uri c o n s i s t e d o f 

c a l c u l a t i n g t h e f u n c t i o n t o be m i n i m i zed f o r kOO v a l u e s o f 

t h e p a r a m e t e r s . A l a r g e m a j o r i t y o f t h e p a r a m e t e r s e t s 

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

( i . e . t o i n t e r s e c t a t a d e p t h g r e a t e r t h a n kOO km) and many 

r e s u l t e d i n p h y s i c a l l y u n a c c e p t a b l e s o l u t i o n s ( f o r e x a m p l e t h e 
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r i f t c u t t i n g t h e s u r f a c e t o t h e w e s t o f t h e s t a t i o n ) b u t 
s e v e r a l p a r a m e t e r s e t s w e r e o b t a i n e d w h i c h r e s u l t e d i n l o w 
v a l u e s f o r t h e f u n c t i o n t o be m i n i m i z e d . 

I t was f o u n d t h a t s e v e r a l o f t h e s e s e t s w e r e e q u i v a l e n t 

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

s e p a r a t i o n b e t w e e n r i f t and s t a t i o n i n c r e a s e d and t h e d e p t h 

o f i n t e r s e c t i o n i n c r e a s e d . The b e s t r a n g e o f s o l u t i o n s 

was f o u n d m t h e r e g i o n o f t h e p o i n t 

( a , b , c ) = (103.0, 31.2, 57-3) km 

0 - 27.0 ° 

( x , y ) = (61.5, -68.7) km 

w h e r e a, b and c a r e d e f i n e d i n e q u a t i o n 4 - ( i ) ; 9 i s t h e 

o r i e n t a t i o n o f t h e c o - o r d i n a t e s y s t e m and ( x , y ) i n d i c a t e s 

t h e l o c a t i o n oP I h P s t a t i o n . T h i s s o l u t i o n assumes an 

a v e r a g e a n o m a l o u s v e l o c i t y o f 7«1 Km/sec. 

T h i s s o l u t i o n was u s e d as t h e b a s i s f o r f u r t h e r w o r k 

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

p r o c e d u r e s w i l l r e f e r t o t h e fiosenbrock m e t h o d . 

I n v e s t i g a t i o n o f t h e P r o p e r t i e s o f t h e D a t a S e t s 

I t was shown i n t h e l a s t c h a p t e r t h a t s e v e r a l e v e n t s d i d 

n o t a g r e e w i t h t h e m o d e l t h a t i s p r o p o s e d h e r e . The 

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

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

The d e g r e e t o w h i c h a m o d e l s a t i s f i e s t h e o b s e r v e d 

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

t e r m s o f s l o w n e s s and a z i m u t h , w h i c h i t e x p l a i n s . T h i s c an 

be an u n r e l i a b l e i n d i c a t o r o f t h e s u c c e s s o f t h e o p t i m i z a t i o n 

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

w e i g h e d v e r y h e a v i l y i n t h e s e a r c h f o r a s o l u t i o n ; n e v e r t h e l e s s , 
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i t d o es h a v e t h e a d v a n t a g e o f r e l a t i n g d i r e c t l y t o t h e 
q u a n t i t i e s m e a s u r e d w h i c h a d e s c r i p t i o n o f t h e f u n c t i o n b e i n g 
o p t i m i z e d d o e s n o t . The f i n a l m o d e l s w i l l be e x a m i n e d i n 
piore d e t a i l i n t h i s r e s p e c t . 

The same w e i g h t i n g f a c t o r s and s t a r t i n g v a l u e s w e r e u s e d 

as d e s c r i b e d i n t h e l a s t s e c t i o n . The d a t a was o p t i m i z e d 

a t v a r i o u s f i x e d v e l o c i t i e s a n d , as an e x a m p l e , t h e c a s e o f 

?n assumed v e l o c i t } ' o f 6 . 8 km/sec i s d i s c u s s e d . The o p t i m u m 

s o l u t i o n i n t h i s c a s was 

( a , b , c ) = ( 8 1 . 4 , 2 9 . 7 , ^ 3 . 9 ) km 

0 = 1 5 . 9 ° 

( x . y ) = ( 8 8 . 6 , - 6 2 . 7 ) km 

The m o d e l p r o d u c e s an a v e r a g e a z i m u t h r e s i d u a l o f 1 3 . 6 ° and 

an a v e r a g e a l o w n e s s r e s i d u a l o f O .98 s e c / d e g and t h u s a c c o u n t s 

f o r 295° and kkfo o f t h e o b s e r v e d a n o m a l i e s r e s p e c t i v e l y . 

D e t a i l s o f t h e s o l u t i o n f o r t h e s e c o n d g r o u p o f T a b l e 3 t 2 

a r e g i v e n as t h e f i r s t s e v e n e v e n t s i n T a b l e 4 . 1 . The 

a v e r a g e s l o w n e s s and a z i m u t h r e s i d u a l s a r e 1 .19 s e c / d e g and 

2 5 . 5 °• These s e v e n e v e n t s a l l come f r o m a z i m u t h s t o t h e 

west o f K a p t a g a t ( e x c e p t 3447-70 w h i c h LS f r o m an a z i m u t h 

o f 3«8° ) a n d c o n s e q u e n t l y t h e i r d e p t h s u f i n t e r sec L i 011 w i t h 

t h e s t r u c t u r e i s r e l a t i v e l y d e e p . The r e s t o f T a b l e 4 . 1 . 

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

200 km, g i v i n g a t o t a l o f 17 event's. T h i s g r o u p s h o v s 

a v e r a g e r e s i d u a l s o f lj.h° on a z n n u t h and 1 .34 s e c / d e g on 

s l o w n e s s w h i l e t h e 43 e v e n t s c o v e r i n g s t r u c t u r e l e s s t h a n 

150 km deep show a v e r a g e r e s i d u a l s o f 9 " 5 ° and 0.81 s e c / d e g 

r e s p e c t i v e l y . 

T hus t h e e v e n t s f r o m e a s t o f K a p t a g a t and d e s c r i b i n g 
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s t r u c L u r e between the s t a t i o n and the r i f t r e q u i r e a 
d i f f e r e n t model from those events d e s c r i b i n g the deeper 
s t r u c t u r e to the west of the s t a t i o n and consequently the 
43 events a r c d i s c u s s e d below and the events c o n t r o l l i n g the 
deeper s t r u c t u r e are d i s c u s s e d m s e c t i o n 4 . 5 . 4 . 

The optimum model f o r the 43 events, again at 6 .8 km/sec, 

was 

(a,b,c) = (88.1, 26.6, 46.6) km 

9 = 10.1° 

(x.y) = (116.2, -48.9) km 

which d i f f e r s c o n s i d e r a b l y from the previous s o l u t i o n . The 

r e s i d u a l s are p l o t t e d a g a i n s t the expected azimuth i n 

F i g s . 4 . 1 . and 4.2. with the c a l c u l a t e d 951° confidence l i m i t s 

( i n c e r t a i n cases these are omitted f o r c l a r i t y but t h i s i s 

never done when the e r r o r i s s m a l l e r than the r e s i d u a l ) . 

The average slowness and azimuth r e s i d u a l s are 0 .67 scc/deg 

and 11.6° r e s p e c t i v e l y and on only three o c c a s i o n s does the 

slowness r e s i d u a l exceed the 95$ confidence l i m i t to a degree 

which i s not accep t a b l e i n the l i g h t of the d i s c u s s i o n on 

the p o s s i b l e source of the anomalies ( s e c t i o n 4.2.). T h i s 

occurs f o r events 2997.70, 438.70 and 1446.71 winch are 

from d i s t a n c e s of 2 3 . 3 ° , 1 8 . 8 ° and 34.0°. The behaviour 

of the f u s t group of events i n Table 3»2. i s i l l u s t r a t e d i n 

Table 4.2. where the di p s i n d i c a t e d are those c a l c u l a t e d i n 

s e c t i o n 3«6. f o r a v e l o c i t y of 6 .8 km/sec, i n a d d i t i o n event 

1446.71 i s i n c l u d e d . I t can be seen that s e v e r a l of these 

events are e i t h e r i n c i d e n t to the s t r u c t u r e beyond the 

c r i t i c a l angle or produce r e s u l t s which are not c o n s i s t e n t 

w i t h the model proposed. 



Fx j u r e k. I 

P l o t oL sJnwnes-^ r e s i d u a l s g a i n s t expected aziniuLn f o r 

a L l pveiit^. e a s t O L Kaptagat. 
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Table 4.2 

Events From A Q O ° 

Event No. Azimuth R e s i d u a l Slowness R e s i d u a l Dap Required 

(degrees-) (degrees) (degrees) 

^99 7.70-f - 8.Q* 3,60* 34.3 

2^71. ;0 3.b* 0.22 36.6 

^58.70 - 4.8 -3.70" 65.2 

2483.70 5-9* -0.07 39.7 

1476.71 - 3.2 - I . 1 8 82.2 

3094.7- -19.5* -0.17 8.2.7 

1^(46.73+ - 6.1 3.67* 32.1 

•*• - i n d i c a t e s -chat r e s i d u a l i s g r e a t e r than 95'- confidence 

l i m i t . 

+ - i n d i c a t e s t h a t t o t a l i n t e r n a l r e f l e c t i o n occurs f o r 

t h i s event and the r e s i d u a l i s out pqnnl l.n the anomaly. 
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I f the behaviour of the f u n c t i o n near the minimum i s 
c o nsidered i t w i l l be seen t h a t these events can have s e r i o u s 
e f f e c t s i n the s e a r c h f o r a minimum. F i g s . 4 . 3 . and 4.4. 
show how the v a r i a t i o n of parameters a and c near the 
minimum i n f l u e n c e the value of the f u n c t i o n being minimized, 
V a r i a t i o n of the other parameters 3eads to a d i s c o n t i n u i t y 
ol the f o r m - i l l u s i r a t e a i n F i g , 4 . 3 . although i t does not 
u s u a l l y occur q u i t e so c l o s e to the minimum. V a r i a t i o n of 
parameter c a l s o leads to the second kind of d i s c o n t i n u i t y 
which occurs when c i s approximately 5^ km. The f i r s t k i n d 
i s caused i n the examples shown by event 1476.71 a*14* 3 s 

caused by t o t a l i n t e r n a l r e f l e c t i o n , here i t occurs e x a c t l y 
as the r ay i n t e r s e c t s the s t r u c t u r e w i t h i n the c r u s t and the 
l a r g e d e v i a t i o n s near the c r i t i c a l angle are avoided. The 
anomaly j s l a r g e when the i n t e r s e c t i o n occurs w i t h i n the 
mantle and i s reduced to the observed anomaly when i t occurs 
w i t h j n the c r u s t . The second form of d i s c o n t i n u i t y i s 
caused by event 2483.70 and i n t h i s case t o t a l i n t e r n a l 
r e f l e c t i o n does not occur at the crust-mantle boundary but 
at s h a l l o w e r depths and thus l a r g e d e v i a t i o n s are observed. 
Other events i n t h i s group show s i m i l a r behaviour but at 
some d i s t a n c e from the present minimum. Consequently the 
l o c a t i o n of the minimum i s being c o n t r o l l e d by the d i s 
c o n t i n u i t y r a t h e r than the shape of the curve and i t was 
decided to omit these events from f u r t h e r c o n s i d e r a t i o n . 

4.5.3. F m a ] Optimized Models 

The f i n a l models f o r the shallow s t r u c t u r e of the 

proposed anomalous body were d e r i v e d u s i n g the 36 events 

l i s t e d i n Table 4.3« The r e s i d u a l s obtained a t an assumed 

v e l o c i t y of 6.8 km/sec, together with the 95$ confidence l i m i t s , 
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Table 4.3 

Optimum S o l u t i o n at 6.8km/sec 

Event No Slovness (sec/deg) Azimuth (degrees ) 
Anomaly He s i d u a l E r r o r Anomaly Resa dug3 F r r o r 

2576.70 0.31 -0.57 1.30 -15 . 9 15.0 5.2 
1958.71 2.06 0.26 0.57 -11.1 12.5 4.0 
2515.70 0.80 0.18 0.58 -23.5 10.2 6.9 
137^.71 0.94 0 .04 0.27 -27.8 8.0 2.9 
3082.70 0.21 -0.32 0.22 -26.5 4.4 1.7 3074.70 1.40 u.95 0.48 -18.8 6.8 2.9 
2907.70 -0.38 0.12 0 .46 -43.4 5.3 5 . 3 
2341.70 -1.66 -0.74 0. 00 -26.4 3-8 10.0 
2574.70 -1.04 -0.12 0.71 -26.3 2 . 6 7-^ 
2572.70 -1.07 -0.05 0.31 -25.6 3-0 3.4 
5J5.71 -2.35 -0. 79 0 .99 -15.6 12.3 12 . 1 

1624.71 -0.90 0 .14 0.91 -27 .8 0.4 10.3 
1693.71 -2 .14 -0.47 0.55 -41.1 7.3 12 . 3 
2902.70 -1.27 0 .24 0.16 -35.6 2.0 2 . 3 
J676.70 -1.30 0.^7 0.<+8 -34.1 2 . 9 8.7 
2347.70 -3- 20 -0.60 0. 2k 8.2 1? .7 4.8 
2807 .70 -2.18 0.3*1 0.31 -16.1 9.4 7-9 
2635.70 -2 .42 0.06 0 > J 6.5 15.8 5-1 
442.71 -2.53 0.17 0.51 33.2 j 0 . 9 6 .4 

3066.70 -2.71 -0.17 0.44 8.1 13.0 2.0 
1397.71 -1 .52 0.77 0.74 - 6.6 4.3 10 . 6 
3568.70 -2 . 60 -0.30 0.52 - 2.7 - 1.1 4.0 
4600.71 1.15 0.08 1.59 3.3 24.7 23.2 
667.72 3.44 -1.16 2.78 - 3-° 0.9 9.0 
455.72 -1.01 -0.96 0.7*1 -33.5 - 3.7 10.0 
'126.72 -0.67 0.63 4.83 -25.8 - 5 .1 20.0 

4765.71 -2.76 -1 .02 1. 32 -29.3 - 1.3 6 : .3 i 
'J56.72 -3.42 -1.05 2 .14 - 6.3 12.9 9.5 

2331.71 -2.23 -0.15 1.17 -J 3.7 3 . u 9.2 
2333.71 -0.21 1.95 1.28 -21.6 - 4 . 6 9.1 
^737.71 -l . o o -0.15 2.01 4.1 11.2 77.3 
4630.71 -2.01 O.58 3.40 - 5.6 4.8 40.9 
499.72 -3.67 -1.24 2.20 1* .8 - 0.7 51.7 
636.72 1.23 2.60 3.27 16.6 - 4.8 49 . 8 
643.72 0.02 1.89 2 .76 7-7 -10.5 4o.l 

3138.70 -1.6l 0.23 3.30 1.1 -20.3 09.1 
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are a l s o l i s t e d i n the t a b l e and are i l l u s t r a t e d m F i g s . h , 5. 
and h.S. (Again f o r c l a r i t y some confidence l i m i t s are 
omitted.) The optimum s o l u t i o n was 

(a,b,c) = (83.O, 29.7, ^8.2) km 

9 = 8.8° 

(x,y) = (97.8, -55.3) km 

which d i f f e r s c o n s i d e r a b l y from the previous s o l u t i o n . The 

average slowness and azimuth r e s i d u a l s are now 0.59 sec/deg 

and 8.3° r e s p e c t i v e l y which account f o r 56/0 of the azimuth 

anomalies and 65$ of the slowness anomalies. I t may be 

noted that events such as ^765.711 which has a 95$ confidence 

l i m i t of 63*3° on azimuth, has a r e s i d u a l of 1*3° and t h a t i n 

g e n e r a l those events w i t h l a r ^ e azimuth e r r o r s f i t the model 

s a t i s f a c t o r i l y . Thus these events, which play a very small 

p a r t i n determining the optimum s t r u c t u r e , confirm the 

s u i t a b i l i t y of the moae± i n r e g i o n s which otherwise could not 

have been considered. 

Fig.^.7« shows a contour map of the s u r f a c e produced 

by t h i s model down to ]^0 km w i t h the l o c a t i o n s of the 

i n t e r s e c t i o n s with the raypath i n d i c a t e d . The area of the 

s u r f a c e which i s sampled by the data i s d i s a p p o i n t i n g but 

i s a n e c e s s a r y consequence of bem^ r e s t r i c t e d to a s i n g l e 

s t a t i o n and the a v a i l a b l e earthquakes. 

Figs.^-.8. to ^.12. show the s e n s i t i v i t y of the optimum 

model to chnnges i n the parameters d e s c r i b i n g the s t r u c L u r e . 

The y co-ordinate i s the value of the dim e n s i o n l e s s f u n c t i o n 

being optimized and a l l f i g u r e s are on Lhe same v e r t i c a l 

s c a l e except f o r parameter *b' which has a y - s c a l e one h a l f 

as s e n s i t i v e . I t can be seen Lhat the -struc Lure i s w e l l 

d e f i n e d but that the s t a t i o n may be moved 10 km i n any 



Figure k . 5 

P l o t of s l o w n e s s r o s i d u a l b a t a i r ^ t U X T J U C ted a z i m u t h 

l o r d n t n s e t c o n l r o l l j n ^ s h d l l o v s t r u c t u r e . 
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l i r e U.C, 

r i o t oP a z i m u t h r e s i d u a l s c i g a i n s t e x p e c t e d a z i m u t h 

f o r data , s e l c o n t r o l l i n g bi' ial low s t n i c t u i e . 
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A c o n t o u r map o l t h e u p p e r s u r f a c e o f t h e anorn.jlous 

uon> r m u i t l e i o r an assui.icd a v e i a j c v e l o c i t y o f 

6.^ Jen/sec. s t r i a t u r e t o a d e p t h o f l V l km i s 

c o n t r o l l e d b y t h e o p L i i " i s j L i on p r o d - ss d> s c r i b e d , 

a e c p s t r u c t u r e ] s c o n t r o l l e d i>y t h e e x t r a p o l a t i o n 

t e c h m c p i e d e s c r i b e d i n s e c t i o n . 3 . Ij. '^\>n l o c a t i o n 

o f t h e u i t e i s e c t j on o f t h e r a y s i -> i n d i c a t e d f o r t h e 

s h a l l o w s t r u c t u r e . 
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d i r e c t i o n w i t h o u t s i g r u f i c a n t l y e f f e c t i n g t h e r e s i d u a l s 
and t h u s any a t t e m p t t o c o n s t r a i n t h e s t r u c t u r e b y d e m a n d i n g 
t h a t i t c u t s t h e s u r f a c e a g i v e n d i s t a n c e f r o m K a p t a g a t may 
o n l y "be u s e d i n a v e r y b r o a d s e n s e . F i n a l l y , i t c a n be 
s een t h a t p r o b l e m s o f t o t a l i n t e r n a l r e f l e c t i o n p l a y no p a r t 
m t h e l o c a t i o n o f t h i s minimum. 

The e f f e c t o f t h e v a r i a t i o n i n t h e v e l o c i t y i s m ost 

e a s i l y s e e n b y c o m p a r i n g Ftgs.k.y. and 4.13. w h e r e t h e 

c o n t o u r s a r e shown a t 20 km i n t e r v a l s f o r v e l o c i t i e s o f 

6.8 km/sec and k n / s e c a l t h o u g h d e t a i l s o f t h e v a r i a t i o n 

i n t h e p a r a m e t e r s a r c g i v e n m T a b l e k.k. The mode] a t 

7.4 km/sec shows a s t r u c t u r e w i t h e x t r e m e l y s t e e p s l o p e s 

as w o u l d be e x p e c t e d , m o r e o v e r , b e c a u s e t h e s t e e p s l o p e s 

a r e r e q u i r e d f o r n e a r ] y a l l t h e e v e n t s t h e x c o - o r d i n a t e 

i s m i n i m i z e d so as t o m a i n t a i n as many e v e n t s as p o s s i b l e 

on t h e s t e e p s i d e o f t h e s t r u c t u r e . A t a v e l o c i t y o f 

6.8 km/sec t h e s i t u a t i o n i s r e v e r s e d so t h a t t h e x c o - o r d i n a t e 

i s m a x i m i z e d t o p r o v i d e a s h a l l o w e r s l o p e and a g r e a t e r 

v a r i a t i o n i n t h e s t r i k e s a v a i l a b l e . The o r i e n t a t i o n o f 

t h e c o - o r d i n a t e s y s t e m , 9 , c h a n g e s f r o m 2.0° a t a v e l o c i t y 

o f 6,7 km/sec t o 22,2° a t 7*3 k i n / s e c . I f t h e c o n t o u r s a r e 

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

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

a t l o w v e l o c i t i e s nas b e e n c o m p e n s a t e d f o r b y a c hange i n 

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

s t e a d i l y w i t h v e l o c i t y a l t h o u g h b e n e a t h 7.2 km/sec t h e 

s e a r c h d o e s n o t a p p e a r t o r e d u c e t h e a z i m u t h o r s l o w n e s s 

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

an a v e r a g e v e l o c i t y and t h e r e a r e i n d i c a t i o n s ( G r i f f i t h s 

e t a l i 1971) t h a t t h e l i d o f t h e s t r u c t u r e has a v e l o c i t y o f 
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Dependence o f I he l u n c t i o n v a l u e on [uira . i o be L 'a' 
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f i g u r e k.y 

b e p o n r l c n c e o' t h e f u n c t i o n v a l u . j on p a r a m e t e r 'to'. 
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Dependence oC t h e f u n c t i o n v a l u e on p . i r j m e L c r 
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Tirure 4.11 

Dependence o f t h e f u n c t i o n v a l u e on t h e o n c n t a t i 

o~ t h e c o - o r d i n a t e s y s t e i i . - 9 
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f i g u r e 4.32 

• impendence OJ" t h e f u n c t i o n v a l u n on t h e l o c a t i o n 

o f t l i c c o - o r d i i i a l t s y s t e m - ( x , y ^ . 
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7.5 km/sec, i t i s i m p l i e d t h a t the c o r e o f the s t r u c t u r e 
c o u l d have an u l t r a - l o w v e l o c i t y . 

k.^.k. S t r u c t u r e to t h e West o f K a p t a g a t 

The e v e n t s a r r i v i n g between a z i m u t h s o f 180° and 360° 

( i n a c l o c k w i s e s e n s e ) w i l l now be u s e d to c a l c u l a t e t h e 

d e e p e r s t r u c t u r e of the model. The a r e a of t he s u r f a c e 

c o v e r e d by t h i s d a t a i s e x t r e m e l y l a r g e and, i n a d d i t i o n , 

s e v e r a l of t h e 17 e v e n t s u s e d have l a r g e e r r o r s so t h i t thp 

r e l i a b i l i t y o± t h i s i n t e r p r e t a t i o n i s somewhat l e s s t h a n 

t h a t o f t h e l a s t s e c t i o n . 

The e v e n t s used a r e l i s t e d i n T a b l e 4.5. t o g e t h e r w i t h 

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

optimum model f o r t h e whole d a t a s e t and the d i p s and 

a z i m u t h s r e q u i r e d o f the s i n g l e i n t e r f a c e to e x p l a i n t h e 

anomaly a t a v e l o c i t y o f 6.8 km/soc ( s e c t i o n 3«^>.), t h e y 

a r c a r r a n g e d m groups o f a p p r o x i m a t e l y e q u a l a z i m u t h s . 

I n t h e f i r s t group from measured a z i m u t h s between 350° and 

355° t h e two e v e n t s w i t h d e p t h s o f i n t e r s e c t i o n g r e a t e r t h a n 

1,000 km have e x t r e m e l y s h a l l o w d i p s w h i l e t h o s e w i t h 

s h a l l o w e r i n t e r s e c t i o n s have l a r g e r dLps ( u n f o r t u n a t e l y 

e v e n t 352 7.70 J o e s not a ^ r e e -with t h i s c l a s s i f i c a t i o n ; a l l 

t h a t c a n be s u g g e s t e d i s t h a t the c a l c u l a t e d d i p i s so low 

as to s u g g e s t t h a t i t i s n o t c a u s e d by the s t r u c t u r e u n d e r 

c o n s i d e r a t i o n ) . Thus, a s t h e d e p t h o f the i n t e r f a c e 

i n c r e a s e s t h e d i p d e c r e a s e s much more r a p i d l y t h a n i n d i c a t e d 

by the optimum model of the l a s t s e c t i o n . E v e n t s 2812.70 

and 4^99.71 a l s o do n o t a g r e e w i t h t h i s t r e n d , b u t t h e e r r o r s 

a r e so l a r g e t h a t they a r e n o t s i g n i f i c a n t a t t h e 95?° 

c o n f i d e n c e l e v e l . 



T a b l e 4.5 

E v e n t s Used i n E x t r a p o l a t i o n P r o c e d u r e . 

L v o u t No. D i s t a n c e A.zirnuth ( d e g r e e s ) Depth Dip S t r i k e 
( d e ^ r e ^ s ) (K U I ) ( d e c r e e s ) 

Measured F x p c c t e d 

2J12.71 37.2 353. 5 352. 7 >1000 22.7 165. 8 
19^6.71 38.9 334. 2 352.9 >1000 22.0 178. 6 
'1691.71 48.6 355. 0 11.4 ^00.S 33.9 14 1 . 6 
3447.70 73.8 352. 3 3.P 3 87.6 33.3 141. 2 
3527.70 75-9 351. 3 352.8 181.1 16.6 162. 5 

338?.70 4o. ] 352. 7 331 .6 539. 3 21.0 I l k . 8 
2812.70 42.9 321. j 342.5 842.0 39.0 61. 7 
3020.70 ^6.7 32Q, 4 340,7 372.9 27.1 119. 
5 7S.72 63.9 295. 8 270. 9 550.6 46. J 169. 8 

3123.70 7^.2 320. 0 323.6 38'7.4 32.6 L27. 4 
4 342.71 79.5 305. 6 300.5 >1000 38.9 144. 3 

4499.71 59.R 2n9. .'i 199.5 >looo 53.1 116. 7 
4343.71 75.6 242 . 1 211.6 >1000 47.0 112. 7 
2562.70 76.2 238. 6 2J 1.3 389.6 42. & 108. 9 
2 736.70 7o. 5 22y. 9 206. 3 209.8 4o. 3 97. 4 
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Becciuse t h e d a t a p o i n t s were so s p a r s e i t was c o n s i d e r e d 
t h a t an a n a l y s i s of t h e k i n d p e r f o r m e d f o r t h e s h a l l o w 
s t r u c t u r e was n o t j u s t i f i e d and a s i m p l e e x t r a p o l a t i o n 
t e c h n i q u e was u s e d . E a c h o f t h e t h r e e a z i m u t h groups i s 
t a k e n i n t u r n , the e v e n t s i n t e r s e c t i n g a t the s h a l l o w e s t 
d e p t h a r c t r a c e d from the s t a t i o n and the d i p - w h i c h have 
been c a l c u l a t e d f o r t h a t e v e n t a r e assumed t o a p p l y to the 
s t r u c t u r e frot-i the p o i n t n f e x t r a p o l a t i o n . The p o i n t of 
i n t e r s e c t i o n o f the new b t r u c t u r e w i t h the r a y i s now 
c a l c u l a t e d and t h i s s e r v e s as a p o i n t fox' f u r t h e r e x t r a p o l a t i o n 
using, t h e n e x t d e e p e s t i n t e r s e c t i o n . At t h e f i r s t s t a g e 
i n t h i s p r o c e s s the s t r i k e o f t h e s u r f a c e a s d e r i v e d from 
t h e o p t i m i z a t i o n p r o c e d u r e i s assumed c o r r e c t and a t t h e 
d e e p e r s t a g e s t h e s t r i k e i n T a b l e 4.5* i s assumed. (As 
t h e r e a r e no d a t a p o i n t s from t h e s h a l l o w a n a l y s i s n e a r 
a z i m u t h s 220° and 320° e x t r a p o l a t i o n b e g i n s from the s t a t i o n . ) 
By c o m b i n i n g t h e s e t h r e e l i n e s c o n t o u r s may be drawn t o 
e x t e n d t h e s t r u c t u r e and the r e s u l t s a r e shown i n Fig.4.7« 
f o r a v e l o c i t y o f 6.8 km/sec and i n F i g . k . l k . f o r a v e l o c i t y 
o f 7.0 km/sec. 

The f u l l e x t r a p o l a t i o n p r o c e d u r e a t an a z i m u t h o f J20° 

l e a d s to a d e p t h i n e x c e s s o f 300 km a l t h o u g h i f the e r r o r s 

a t t h e 95?o c o n f i d e n c e l i m i t s a r e t a k e n t h i s p r o d u c e s d e p t h s 

o f a p p r o x i m a t e l y 200 km and more than hOO km. I t w i l l be 

s e e n i n t h e n e x t c h a p t e r t h a t t h e l a r g e r t h i c k n e s s e s a r e n o t 

c o n s i s t e n t w i t h the d e l a y time d a t a i n d i c a t i n g a s h a l l o w i n g 

o f the s t r u c t u r e a t l e a s t a s s e v e r e a s shown m F i g s . h . 7 . 

and k.lk. 

I n c o n c l u s i o n , i t i s s u g g e s t e d t h a t the s t r u c t u r e i n 



1' l ^ u r e 4.1^ 

A c o n t o u r map of the upper s u r f a c e oj Lhe anoinaloub 

uppei mantle Lor in assumed a v e r a g e v o l o c i t of 

7.0 km/sec. d e t a i l s a r e a s ^ i v o n i.n F i g . ^ . 7 . 
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t h e r e g i o n n o r t h e a s t o f K a p t a g a t i s w e l l c o n t r o l l e d by 

the d a t a and t h e model s a t i s f i e s the measurements to the 

l i m i t o f t h e i r r e l i a b i l i t y a t t h e 95$ c o n f i d e n c e l e v e l . 

I n t h e r e g i o n t o t h e w e s t o f the s t a t i o n t h e r e i s good 

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

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

a r e n o t so v e l l r e s t r a r n e d ~by trie d a t a . 
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CHAPTER 5 
P-WAVE DELAY TUNES 

5 • 1 • P-Wnve D e l a y Time O b s e r v a t x o n s 

T h e r e a r e two methods of d e t e c t i n g t h e c o n s i s t e n t 

l a t e or e a r l y a r r i v a l o f waves a t a s t a t i o n . The f i r s t 

i n v o l v e s the l o c a t i o n o f the e a r t h q u a k e s from the a r r i v a l 

t i n e s a t v a r i o u s s t a t i o n s ( t h e s j n g l e e p i c e n t r e method); 

t h i s t e c h n i q u e h a s been d e v e l o p e d by D o u g l a s (1967) to l o c a t e 

s e v e r a l e a r t h q u a k e s s i m u l t a n e o u s l y ( t h e j o i n t e p i c e n t r e 

method) and has the a d v a n t a g e o f c o r r e c t i n g f o r s o u r c e b i a s 

w h i c h i s known t o o c c u r ( C l e a r y and H a l e s , 1966, I l e m n and 

T a g g a r t , I968). The tame r e s i d u a l s from the l o c a t i o n a r o 

th e n e q u i v a l e n t t o d e l a y t i m e s and by a v e r a g j rig t h e r e s i d u a l s 

a t a p a r t i c u l a r s t a t i o n the mean d e l a y may be found. 

A more s i m p l e and d i r e c t method o f m e a s u r i n g the d e l a y 

time i s to compare the t r a v e l time to a s e t of s t a n d a r d t r a v e l 

time t a b l e s s u c h a s J e f f r e y s - D u l l e n (19^0) or I i e r r i n e t a l 

(1968). 

A l t h o u g h the d e l a y time i s r e l a t i v e l y s i m p l e to c a l c u l a t e , 

i t i s much more d i f f i c u l t to d e f i n e whore t h e d e l a y i s 

o c c u r r i n g w i t h i n the t r a v e l p a t h . Long and M i t c h e l l (1970) 

s u g g e s t e d t h a t the d e l a y c a u s e d by s t r u c t u r e i n t h e c r u s t and 

upper m a n t l e b e n e a t h the s t a t i o n c o u l d , to a l a r g e e x t e n t , be 

i s o l a t e d by c a l c u l a t i n g t h e r e l a t i v e d e l a y between two s t a t i o n s 

whose s e p a r a t i o n was c o n s i d e r a b l y s m a l l e r t h a n the d i s t a n c e 

between s o u r c e o r s t a t i o n s . They e x p r e s s e d the t r a v e l time 

r e s i d u a l a s 

ft = T + T + T . . + T + E o e t s 
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where T i s c a u s e d by e r r o r s i n the f o c a l d a t a o 
T ] s c a u s e d by anomalous c r u s t o r m a n t l e b e n e a t h e 
s o u r c e 

T 3s c a u s e d by e r r o r s i n s t a n d a r d t r a v e l time t a b l e s 

T i s c a u s e d bv anomalous c r u s t o r m antle b e n e a t h s 
the s t a t i o n s 

and E i s c a u s e d by poor t i m i n g or i n i s - r e a d i n g 

The l i k e l y m a g n i t u d e s o f t h e s e e f f e c t s , when u s i n g the 

r e l a t i v e d e l a y t e c h n i q u e , have been e v a l u a t e d by B a c k h o u s e 

(19 72) and a r e now b r i e f l y summarized. 

1. E r r o r s i n F o c a l D a t a 

E r r o r s i n t i m i n g w i l l c a n c e l on t a k i n g r e l a t i v e d e l a y s 

but e r r o r s on e p i c e n t r a l d i s t a n c e and f o c a l d e p t h w i l l n o t . 

U s i n a the f i g u r e s of U a v i e s and McKenzie (IQ60) (25 kin e r r o r 

on l o c a t i o n and 75 e x / o i on f o c a l d e p t h ) i t i s found t h a t 

an a r t i f i c i a l r e l a t i v e d e l a y o f 0.8 s e c can be c a u s e d by 

m i s l o c a t i o n and t h e f o c a l d e p t h e r r o r may produce an a p p a r e n t 

d e l a y o f up to 0.7 s e c . 

2. Source E f f e c t s 

A n o m a l i e s c a u s e d by s o u r c e e f f e c t s m o u l d to a good 

a p p r o x i m a t i o n c a n c e l i f the l a t e r a l v a r i a t i o n s of s t r u c t u r e 

a t s o u r c e a r e n o t too r a p i d . I n c e r t a i n c i r c u m s t a n c e s t h i s 

i s l i k e l y ; f o r example, D a v i e s and r c K e n s r i e (1969) s u g g e s t 

t h a t t h e d e s c e n t o f c o l d p l a t e s o f o c e a n i c l i t h o s p h e r e i n t o 

t h e h o t m a n t l e c r v u l d produce a ' f a s t ' pi me U n d thus o a u s c a 

n e g a i i v e d e l a y Cor c e r t a i n a z i m u t h s . 

3. E r r o r s i n T r a v e l Time T a b l e s 

S e v e r a l s t u d i e s have shown t h a t r e s i d u a l s o b t a i n e d u s i n g 

H e r r i n ' s T a b l e s a r e s m a l l e r t h a n t h o s e o b t a i n e d w i t h 

J e f f r e y s - B u l l e n T a b l e s ( L o n g and M i t c h e l l , 1970, F a L r h e a d , 
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1968). However most t a b l e s tend to have a s i m i l a r shape 
and d i f f e r m a i n l y i n i s m a l l d.c. component ( L i l w a l l and 
D o u g l a s , 1970, C J e a r y m-J o3.lt-, J966; w h i c h s h o u l d c a n c e l 
on u s i n g r e l a t i v e d e l a y s . 

k. Poor T i m i n g and M i s r e a d i n g 

I t h a s been s u g g e s t e d ( S t e f a n s s o n , 19^7) t h a t p o s i t i v e 

d e l a y s a r e c a u s e d by the J O S S o f f i r s t a r r i v a l s i n n o i s e . 

By c h o o s i n g o n l y t h o s e r o c o r d s w i t h good o n s e t s t h i s e f f e c t 

was c o n s i d e r e d Lo be s m a l l . -dso i t was n o t thought t h a t 

e r r o r s due to v a r i a t i o n s i n the r e c o r d i n g o r p l a y i n g out o f 

the r e c o r d s c o u l d be a s s u b s t a n t i a l a s t h o s e a l r e a d y d i s c u s s e d . 

5. L a t e r a l V a r i a t i o n s i n t h e Lower Mantle 

4 f u r t h e r term w h i c h may be added i n v i e w of r e c e n t 

work i s the e f f e c t of l a t e r a l v a r i a t i o n s w h i c h a r e found t o 

o c c u r w i t h i n t h e l o w e r mantle ( G r e e n f i e l ' d and Sheppard, 19^9, 

P o w e l l , 1975). WhLle t h e s e have been shown to e x i s t i t i s 

n o t y e t p o s s i b l e to q u a n t i f y t h e i r e f f e c t a l t h o u g h the 

g e n e r a l a p p l i c a b i l i t y of the d e l a y time c o n c e p t shows t h a t 

the e f f e c t i s n o t , i n g e n e r a l , l a r g e . 

1+ can t h u s be seen t h a t r e l a t i v e d e l a y s can be 

c o n t a m i n a t e d i ' i t h c o n s i d e r a b l e e r r o r s and t h i s must be borne 

i n mind when i n t e r p r e t i n g d e l a y time d a t a . 

5.2. D e l a y Time S t u d i e s i n A f r i c a 

S t u d i e s have shown t h a t P-wave d e l a y t i m e s a s s o c i a t e d w i t h 

s t a t i o n s i n A . f r i c a e x h i b i t c o n s i d e r a b l e v a r i a t i o n . U s i n g 

t h e j o u n t e p i c e n t r e method, L i l w a l l ana D o u g l a s (1970) o b t a i n e d 

mean r e s i d u a l s f o r s t a t i o n s m A f r i c a a s shown i n T a b l e 5«1« 

T t can be s e e n t h a t Add]s Ababa (AAB) and N a i r o b i ( N A l ) show 

p o s i t i v e d e l a y s o f about two s e c o n d s . L w i r o ( L W l ) , a s s o c i a t e d 

w i t h t h e w e s t e r n r i f t , shows a s m a l l e r p o s L t i v e d e l a y , w h i l e 

http://o3.lt-


- 68 -

Bulawayo (BUL) and P r e t o r i a ( P R E ) , a s s o c i a t e d w i t h b h i e l d 
s t r u c t u r e , show n e g a t i v e d e l a y s . S t u d i e s by h e m n and 
T a g g a r t (1968) and C l e a r y and H a l e s (1966) show s i m i l a r 
r e s u l t s and t h e s e a r e g i v e n i n T a b l e 5»1« E q u i v a l e n t 
r e l a t i v e d e l a y s a r e g i v e n i n T a b l e 5«2. 

S u n d a r a l i n g h a r n (1971) measured P-wave d e l a y s f o r s e v e r a l 

A f r i c a n s t a t i o n s r e l a t i v e to Bulawayo and t h e s e a r e l i s t e d 

m T a b l e 5«2; a s i m i l a r t r e n d a s d e s c r i b e d above i s f o und. 

C o l l e y (1973) found the r e l a t i v e d e l a y between K a p t a g a t and 

N a i r o b i to be -O.43 s e c and s u g g e s t e d t h a t t h i s i n d i c a t e d a 

g r e a t e r t h i c k n e s s o f anomalous m a t e r i a l b e n e a t h N a j r o b i t h a n 

K a p t a g a t . F i n a l l y , B a ckhouse (l97<0 h a s shown t h a t t h e 

r e l a t i v e d e l a y between K a p t a g a t and Bulawayo i s 2.20 s e c . 

Two c o n c l u s i o n s may be drawn from t h i s d a t a . F i r s t , 

a l t h o u g h i n d i v i d u a l measurements a r e s u b j e c t to c o n s i d e r a b l e 

e r r o r s , t h e a v e r a g e s produce c o n s i s t e n t r e s u l t s . S e c o n d l y , 

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

n e g a t i v e d e l a y i n d i c a t i n g h i g h e r t h a n a v e r a g e c r u s t a l and 

u pper mantle v e l o c i t i e s ; r e g i o n s a s s o c i a t e d w i t h the e a s t e r n 

r i f t g i v e p o s i t i v e d e l a y s i n the o r d e r o f two s e c o n d s 

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

b e n e a t h the r i f t , w h i l e L w i r o on the w e s t e r n r i f t g i v e s a 

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

v e l o c i t y m a t e r i a l i s n o t so w e l l d e v e l o p e d b e n e a t h the 

w e s t e r n r i f t . 

5.3• D e l a y s between K a p t a g a t and Bulawayo 

I t i s p r o p o s e d to i n t e r p r e t t h e d e l a y t i m e s measured by 

B a c k h o u s e i n t h e 1 l g h t o f the models p r o p o s e d m c h a p t e r f o u r 

The d a t a s e t c o n s i s t s o f 78 measurements o f r e l a t i v e d e l a y 



T a b l e 5 . 1 

S t a t i o n R e s i d u a l s Lor V a r i o u s A f r i c a n S t a t i o n s . 

( 1 ) L i l w a l l and D o u g l a s (L9?0) - J o i n t E p i c e n t r e ilethod, 

A ALL .20 - 0.32 ( s e c ) 
BUL -0 . 5 3 - 0 . 3 5 
LWI 0 . 7 8 - 0 . 3 7 
NAT 1 . 8 8 - 0 . 3 5 
PKE - 0 . 4 2 - 0 . 4 7 

(11) H e r r i n and T a g g a r t (1968) - S i n g l e E p i c e n t r e Method. 

AAE 1 . 1 2 ( s e c ) 
UUL -0 . 4 5 
LWT O.36 
WIN -0.99 

( 1 3 3 ) C l e a r y and H a l e s ( I 966) - S i n g l e E p i c e n t r e Method. 

AAE 1 . 5 ( s e c ) 
BUL 0.0 
L V I -0.2 
WIN 0.3 



T a b l e 5.2 

K e l a t i v e D e l a y s Between V a r i o u s A f r i c a n S t a t i o n s . 

( i ) S u n d a r l m g h a m ( l 9 7 l ) - H e r r i n s t a b l e s a s s t a n d a r d . 

liUL - AAE = 2.7 i 0.3 ( s e c ) 
BUL - NAI = 2 . 3 1 0 . 3 
BUL - Uil = 1.1 1 0 . 3 

( 1 1 ) L i l w a l l and D o u g l a s (1970) - J o i n t E p i c e n t r e Method 

BUL - AAV: = 2.73-0.6J ( s e c ) 
BUL - NAT = 2 . 4 1 - 0 . 7 0 
BiTL - LWI = 1.3] - 0.72 

( 1 1 1 ) H c r r i n and T a g g a r t (1968) - S i n g l e E p i c e n t i e Method 

BUL - AAF, = 1.5 7 ( s e c ) 
BUL - LWI = 0.81 

( I V ) C l e a r y and H a l e s (1966) - S i n g l e E p i c e n t r e Method. 

BUL - AAE = 1.5 ( s e c ) 
BUL - LWI = 0.3 

( v ) Backhouse (1972J - H e r n n ' s T a b l e s a s s t a n d a r d . 

KAP - BUL = -2.20 - 2.00 ( s e c ) 

( v i ) C o l l e y (197?) - U e r r i n ' s T a b l e s a s s t a n d a r d . 

KAP - NAI = +0.1+3 - 0.17 ( s e c ) 
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between K a p t a g a t and Bulawayo; a mean d e l a y o f 2.20 - 2.00 
s e c i s found w i t h the e r r o r b e i n g the 95$ c o n f i d e n c e l i m i t . 
T h e s e v a l u e s have been d e r i v e d r e l a t i v e to H e n i n ' s t r a v e l 
t i n e s and c o r r e c t i o n s h ave been a p p l i e d f o r the e a r t h ' s 
e l l i p t i C L t y ( B u l l e n , 1956, Young and G i b b s , 1968), the 
h e i g h t s o f b o t h s t a t i o n s and a l s o f o r the a n g l e o f emergence 
so t h l r t a v e r t i c a l t r a v e l time anomaly i s d e f i n e d . 

I t h a s been s u g g e s t e d t h a t the e r r o r s on the f o c a l duUi 

c o u l d i n t r o d u c e a maxLrnuin e r r o r of 1.5 s e c and t h e p i c k i n g 

l i s t s a t Bulawayo a r e g i v e n t o the n e a r e s t s e c o n d t h u s 

a l l o w i n g an e r r o r o f 0.5 s e c so t h a t an e r r o r , a t the 95$ 

c o n f i d e n c e l e v e l , o f 2 s e c a l t h o u g h l a r g e i s n o t u n r e a s o n a b l e . 

F u r t h e r m o r e , the c o n c e p t o f c l a s s i f y i n g the s t r u c t u r e b e n e a t h 

K a p t a g a t by a s i n g l e delc>y time i s q u e s t i o n a b l e when t h e 

v a r i o u s models w h i c h have been pro p o s e d a r e c o n s i d e r e d . E a c h 

r a y p a t h s e e s a d i f f e r e n t p a r t o f the anomaly and t h e 78 

measurements s h o u l d , i n t h e o r y , be c o n s i d e r e d i n d i v i d u a l l y . 

Thus the l a r g e a p p a r e n t e r r o r c o u l d , i n p a r t , be r e f l e c t i n g 

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

B a c k h o u s e showed t h a t , a t the 95$ c o n f i d e n c e l e v e l , t h e r e 

x'as no s i g n i f i c a n t v a r i a t i o n o f d e l a y time w i t h a z i m u t h i f a 

v a r i a t i o n o f the form 

T k = A + B . s i n ( < X k + U ) ( e q u a t i o n l - ( i n ) ) 

J S assumed. T h i s v a r i a t i o n models the e f f e c t s o f a p l a n e 

d i p p i n g i n t e r f a c e and h a s been u s e d by s e v e r a l a u t h o r s ( H e r r i n 

and T a g g a r t , 1968; B o l t and N u t t l i , 1966, L i l w a l l and 

D o u g l a s , 1970) a l t h o u g h i t h a s been c r i t i c i z e d by D a v i e s and 

I i c K e n z i e (1969) who a r g u e d t h a t a s h o r t s p h e r i c a l h armonic 

s e r i e s would be more a p p r o p r i a t e t h a n a s i n u s o i d a l v a r i a t i o n . 
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Moreover, i t has been sho\m an c h a p t e r t h r e e t h a t Lhe array-
a n o m a l i e s c a n n o t be e x p l a i n e d by any s e t of p l a n e i n t e r f a c e s 
and t h e models put f o r w a r d by B a c k h o u s e g i v e r i s e to d e l a y s 
wlu c h do not v a r y s i n u s o i d a l ] y w i t h a z j i n u t h ( N u t t l i and B o l t , 
1969)- Hence t h e a n a l y s i s s h o u l d n o t be c o n s i d e r e d a s 
i n d i c a t i v e o f s t r u c t u r e b ut r a t h e r o f the g e n e r a l b e h a v i o u r 
o f the d a t a . 

An a n a l y s e s o f t h e d e l a y t i m e s c a u s e d by the wedge 

models was g i v e n by Backh o u s e and d] s c u s s e c i i n s e c t i o n 1.2 . 6 . , 

where i t was shown t h a t t h e s e models p r o d u c e d t r a v e l time 

r e s i d u a l s w h i c h were s t i o n g l y dependent on a z i m u t h . I n 

t h e s e c a l c u l a t i o n s , the e f f e c t 01" the d e v i a t i o n of the r a y 

was n o t c o n s i d e r e d a l t h o u g h Lt was d e c i d e d t h a t i t c o u l d 

produce an i n c r e a s e i n the d e l a y o f 0 . 6 s e c . I t w i l l be 

shown t h a t t h i s e f f e c t c a n n o t be d i s r e g a r d e d and must be 

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

The d e l n y t i m e s a r e g i v e n i n T a b l e 5 « 3 . and i n t h e s e 

v a l u e s no c o r r e c t i o n i s made f o r t h e a n g l e of i n c i d e n c e o f 

the wave. The l o c a t i o n s o f the e v e n t s a r e shown i n the 

a z L m u t h - d i s t a n c e p l o t s o i f i g . 5 . 1 . and t he same problems o f 

d i s t r i b u t i o n found w i t h the s l o w n e s s d a t a a r e a p p a r e n t . 

As would br« e x p e c t e d from the p r e v i o u s d i s c u s s i o n 

( s e c t i o n 5«1.) i n d i v i d u a l measuremenis from t h e same r e g i o n 

show c o n s i d e r a b l e s c a t t e r . F o r example, e v e n t s 38, 39» 4o, 

43, 44, 45 and 46 a r e a l l l o c a t e d w i t h i n 0.1° o f l a t i t u d e and 

0.1° o f l o n g i t u d p ann a r e a l l g i v e n t h e same f o c a l d e p t h o f 

33 km yel- "the d e l a y s v a r y between 1 . 3 s e c ( e v e n t 43) and 

4.1 s e c ( e v e n t 44); the a v e r a g e d e l a y f o r t h e group i s 2.7 s e c 

w i t h a s t a n d a r d e r r o r o f 0.28 s e c . C o n s e q u e n t l y , i t was 

c o n s i d e r e d n e c e s s a r y to d i v i d e the d a t a i n t o the groups 



T a b l e 5.3 

D e l a y Time D a t a . 

D. 1. - D e l a y a t K a p t a g a t . 

D. 2. - D e l a y a t T u l a s & y o . 

D. T o t a l - R e l a t i v e d e l a y between K a p t a g a r and Hulawayo. 

E v e n t L a t . Long. 

1 3 7,55 48.^8 
2 10.83 1-5-39 
3 -43.1'* 41.66 
4 36.47 70.47 
5 49.96 77.76 
6 25.71 88.50 
7 - 8.83 3 18..M 
8 -56.01 - 27.31 
9 39.88 77.8O 

10 26.02 95.40 
11 37.32 55-88 
12 14.26 51.84 
13 2.60 97.98 
14 11.86 - 43.74 
15 1.15 126.11 
16 41.10 39.77 
17 ( >.32 122.20 
18 18.10 120.47 
19 - 8.02 107.39 
20 1.80 9^.56 
21 36.5S 70. 11 
22 14.83 55. 7^ 
23 37-04 71.38 
24 49.77 78.08 
25 0.94 100.19 
26 - 0.57 121.83 
27 36.42 70.07 
28 -23. 19 37.29 
29 -93.47 37.18 
30 51.12 - 29.95 
31 -43.23 41.48 
32 -56.92 - 27.29 
33 34.96 l j . 6 7 
3^ - 3.59 86.16 
33 73.32 53.15 
36 7'1.62 K . 4 l 

D e l t a Azimuth D. 1 . 
( d e g r e e s ) ( s e c ) 

39.0 17.2 3.7 
89.8 79.2 3.1 
43.8 173.4 6.3 
4 8.3 38.3 3.0 
61.1 29.8 3.4 
56.9 59.3 3.6 
03.5 98.9 2. 9 
75-6 211.1 5.8 
53.0 39-3 2.7 
63.O 60.0 3-3 
41.7 ,-4.6 2.7 
21 2 49.0 1.9 
62.5 87-3 3-3 
79.3 281.9 4.0 
90.6 88.9 4.3 
42.9 342.5 2.9 
86.7 80.8 4.6 
8 5 . I 72.0 2.8 
72.2 9o.5 5.2 
59.1 88.2 6.0 
48.2 ?7.9 4.3 
23. 1 50. 0 -0.6 
49.3 38.3 3-4 
61 .1 30.1 2.4 
64. 7 89.2 3-6 
86. 4 90.6 ? . 2 
48.1 38.0 4.3 
23.9 175.'> 3 • j 
23.3 175.1 4.1 
7'-.2 323.6 2.7 
''3.8 173.6 5.2 
75.6 2 l o . 8 5-1 
39.9 J31.fi 4.6 
j O . d 95-0 3.3 
73.8 5.8 3.5 
75.8 352.8 2.4 

b.2. D . T o t a l Group 
1 s e c ) ( s e c ) 

1.5 2.2 A 
0.8 2.4 F 
3.6 2.7 H 
1.1 1.9 A 
1.3 2.1 A 
1.7 1.9 C 
1.9 1.0 F 
1.9 3-9 G 

-0.1 2.8 A 
0.6 2.7 C 
1-5 1.2 A 
0.2 1.7 B 
0.5 2.8 E 
1.2 2.8 I 
1.8 2.5 F 
0.8 2.1 D 
1.9 2.7 F 

-0.4 3-3 F 
1.5 3-7 E 
2.4 3-7 F 
1.1 3.2 A 
0. T -0 9 B 
2.7 0.7 A 
1.9 0.5 A 
1.8 1.7 E 

-0.0 2.2 F 
1.3 3.1 A 
).3 2.0 1-1 
4. '« -0.3 d 
0.7 2.0 0 
0.7 4.3 H 
1.3 3.3 G 
2.3 2.4 D 
0.0 J . 3 E 
0.9 2.6 0 
<>.3 0.1 0 
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T a b l e 5.3 - c o n t i n u e d 

D e l a y Titno D a t a . 

H v e n t L a i . Loiv^. frelta A z i m u t h D . l . D . 2 . D . T o t a l Group 
( d e g r e e s ) f s e u ) ( s e c ) ( s e c ) 

37 7.66 - 37.60 73 . 1 277.8 3.4 2.3 1.1 T 
38 9 . 0 6 94 .02 5 3 0 79-8 5.1 2 . 1 3 - 0 E 
39 9.02 9 4 . 0 2 58 9 79.8 *».9 2 . 6 2.3 E 
4o 9.11 9 4 . 0 4 5 b .9 7 9 . 7 4.2 2 . 2 2.0 E 
kl 36.77 45.13 37 , 2 12.9 3.4 2 . 7 0.7 A 
42 - 1 3 . 6 9 66.26 33 6 115.9 3 . 3 1 . 1 2.2 0 
4 3 9 .02 93.87 58 8 7 9 . 8 3-5 2 . 2 1 . 3 £ 
44 8 . 9 7 94.00 58 9 7 9 - 9 5 . 9 1 . 8 4 . 1 E 
45 8.9S 94 . 0 8 59 0 7 9 . 8 5 .4 2 . 3 3 - 1 E 
4 6 9.15 94 . 0 6 59 .0 7 9 . 7 4 . 4 1 . 3 3 . 4 E 
4 7 - 4 o . o 9 8 0 . 5 3 58 n 1 4 0 . 7 1.5 0 . 7 0 . 8 0 
4 8 l b . 51 120.88 85 5 "'1.6 3.2 - 0 . 8 4 . 0 r 
4 9 29 52 36.85 ;5 4 3^.3 4 . 1 0 . 8 3 . 3 A 
50 36.91 71.62 4 9 3 38.6 4 . 2 1 .6 2 . 6 A 
51 22.71 12:.34 • i . ' 0 67.4 3.6 J . 2 2 . 4 0 
52 14 .95 120.10 8^ 7 7 5 . J 3 - 4 2 . 4 1 . 0 F 
53 6.49 9 4 . 7 0 5 9 r 8P . 8 4 . 3 1 . 5 3 . 0 E 
54 36.94 9.73 43 4 329.6 3.0 -0.1 3-7 D 
55 'J . ^ 0 124.93 89 5 8 9 . 3 3 . 8 1 . 3 2 . 6 F 
56 35.90 105.49 7j. 6 52. 7 2 . 5 J . 2 1.3 C 
57 4 3 . 78 3 9 . 1 3 4 j . 3-9 3 . 6 1 .8 1 . 8 A 
58 0 . 0 4 124.40 89 0 90 .() 4 .0 1 . 0 2 . 9 F 
59 - 6.27 130 .14 9« 7 96.2 2 . 8 1 . 0 1 . 8 F 
uO 2 . 3 9 94 .88 5 9 4 87.5 4 . 0 0 . 6 3 . 5 E 
61 43.85 54 .77 4 6 5 19.3 4 . 2 3 - 9 2 . 3 A 
62 - 4.25 103.37 68. 0 9 4 . 7 2.6 1 . 1 J . 4 E 
63 2 .02 126.4 6 91 0 ^8.0 j • r > 1 . 4 2-5 F 
64 )k.LQ 24 .01 35 4 343.6 3.2 1 . 5 1 .7 D 
65 35.06 4 6 . 9 2 36 1 16.1 ^.7 2 . 4 A 
66 5.72 6 1 . 2 4 26 3 73.0 5 - 5 2 . 5 3-1 b 
67 - 7 . 8 0 122.67 87 3 9 / . 8 2 . 5 0 . 6 1 . 9 \<" 

68 1.66 126.3s 90 9 .JS.D 2 . 0 - 0 . 2 2 .9 F 
69 -26.02 27.94 2 7 . 3 1 9 4 . 9 j . 1 J . 2 1.9 II 
70 J ..''8 99.1c 7 8 8 . 1 3 . 4 0.9 2 . 5 F 
71 2J.76 01.76 5 9 2 62 . 5 2 .4 0 . 9 1 . 5 C 
72 O.65 Pu. 84 63 1 

-4 
89. r, 2 . 2 - i . r 4 .0 E 

73 2.10 126 .so 9 1 . 4 87.8 3 . 5 3 . 4 0 . 1 F 
74 - 6 3 . 4 5 - 61.22 9 3 - 4 206. 6 5 . 1 2.6 2.5 G 
75 1.48 121.28 85 8 •S8.6 2.9 6 . 0 2.9 F 
70 36.56 55.63 * 0 5 25.3 4 . 3 0.6 3.6 A 
77 -39.78 - 26.4 3 76 6 207.3 6 .1 2.7 3.5 G 
78 5.24 93.93 60 5 8'.. 6 3.6 0.7 2.9 E 



i i ",ure 5 »1 

L o c a t i o n s , on - d i s t a n c e - az u'm I h p ] o t , OL e v e n t s 

usee, m d e l a y l i m r s t i u l y , l o c a t i o n s a r e r e l a t i v e t o 

Kap t a ^ . i t . 
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shown an F i g . 5 . 2 . , t h e mean v a l u e r o f t h e d e l a y s f o r t h e 
g r o u p s t o g e t h e r w i t h t h e s t a n d a r d p r r o r s and 93$ c o n f i d e n c e 
l i m i t s a r e g i v e n i n T a b l e 5»^« I t c a n be seen t h a t t h e most 
r e l i a b l e d a t a may be e x p e c t e d f r o m g r o u p s A, C, E, F and G 
w h i l e t h e s c a t t e r on t h e o t h e r c r o u p s i s s u c h as t o make any 
m t o i p r e t a t i o n u n c o n v i n c i n g . C o n s e q u e n t l y d e t a i l e d 
i n t e r p r e t a t i o n w i l l be r e s t r i c t e d t o t h e abo«e f i v e g r o u p s . 

5 • ̂  • M e t h o d s o f I n t e r [ j r e t a n o n 

T h i s a n a l y s e s J S c o n c e r n e d w i t h d e r i v i n g t h e d e l a y t i n e 

a t a s i n g l e s t a t i o n r e l a t i v e t o s t a n d a r d t r a v e l t i m e s . The 

s t r u c t u r e a t Dulm>/ayo w i l l be assumed t o be t h a t g i v e n b y 

t h e A F U T C m o d e l o f Gumper and Fomeroy (1970) and d e l a y s f o r 

s j c h s t r u c t u r e s may be e a s i l y c a l c u l a t e d . 

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

c a u s e d b y t h e t h r e e d i m e n s i o n a l s t r u c t u r e s d i s c u s s e d i n 

c h a n t e r f o u r . I t J S p r o p o s e d t o i l l u s t r a t e t h e g e n e r a l 

p r o p e r t i e s o f sweh d e l a y s w i t h r e f e r e n c e t o s i m p l e t\vO 

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

v a r i o u s e f f e c t s . 

1. A P l a n e L a y e r i n Two D i m e n s i o n s 

The p r o b l e m i s i l l u s t r a t e d on F x g . ^ , 3 , w h e r e a l o w 

v e l o c i t y l a v e r w i t h v e l o c i t y and t h i c k n e s s Z o c c u r s w i t h i n 

a medium w i t h v e l o c i t y V . The r a y w m c n a r r i v e s a t t h e 

s t a t i o n 1\ i s i n d i c a t e d b y t h e s o l i d l i n e and t h e b r o j e e n l i n e 

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

p r e s e n t i . e . t h i s r a y t r a v e l s w i t h v e l o c i t y V . The t i m e s 

t ^ and t ? r e f e r t o t h e t r a v e l t i m e s o f t h e o b s e r v e d r a y 

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

u n d e v i a t e d r a y . 



G-roupjng oT e v e n t s used m d e l a y tn.i e s t u d y , l e t t e r s 

l d o n t j l y y o u p s a n d numbers i d e n t i f y t h e n u n b e r s of e v e n t s 

i n e a c l i g r o u p . 
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T a b l e 5.k 

G r o u p D e l a y T i m e s . 

Group No. E v e n t s D e l a y S t a n d a r d L r r o r 95^ C o n f i d e n c e L i m i t 
( s e c ) ( s e c ) ( s e c ) 

A 16 2.25 0.2k 2.0*1 
3 3 1.30 0.96 7.15 

C k 1.85 0.2? 1.72 

D k 2.48 0.38 2.k2 

E l b 2.87 0.20 1.79 

F 16 2.29 0.23 1 .96 

G k 3.*+3 0.'28 1.78 

H 5 2.16 1.21 7.52 

1 2 2.00 0.60 10.78 



F i g u r e 5 . 3 

iJia«ram t o i l l u s t r a t e t h e d e l c i y Lime c a l c u l a t i o n 

Tor Lhc case o f d p l c u i e p a r a l l e l l a y e r . 
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I f the d i s t a n c e from s o u r c e to d e t e c t o r i s A ° and 

t h e s t a n d a r d t r a v e l time and s l o w n e s s a r e T and dT/dA t h e n 

t h e t r a v e l time from s o u r c e to h y p o t h e t i c a l d e t e c t o r of the 

wave i n c l u d i n g the b r o k e n l i n e i s 

t ' = T + dT . $k 5 - ( i ) 
dk 

t o a f i r s t a p p r o x i m a t i o n i f SA « A . The t r a v o l time to 

t h e s t a t i o n o f t h e a c t u a l a r r i v a l i s g i v e n by 

[ t + dT . S&] - (t1 + t x ' ) + ( t 2 + t 2 ' ) 

B e c a u s e p l a n e l a y e r i n g i s assumed 

and s i n c e t h e e x p e c t e d t r a v e l time i s T and d e l a y D may 

be w r i t t e n 

D = £A + (*2 ~ 5 - ( x i ) 

and i t may be shown t h a t 

S& = Z . ( t a n i - t a n r ) 5 - ( i l i ) 

t 2 = Z 5 - ( i v ) 
V ^ . c o s r 

t j- = V .cos i 5 " ( v > n 

whence e q u a t i o n s 5 - ( i - i ) to 5 - ( v ) e n a b l e the d e l a y to be w r i t t e n 

D = / dT\. Z. ( t a n i - l a n r ) + Z / 1 -- 1 \ 
{dbt ^ V ^ c o s r V n . c o s i / 

= d x + d 2 

i - ( v i ) 

d^ i s a d e v i a t i o n e f f e c t and c a u s e s t h e o b s e r v e d r a y to t r a v e l 

v i a a d i f f e r e n t p a t h t h a n the ' t h e o r e t i c a l ' a r r i v a l and d 2 

r e p r e s e n t s t h e d e l a y c a u s e d by a t r a v e l p a t h w i t h i n t h e 

low v e l o c i t y l a y e r . 

To e v a l u a t e t h e r e l a t i v e i m p o r t a n c e o f t h e s e e f f e c t s c o n s i d e r 
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a s an example a s t r u c t u r e s i m i l a r to t h a t p r o p o s e d f o r 
t h e upper m a n t l e b e n e a t h I c e l a n d ( T r y g g v a s o n , 1964) 
where V = 7.h km/sec, V n = 8.1 km/sec and Z = 200 km. 
The r e s u l t i n g v a l u e s f o r v a r i o u s d i s t a n c e s a r e shown i n 
F i g . 5 . 4 . I t i s c l e a r t h a t b o t h terms a r e s i g n i f i c a n t 
i n e v a l u a t i n g d e l a y t i m e s . C o n s i d e r i n g the d e v i a t i o n 
e f f e c t , an i n c r e a s e i n d i s t a n c e c a u s e s a d e c r e a s e i n 
th e a n g l p o f i n c i d e n c e and t h i s h a s been shown ( s e c t i o n 
3 . 5 0 t o d e c r e a s e t h e d e v i a t i o n and thus the d e l a y 
a s s o c i a t e d w i t h t h i s t e r n . The r e v e r s e e f f e c t i s 
however t r u e f o r the d e l a y dp. As t h e i n c i d e n t a n g l e 
i n c r e a s e s ( d i s t a n c e d e c r e a s e s ) t h e p a t h l e n g t h i n the 
h i g h v e l o c i t y medium i n c r e a s e s more r a p i d l y t h a n t h a t i n 
t h e low v e l o c i t y medium so t h a t t h e d e l a y d e c r e a s e s . 
The n e t e f f e c t i s t h a t , a l t h o u g h b o t h terms a r e q u i t e 
s t r o n g l y d i s t a n c e dependent, t h e t o t a l e f f e c t i s t o 
produce a d e l a y w h i c h i s r e l a t i v e l y i n s e n s i t i v e to d i s t a n c e . 
I t i s w o r t h r e m a r k i n g t h a t b o t h e f f e c t s a r e d i r e c t l y 
p r o p o r t i o n a l t o Z and t h u s t h e y have t h e same r e l a t i v e 
w e i g h t f o r a l l t h i c k n e s s e s . 

2. S t r u c t u r e s wath D i p p i n g I n t e r f a c e s 

I t may be n o t e d t h a t i n the p r e v i o u s c a s e the r a y w i l l 

a l w a y s be ' p u l l e d i n 1 by the anomalous low v e l o c i t y l a y e r 

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

b e f o r e e n t e r i n g the zone t h a n t h e t h e o r e t i c a l r a y . Fig.5.5-

shows t h a t t h i s i s no l o n g e r n e c e s s a r i l y t r u e when d i p p i n g 

b o u n d a r i e s a r e c o n s i d e r e d . The e f f e c t of the f i r s t r e f r a c t i o n 

i s a g a i n to p u l l t h e r a y i n w a r d ; however, w h e r e a s i n t h e 



Pi.Ture 5.K 

D e l a y c o u ^ e d i>_ o p l o n p p a r a l l e l l a y e r , 

d j !<=• t h e d e l a y c a u s e d ov t h e d e v i a t i o n oC (he r a y 

dg J S t h e d e l a y c a u s e d hy t h e li ave L pa U' w i l h i n 

t h e 1 ^ y e r 

and t h e t o t a l u e l a y i s d i e sm.i o i t h e s e I o n u s . 



8 
CD 

8 CD 

CO 
CM 

I — 
I 

8 -h X + 

Of 
0) 

+ Q) 
I D 

CD 
+ 

i f ) 

LT) 

4-

CO o I D i n LT) 
CM 
spuooes-AD|6Q 



F i g u r e 3 o 

D i a ^ r a i i i t o x l l u s L r a r e t h e d e l a y tanii- c a l c u l n t LOH 

f o r t h e c a s e o f i s i n g l e d i n p u n ^ , L i i t e r f a c o . 
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p r e v i o u s c a s e = r ^ , we now h a v e = r ^ + 0 w h e r e 9 

i s t h e a n g l e o f d i p . C o n s e q u e n t l y i g > i ^ a nd 3 t i s p o s s i b l e 

t h a t t h e o b s e r v e d r a y now t a k e s a s h a l l o w e r p a t h t h a n t h e 

t h e o r e t j c a l r a y and e q u a t i o n 5 - ( i ) now becomes 

T = T - / d T \ . Sk. 
\ d A / 

T h i s e f f e c t c o u l d , m t h e o r y , become v e r v J a r ^ r w h e n i„ 

a i J p r o a c h.es 90° and t h e a r r l v a l t e n d s t o a h eadwavc. 

f h o r a y t r a c i n g bo f a r h a s b e e n f r o i " Lhe s t a t i o n t o t h e 

s o u r c e and t h e r e v e r s e p i o b i e m i s more common, «iven an 

e v e n t a t d i s t a n c e A f r o i i i a z i m u t h e< c a l c u l a t e t h e o b s e r v e d 

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

t h e b o t t o m b u r f a c e a t w i n c h t h e r a y , i f u n d e v i a t e d , h i t s i n 

e i t h e r o f t h e two p r e v i o u s c a s e s . f h e r a y may bo t r a c e d 

t h r o u g h t h e s t r u c t u r e and t h e d e v i a t i o n 5A C P I C H I f t e d . 

The w h o l e r a y p a t h may now be s h i f t e d b y t h i s amount and t h e 

d e l a y c a l c u l a t e d . U n f o r t u n a t e l y , t h e a n g l e l a t w h i c h t h e 

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

h a v e a s l i g h t l y d i f f e r e n t s l o w n e s s ) and on t r a c i n g t h r o u g h 

t h e s t r u c t u r e w i l l m i s s t h e s t a t i o n . The s h a f t may be 

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

v a r i e s v e r y s l o w ] j w i t h i n t h e da s t a n c e v a r i a t i o n c o n s i d t r e d 

and a s o l u t i o n i s r a p i d l y f o u n d . 

3. S t r u c t u r e s w i t h C u r v e d I n t e r f a c e s 

The p r o b l e m j u s t c o n s i d e r e d becomes r a t h e r more 

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

i n Fig.5«6. The u n d e v i a t e d r a y p a s s e s t h r o u g h A and B and 

a r r i v e s a t K. On t r a c i n g t h e r a y t h r o u g h t h e s t r u c t u r e i t 

p a s s e d t h r o u g h A, C and D a d i s t a n c e x f r o m K. The r a y i s 

t h e r e f o r e t r a c e d f r o m E w h e r e EA = KD b u t now t h e a n g l e o f 

http://aiJproach.es


i . " ! , ' . i - r a i ' t o i l I n s t r a U - t h e d e l a y L i mo cci I c u l a I i o n 

f o r a. s i n g l e c u r b e d , JL , L e i l a c p . 
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i n c i d e n c e a t F w i l l not be r e l a t e d to t h a t a t C. I n T a c t , 

f o r s u r f a c e s w h i c h behave i n a r e a s o n a b l e manner the problem 

i s n o t so d i f f i c u l t a l t h o u g h the i t e r a t i v e p r o c e s s r e q u i r e d 

i s c o n s i d e r a b l y more complex, 

h. S t r u c t u r e s w i t h C u r v e d I n t e r f a c e s i n T h r e e D i m e n s i o n s 

The p roblems w h i c h have a r i s e n m the p r e v i o u s c a s e s 

a l s o o c c u r m t h r e e d i m e n s i o n s but t h e y .ire r a t h e r more 

d i f f i c u l t to v i s u a l i z e . I n a d d i t i o n the problems of 

r e f r a c t i o n i n t h r e e d i m e n s i o n s must be c o n s i d e r e d , e f f e c t i v e l y 

the r a y w i l l become t w i s t e d on r e f r a c t i o n and t h e i t e r a t i o n 

p r o c e s s h a s to l o c a t e the s t a t i o n on the p l a n e oi the s u r f a c e . 

S i n c e the d a t a had bf>en grouped a s shown i n F i g . 5.2. i t 

was d e c i d e d t h a t a f u l l c a l c u l a t i o n u s i n g the i t e r a t i v e 

methods d e s c r i b e d was n o t j u s t i f i e d and a s i m p l e r a p p r o a c h 

to t h e problem was made. A l t h o u g h L1 LS d i f f i c u l t to 

c a l c u l a t e the d e l a y f o r an e v e n t from a g i v e n d i s t a n c e and 

a z i m u t h i t i s r e l a t i v e l y e a s y to c a l c u l a t e the d e l a y f o r an 

e v e n t w h i c h a r r i v e s a t a s t a t i o n w i t h a g i v e n s l o w n e s s and 

a z i m u t h . Moreover, by t r a c i n g the r a y through t h e anomaly 

Lt i s p o s s i b l e t o c a l c u l a t e the p o i n t from w h i c h the r a v 

o n g L i i a t e a . Hence, the g e n e r a l p a t t e r n o f the d e l a y s c a u s e d 

by the s t r u c t u r e may be found and compared w i t h the o v e r a l l 

p a t t e r n i l l u s t r a t e d i n F i g . 5 . 2 . 

E q u a t i o n 5 - ( v i ) may be g e n e r a l i z e d t o t h r e e d i m e n s i o n s 

q u i t e s i m p l y w i t h r e f e r e n c e to F i g s . 5 . 7 ( 1 ) and 5 . 7 ( " L I ) « 

The r a y t r a v e l s from S t o K and the e f f e c t o f the anomalous 

body i s to d e v i a t e the r a y a t A. With r e f e r e n c e to e q u a t i o n s 

5 - ( i ) to 5 - ( v ) t h e d e l a y i s g i v e n by 

D =• " ^ + (*1 " 5 - ( v n ) 



F i g u r t 5.7 

Diagram to i l l u s t r a t e t h e d e l a y time c a c u l a t i o n f o r 

t h e t h r e e d i m e n s i o n a l c a s e . 
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C a l c u l a t i o n o f Sfc i s a 1 i t t l e more d x f f i c u l t i n t h r e e 

d i m e n s i o n s but an a p p r o x i m a t e methoa i s i l l u s t r a t e d i n 

F i g . 5 « 8 . A wave a r r j v e s a t the o r i g i n 0 from S and a t s 

e x p e c t e d - i z i r i u t h i s <j> . The u n d e v L a t e d r a v t a k e s a d e e p e r 

p a t h and a r r i v e s a t P ( x , y ) a t an a z i m u t h 9 r e l a t i v e to t he 

o r i g i n . I f | ^ ~ ^ / ^ ^ [ t h e n the u n d e v n t e d l a y h a s a g r e a t e r 

p a t l i l e n g t h and aT . §A -LS p o s i t i v e . l i )0-^|<,H then the 
d& 2 

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

c o n t r i b u t i o n to the d e l a y t i m e . Now SO and SP w i l l be much 

g r e a t e r t h a n OP and £A = |SP-So| so to a v e r y ^ood approx u i a t i o n 

SA = OP. S i n ( e - ^ - E ) 5 - ( v 3 J i ) 

A computer pr o g r a . i DELA> »'as w r i t t e n w h i c h c a l c u l a t e d 

the d e l a y s c a u s e d by the s t r u c t u r e proposed m c h a p t e r f o u r 

and t h e r e s u l t s a r e no" d i s c u s s e d . 

5.5• R e s u l t s 

The p u r p o s e o f t l e s c c a l c u l a t i o n s i s to shoi t h a t the 

o b s e r v e d p r o p e r t i e s o f the d e l a y times a r e c o n s i s t e n t w i t h 

the model s p r o p o s e d on the b a s i s o l tho s l o w n e s s anomal L e s and 

a ] s o to a t t e m p t to put some form o f c o n s t r a i n t on thp d e p t h 

to t h e bottom o f the anomalous body. 

I t h a s been shown i n c h a p t e r t h r e e t h a t , j f t h e s l o w n e s s 

a n o m a l i e s a r e to be e x p l a i n e d by a s i n g l e . i n t e r f a c e , a 

maximum a v e r a g e v e l o c i t y of 7-5 km/sec i s a l l o w e d l o r the 

a.POM'alous body. Assuming t h i s v e l o c i t y a maximum t h i c k n e s s 

may be d e t e r m i n e d , t h i s v e l o c i t y w i l l a l s o be u s e d t o 

i l l u s t r a t e t h e b e h a v i o u r o f the d e l a y time a s a f u n c t i o n of 

a z i m u t h and d i s t a n c e . 

The optimum models d e r i v e d i n c h a p t e r f o u r a r e u s e d and 

th e d e l a y f o r each e v e n t w i t h i n t h e groups L S c a l c u l a t e d 



P i g u r o 5.8 

Diagram u s e d to c a l c u l a t e t h e i n c r e a s e i n p a t h l e n g t h 

f o r t h e t h r e e d i m e n s i o n a l d e l a y c a l c u l a t i o n . 
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i n d i v i d u a l l y , a v e r a g e ^roup d e l a y s , t o g e t h e r w i t h a p p a r e n t 
s t a n d a r d e r r o r s , .ire t h e n c a l c u l a t e d f o r v a r i o u s d e p t h s to 
t h e bottom i n t e r f a c e . Sample r e s u l t s a r e g i v e n i n T a b l e 3*5 

The f i r s t p o i n t to n o t e i s t h a t approxiina t e l y one 

q u a r t e r o f the o b s e r v e d s t a n d a r d e r r o r f o r e a c h group c m 

be a t t r i b u t e d to s t r u c t u r a l c o m p l e x i t y m the upper m a n t l e 

b e n e a t h the r i f t . I f a more r e a l i s t i c model were used, 

i n c l u d i n g a more complex v e l o c i t v s t r u c t u r e , i t i s l i k e l y 

t h a b more o f t h e s c - i t t e r c o u l d bo a t t r i b u t e d to the anomalous 

m a n t l e . Even though the s c a t t e r c a u s e d by e r r o r i s now 

r e d u c e d i t i s d i f f i c u l t to p l a c e any m e a n i n g f u l r e s t r a i n t 

on t h e d e p t h s a t the 951" c o n f i d e n c e l o v e l b ut i f the 

m t e r p r e l a t i o n i s r e d u c e d to the 60fo c o n f i d e n c e l e v e l u s e f u l 

c o n c l u s i o n s may be d r a m . At a v e l o c i t y o f 7»5 km/sec the 

maximum d e p t h to t h e bottom o f the cmomaly as a p p r o x i m a t e l y 

J50 km and a minimum d e p t h o f somewhat l e s s t h a n 300 km i s 

s u g g e s t e d . I f the v e l o c i t y i s r e d u c e d to 6.8 km/sec t h e n 

t h e optimum t h i c k n e s s i s l 60 km* a l o w e r l i m i t c a n n o t be 

g i v e n b e c a u s e most r a y s m i s s s u c h a s h a l l o w s t r u c t u r e and a 

maxnmum d e p t h o f a p p r o x i m a t e l y 220 km i s found. 

The o b s e r v e d v a r i a t i o n i n d e l a y time v x t h a z i " i u t h i s 

r e f l e c t e d i n t h a t found f o r the p r o p o s e d model i n t h a L 

Grbup C shows l o w e r d e l a y s t h a n Groups A, E or F and Groups 

E and F show a l a r g e r d e l a y t h a n Group A. A l t h o u g h t h o s e 

v a r i a t i o n s a r e not s i g n i f i c a n t a t t he 60̂ !> c o n f i d e n c e l e v e l 

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

o b s e r v e d d e l a y s . 

I n t e r p r e t a t i o n of Group G i s d i f f i c u l t s i n c e n e i t h e r 

t h e o p t i m i z e d model n o r the e x t r a p o l a t e d model c o v e r t h i s 
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r e g i o n . C a l c u l a t i o n s made f o r the r e g i o n between a z i m u t h s 
o f 90° and 180° i n d i c a t e t h a t the t h e o r e t i c a l d e l a y i n c r e a s e s 
s t e a d i l y w i t h a z i m u t h and the d e l a y f o r Group G- does n o t a p p e a r 
i n c o n s i s t e n t w i t h the model. 

T h i s i n t e r p r e t a t i o n h a s been made a t the 60$ c o n f i d e n c e 

l e v e l and t h u s c o n c l u s i o n s a r e drawn w i t h somewhat l e s s 

c o n f i d e n c e t h a n e a r l i e r i n t e r p r e t a t i o n s made a t t h e 95?° 

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

a c c e p t e d some i m p o r t a n t c o n c l u s i o n s may be drawn 

1. Models w i t h s t e e p l y d i p p i n g b o u n d a r i e s a r e c o n s i s t e n t 

w i t h d e l a v t i m e s w h i c h do n o t v a r y s t r o n g l y w i t h a z i m u t h . 

2. The models d e r i v e d from t e l o ^ e i s m i c s l o w n e s s d a t a 

a r e c o n s i s t e n t w i t h the o b s e r v e d d e l a y time d a t a . 

3. T f on ?vprrige v e l o c i t y o f 7 - 5 k " i / s e c i s assumed f o r 

th e s t r u c t u r e a mnximum de p t h to t he l o w e r i n t e r f a c e i s 

p l a c e d a t 350 km and a v e l o c i t y o f 6.8 kra/scc p r o d u c e s an 

optimum d e p t h o f 160 km. 

h. The l a r g e o b s e r v e d s c a t t e r may be a s c r i b e d , i n p a r t , 

t o t h e s t r u c t u r a l c o m p l e x i t i e s of the upper mantle b e n e a t h 

the r i f t . 

Tr> s e c t i o n 3»3« 3 "t T>»as mentioned t h a t the d e v i a t i o n s 

c a u s e d by the s t r u c t u r e and d i s c u s s e d m t h i s c h a p t e r would 

c a u s e the t h e o r e t i c a l s l o w n e s s t o be i n e r r o r . The maximum 

d e v i a t i o n found Cor the d e l a y s c a l c u l a t e d was 35-3 km w h i c h 

may c a u s e a maxmum e r r o r i n the t h e o r e t i c a l s l o w n e s s o f 

0.15 soc/deg a t a d i s t a n c e of 20° and 0.01 bec/deg a t a 

d i s t a n c e of 100°. 
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CHAPTER 6 

VELOCITY FILTERING LOCAL EARTHQUAKES 

6.1 . I n t r o d u c t i o n 

T h i s chapter w i l l d e s c r i b e attempts made to i d e n t i f y 

a wave which has been r e f l e c t e d o f f the top s u r f a c e of the 

s t r u c t u r e , p o s t u l a t e d i n chapter four, i n the secondary 

a r r i v a l s i n l o c a l earthquake r e c o r d s . The p o s s i b i l i t y t h a t 

such a phase di d not e x i s t or was of such low amplitude as to 

be unrecognizable was a p p r e c i a t e d from the ou t s e t ; f o r 

example, the t r a n s i t i o n between normal and anomalous mantle 

could occur over a d i s t a n c e l a r g e compared w i t h the wave

l e n g t h so that no r e f l e c t i o n s of s i g n i f i c a n t amplitude would 

be produced or the angle of i n c i d e n c e to the s t r u c t u r e could 

be such as to make the r e f l e c t e d amplitude n e g l i g i b l e . I n 

s p i t e of such p o s s i b i l i t i e s the attempt was made because of 

the importance of the data from such a r r i v a l s which when 

combined with the data from f i r s t a r r i v a l s from t e l e s e i s m s 

would enable the s t r u c t u r e to be def i n e d w i t h more confidence. 

6 .2 . I d e n t i f i c a t i o n of the Anomalous Phase 

A wave r e f l e c t e d from the i n t e r f a c e could be i d e n t i f i e d 

by the f o l l o w i n g c h a r a c t e r i s t i c s : 

1. I f the wave i s r e f l e c t e d from a s t r u c t u r e beneath 

the Moho i t must a r r i v e w i t h a v e l o c i t y g r e a t e r than the 

Moho headwave and w i l l be expected to have a v e l o c i t y i n 

excess of 8 km/sec. 

2. A wave r e f l e c t e d from the s t r u c t u r e w i l l a r r i v e w i t h 

an azimuth d i f f e r e n t from t h a t of the f i r s t a r r i v a l which i s 

assumed to have t r a v e l l e d through normal c r u s t a l m a t e r i a l 

( E v e nts w i l l be chosen which a r e l i k e l y to have such f i r s t 

a r r i v a l s ) . 
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Many of the m u l t i p l y r e f l e c t e d and r e f r a c t e d a r r i v a l s 
w i l l have an apparent v e l o c i t y g r e a t e r than 8 km/sec but i f 
they have t r a v e l l e d through normal c r u s t they should a l l 
have the same azimuth as the f i r s t a r r i v a l . Hence the most 
r e l i a b l e i n d i c a t o r of the r e f l e c t i o n was taken to be the 
a r r i v a l a t an azimuth d i f f e r e n t from the primary azimuth; 
as a con f i r m a t i o n the v e l o c i t y would be determined. 

V e l o c i t y F i l t e r i n g 

V e l o c i t y and azimuth f i l t e r i n g techniques ( B i r t i l l and 

Whiteway, 1965; Whiteway, 19*>5) were used to s e a r c h f o r the 

anomalous phase. E s s e n t i a l l y t h i s method i n v o l v e s the 

summation of i n d i v i d u a l seismometer channels a f t e r a p p r o p r i a t e 

d e l a y s have been a p p l i e d corresponding to the assumed v e l o c i t y 

and azimuth of the a r r i v a l . U s u a l l y two p a r t i a l sums are 

c o r r e l a t e d and the maximum i n the c o r r e l a t i o n c o e f f i c i e n t 

provides a r e l i a b l e estimate of the approximate v e l o c i t y and 

azimuth although i t i s s e n s i t i v e to s i g n a l i n t e r f e r e n c e and 

window p o s i t i o n i n g e f f e c t s (King et a l . 1973)• 

The technique was o r i g i n a l l y developed f o r the a n a l y s i s 

of t e l e s e i s m i c s i g n a l s and refinements have, i n g e n e r a l , been 

concerned w i t h the improvement of the r e c o g n i t i o n of such 

s i g n a l s . The VESPA ( V e l o c i t y S p e c t r a l A n a l y s i s ) p r o c e s s 

(Davies et a l , 1971) improved the v e l o c i t y r e s o l u t i o n of an 

event from a known azimuth and a s o p h i s t i c a t e d technique 

d e s c r i b e d by Capon e t a l (1967) e f f e c t i v e l y weighted each 

channel a t d i f f e r e n t f r e q u e n c i e s . 

I t appears t h a t the process has not been so wi d e l y used 

(or so s u c c e s s f u l ? ) i n the a n a l y s i s of l o c a l earthquakes. 

McCamy and Meyer (196*0 attempted to an a l y s e a c r u s t a l 
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r e f r a c t i o n experiment u s i n g v e l o c i t y f i l t e r i n g techniques 

but found a p r o f u s i o n of second a r r i v a l c o r r e l a t i o n s many 

of which could not be e x p l a i n e d . King e t a l (1973) concluded 

t h a t the d e n s i t y of a r r i v a l s f o r events c l o s e r than 30° made 

acc u r a t e r e s o l u t i o n of v e l o c i t y i m p o s s i b l e . 

V e l o c i t y F i l t e r i n g Problems 

L i m i t s Imposed by the Array and Data P r o c e s s i n g F a c i l i t i e s 

I n t h i s s e c t i o n the l i m i t s imposed on the r e s o l u t i o n of 

v e l o c i t y and azimuth by the geometry of the a r r a y and the 

data p r o c e s s i n g c a p a b i l i t y w i l l be a n a l y s e d . I t should be 

emphasized t h a t these l i m i t s are those a p p l i c a b l e to a plane 

wave c r o s s i n g the a r r a y i n the absence of n o i s e and as such 

r e p r e s e n t the b e s t r e s o l u t i o n a v a i l a b l e . 

I t i s n e c e s s a r y as a p r e l i m i n a r y to d e s c r i b e some of 

the data p r o c e s s i n g f a c i l i t i e s , i n so f a r as they are r e l e v a n t 

to t h i s study. 

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

CTL Modular One computer w i t h an 8K 16 b i t word core s t o r e . 

The analogue a r r a y r e c o r d s are f i r s t d i g i t i z e d and s t o r e on 

e i t h e r a fixed-head d i s c ( f o r temporary use) or magnetic tape 

( f o r permanent u s e ) . The d i s c c o n t a i n s twelve f i x e d l e n g t h 

f i l e s each of which provides space f o r approximately f o u r t e e n 

seconds of r e c o r d d i g i t i z e d a t 50 samples/second (or 

correspondingly more or l e s s a t d i f f e r e n t sampling r a t e s ) 

c o n s i s t i n g of ten seismometer channels and one b i n a r y time code. 

The e x e c u t i v e , compiler and f i l t e r s (programs) are 

w i t h i n core s t o r e and the remaining room i s a l l o c a t e d to the 

storage of data i n time s e r i e s c h a nnels. Bach of the 
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seismograms i s a l l o c a t e d a time s e r i e s channel and the process 

of v e l o c i t y f i l t e r i n g r e q u i r e s t h a t p o s i t i v e or n e g a t i v e 

d e l a y s are a p p l i e d to these channels. Consequently i t i s 

n e c e s s a r y to have s u f f i c i e n t samples i n s t o r e a t a given time 

to allow the n e c e s s a r y d e l a y s to be a p p l i e d . I t i s c l e a r 

t h a t the number of samples r e q u i r e d to be s t o r e d i s d i r e c t l y 

p r o p o r t i o n a l to the d i g i t i z a t i o n r a t e . 

I t was found that f o r g e n e r a l use a r a t e of 50 samples/ 

second allowed s u f f i c i e n t f l e x i b i l i t y of o p e r a t i o n and t h a t 

100 samples/second could be accommodated w i t h some d i f f i c u l t y ; 

any higher r a t e was not p r a c t i c a b l e . 

I n the r o u t i n e s a v a i l a b l e on the computer a t the time 

of w r i t i n g no i n t e r p o l a t i o n i s allowed between samples so 

t h a t d e l a y s are a p p l i e d to the n e a r e s t d i g i t . 

I f a wave c r o s s e s an a r r a y with v e l o c i t y V from azimuth 

* ( f i g . 1 . * t . ) then the a r r i v a l time a t a seismometer a t 

( x ^ , ^ ) r e l a t i v e to a zero time a t the o r i g i n i s 

t = (X^.smC* + y^.cosoC) 
V 

(Carpenter, 1966). 

I f the sexsmogram i s d i g i t i z e d a t S samples/second the 

wave w i l l a r r i v e a t the s t a t i o n a t sample n where 

n' = t x S 

= - ( X ^ s i n o i + y i . c o s o c ) . S 6 - ( i ) 
V 

and n i s the d i g i t n e a r e s t n'• A q u a n t i t y of importance i s 

the r a t e a t which these d i g i t s change f o r each seismometer 

or more p r e c i s e l y the r e l a t i v e r a t e a t which they change f o r 
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e i t h e r a change i n v e l o c i t y or azimuth. T h i s i s given by 

ilv) = ( x i ' s i n * + yi' c°s« ) . s 6 - ( n ) 
v 2 

f o r a f i x e d azimuth; s i m i l a r l y 

(X, . s i n o t + y . c o s o t ) . S 6 - ( i i i ) 
\ * A f - i ^ ± 

f o r a f i x e d v e l o c i t y . 

These equations enable the s e n s i t i v i t y of the a r r a y , to 

changes i n both v e l o c i t y and azimuth, to be determined f o r 

any v e l o c i t y and azimuth. As examples Fig. 6.1. shows the 

v a r i a t i o n of ( ^ j ^ w i t h v e l o c i t y f o r an azimuth of 180° and 

F i g . 6 .2 . shows the v a r i a t i o n of w i t h azimuth f o r a 

v e l o c i t y of 8 km/sec; both are c a l c u l a t e d f o r a d i g i t i z a t i o n 

r a t e of 25 samples/second. 

Fig. 6.1. enables the response i n changes of v e l o c i t y to 

be determined; i t shows t h a t the g r a d i e n t s f o r the yellow 

l i n e are approximately equal throughout the v e l o c i t y range 

considered i n d i c a t i n g t h a t the same samples are used to 

c a l c u l a t e the c o r r e l a t i o n a t 6 km/sec as a t 9 km/sec. The 

red l i n e i n d i c a t e s a much l a r g e r v a r i e t y of g r a d i e n t s and 

thus the samples change much more r a p i d l y w i t h v e l o c i t y . 

I t may be concluded t h a t f o r a maximum v a r i a t i o n i n samples 

as wide a v a r i e t y of g r a d i e n t s as p o s s i b l e i s r e q u i r e d . 

Thus s i m i l a r graphs at d i f f e r e n t azimuths show t h a t events 

from the south-east and north-west provide a maximum v a r i a t i o n 

w h ile events from the n o r t h - e a s t and south-west provide a 

minimum v a r i a t i o n . 

F i g . 6 . 2 . shows t h a t i f a d e termination of azimuth i s 

r e q u i r e d the a r r a y i s most s e n s i t i v e to a r r i v a l s from the 



F i g u r e 6,1 

P l o t o f ( ^ ) » m u n i t s ol s a m p l e s p e r km/sec, a g a i n s t 

v e l o c i t y a t an a z i m u t h o f 180° f o r the s e i s m o m e t e r s o f 

t h e a r r a y . 
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F i g u r e 6.2 

P l o t o f • i n t h e u n i t s o f s a m p l e s / r a d i a n , a g a i n s t 

a z i m u t h f o r a v e l o c i t y o f 8 km/sec f o r the s e i s m o m e t e r s 

o f the a r r a y . 
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n o r t h - e a s t and s o u t h - w e s t and most i n s e n s i t i v e t o a r r i v a l s 

f r om t h e n o r t h - w e s t and s o u t h - e a s t . 

T h i s method o f d e s c r i b i n g t h e r e s p o n s e o f an a r r a y i s 

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

remote t e m p o r a r y a r r a y s u c h a s K a p t a g a t where i t i s d i f f i c u l t 

t o m a i n t a i n t h e equipment t o a h i g h s t a n d a r d . E s s e n t i a l l y , 

one i s f a c e d w i t h an a r r a y whose p r o p e r t i e s a r e f r e q u e n t l y 

v a r y i n g and a f a i r l y r a p i d method o f d e t e r m i n i n g t h e 

u s e f u l l n e s s o f a p a r t i c u l a r a r r a y c o n f i g u r a t i o n f o r a 

p a r t i c u l a r e v e n t i s r e q u i r e d . The two groups o f c u r v e s may 

be g e n e r a t e d and p l o t t e d v e r y r a p i d l y by computer and t h e 

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

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

The d i a g r a m s may a l s o be u s e d to d e t e r m i n e a minimum 

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

to d e t e r m i n e t h e maximum r e s o l u t i o n g i v e n a maximum s a m p l i n g 

r a t e a s s u m i n g no i n t e r p o l a t i o n between s a m p l e s . F o r example, 

c o n s i d e r an a r r i v a l from 180° w i t h v e l o c i t y 8 km/sec; t h e 

m T a b l e 6.1. f o r a v a r i e t y o f s a m p l i n g r a t e s . S i n c e d e l a y s 

a r e a p p l i e d o n l y t o t h e n e a r e s t s ample, a sample number h a s 

to change by a whole u n i t b e f o r e a new sample w i l l on a v e r a g e 

be t a k e n . I f , a s an a p p r o x i m a t i o n , t h e g r a d i e n t s a r e t a k e n 

a s l i n e a r , t h r e e s e i s m o m e t e r s w i l l change t h e i r s a m p l e s on 

g o i n g from 8 km/sec t o 9 km/sec o r from 7 km/sec t o 8 km/sec 

f o r a s a m p l i n g r a t e o f 25 s a m p l e s / s e c o n d so t h a t f o r a 

r e s o l u t i o n o f (8.0 - 1.0) km/sec t h e a r r a y i s o p e r a t i n g on 

t h r e e s e i s m o m e t e r s . A t 50 s a m p l e s / s e c o n d t h e o p e r a t i o n i s on 

f o u r s e i s m o m e t e r s , a t 100 s a m p l e s / s e c o n d on 5 and a t 500 

s a m p l e s / s e c o n d on 7. 

g r a d i e n t s f o r e a c h o f t he s e i s m o m e t e r s a r e shown 



Table 6.1 

V a l u e s o f (3n/t)v).< a t ^ k i i / s e c ^nc'- lo0° a a . j i n u t h . 

( 3 n / 3 v ) f l t - ( s a m p l e s / ( km/s e c ) )_ 

&r>j snio'iif t c r i n g r a t e ' p a i p l e s / ^ e o ) 

2 5 30 i o n 

JO ( . JO ("1. (so 1. '() ('. 
P2 O.36 1.12 ->.23 1 1 . 3 7 
i O 1.20 P.kl k.Sl 2b.06 

1 i|6 2.9^ 5.8^ 29.22 
i<5 °.03 i*.of> f L, ii0.6? 

v i -0.07 -0.13 -o.,n6 - 1.33 
Y? 0.00 0.00 0.00 0.00 
1'3 -0.01 -0.02 -0.05 - 0 23 
Yk 0.00 0.01 0.02 O.Oi 
Y5 0.10 0.20 0.3') I.05 
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5.4.2. The A r r a y R e s p o n s e i n t h e P r e s e n c e o f I n c o h e r e n t N o i s e 

The r e s p o n s e o f the a r r a y i n the p r e s e n c e o f i n c o h e r e n t 

n o i s e i s c o n s i d e r e d m Appendix C where i t i s shown t h a t i f 

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

and summing w i l l on a v e r a g e improve t h e s i g n a l t o n o i s e 

r a t i o by a f a c t o r ,/n. 

5.4.3* The A r r a y R e s p o n s e m t h e P r e s e n c e o f C o h e r e n t N o i s e 

I f an a r r a y i s t uned to v e l o c i t y V and a z i m u t h OC , 

d e n o t e d h e r e by (V, c< ) , t h e n any s i g n a l (V , ot ) may be 

d e f i n e d a s c o h e r e n t n o i s e . The e f f e c t o f c o h e r e n t n o i s e 

h a s been a n a l y s e d f o r v a r i o u s a r r a y g e o m e t r i e s by B i r t i l l 

and Whiteway ( l Q 6 5 ) . T h e y assume an a r r a y i s t u n e d t o an 

a r r i v a l (V, c< ) and c a l c u l a t e how t h e a r r a y r e s p o n d s t o an 

a r r i v a l (V,o< ; and an a r r a y r e s p o n s e d i a g r a m i s c a l c u l a t e d 

f o r t h e s p a c o d e f i n e d by V and oi . i t may be n o t e d t h a t 

the i n f o r m a t i o n c o n t a i n e d i n t h i s a n a l y s i s i s e x a c t l y 

e q u i v a l e n t t o t h a t g i v e n m s e c t i o n 6.4.1. a l t h o u g h i n a 

d i f f e r e n t form. I f a s i g n a l (V, of ) o c c u r s i n a r e g i o n w i t h 
I'd* \ 

a l a r g e v a r i a t i o n o f VSv'rf a n t * \'3oi/v * n e a r r a v w i l l 

go r a p i d l y out o f tune w i t h c h a n g e s i n V o r ot ( a l t h o u g h t h i s 

r e s p o n s e i s dependent o n l y on t h e magnitude o f t h e p h a s e 

s h i f t ) . 

The a r r a y r e s p o n s e depends on the method o f c o r r e l a t i o n 

u s e d ; two t e c h n i q u e s were c o n s i d e r e d and t h e o r e t i c a l r e s p o n s e s 

a r e d e r i v e d i n Appendix C and i l l u s t r a t e d i n F i g s . 6 . 3 . and 

6.4. f o r t h e K a p t a g a t a r r a y . F i g . 6 . 3 ^ shows t h e r e s p o n s e 

o f summing the r e d and y e l l o w l i n e s and s q u a r i n g t h e r e s u l t a n t 

and F i g . 6 . 4 . shows t h e r e s p o n s e o f t a k i n g t h e 

p r o d u c t o f t h e summed r e d and y e l l o w l i n e s (]£R 2"^) • T h e 



F i g u r e 6.3 

C o n t o u r e d p l o t o f t he r e s p o n s e o f the a r r a y , r e l a t i v e 

t o u n i t y f o r the i n - p h a s e c o n d i t i o n , a s a f u n c t i o n o f 

v e l o c i t y and a z i m u t h ; t h e r e s p o n s e i s found by a d d i n g 

t h e summed r o d and y e l l o w l i n o s - ( I K + 2 Y ) . The r a d i a l 

component i s l i n e a r i n wavenumber and the numbers 

shown a r e the e q u i v a l e n t v e l o c i t i e s ( i n km/sec) 

a s s u m i n g a f r e q u e n c y o f k Hz. 



180 



F i g u r e 6.k 

C o n t o u r e d p l o t o f t he r e s p o n s e o f the a r r a y found by 

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

(ZR.5lY)« D e t a i l s a r e a s g i v e n i n F i g . 6. J. 



180 
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c o n t o u r s show t h e r e s p o n s e r e l a t i v e to u n i t y f o r t h e i n phase 
c o n d i t i o n ( i . e . i n f i n i t e v e l o c i t y ) . The e f f e c t o f c o h e r e n t 
n o i s e i s most e a s i l y c a l c u l a t e d by a l g e b r a i n w a v e v e c t o r (K) 
s p a c e and t h e r a d i a l d i s t a n c e o f the p l o t i s t h u s l i n e a r i n 
K ( d e t a i l s o f t h i s p r o c e d u r e a r e g i v e n i n Appendix C ) . F o r 
a f u l l r e p r e s e n t a t i o n o f the r e s p o n s e o f t h e a r r a y i t i s 
n e c e s s a r y t o i n c l u d e t h e dependence on f r e q u e n c y , e f f e c t i v e l y 
a s a t h i r d d i m e n s i o n i n t h e p l o t ; i n t h e p r e s e n t c a s e t h e 
a v e r a g e f r e q u e n c y o f l o c a l a r r i v a l s a t K a p t a g a t was found t o 
be a p p r o x i m a t e l y k Hz and t h i s f r e q u e n c y was u s e d to c a l c u l a t e 
th e r e s p o n s e s shown. 

I n c o m p a r i s o n w i t h t h e s t a n d a r d p l o t s o f B i r t i l l and 

Whiteway t h e s e c o n t o u r s a p p e a r somewhat uneven b u t i t must 

be remembered t h a t t h e s e d i a g r a m s r e p r e s e n t t h e r e s p o n s e o f 

a r e a l a r r a y \ * i t h s e i s m o m e t e r s n o t e q u a l l y s p a c e d o r i n e x a c t 

g e o m e t r i c p a t t e r n s . I t c a n a l s o be s e e n t h a t i n g e n e r a l the 

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

c o h e r e n t n o i s e on a v e r a g e t h a n t h e s t r a i g h t summation so t h a t 

t h i s t e c h n i q u e was a l w a y s u s e d . 

.k.k. I n t e r f e r e n c e P r o b l e m s 

M a ^ a i r e (197*0 n a s i n v e s t i g a t e d t h e e x p e c t e d d e n s i t y 

o f a r r i v a l s a t K a p t a g a t from l o c a l e a r t h q u a k e s u s i n g a 

s y n t h e t i c seisinogram program. He found t h a t , f o r an e v e n t 

a t d i s t a n c e 55 km, s i x t y a r r i v a l s o c c u r e d w i t h i n t h e f i r s t 

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

magnitude a r e c o n s i d e r e d . The a p p a r e n t v e l o c i t i e s v a r i e d 

from 3«^7 km/sec to 13*57 km/sec and P,S and mode c o n v e r s i o n s 

were c o n s i d e r e d . C o n s e q u e n t l y the problem o f i n t e r f e r e n c e 

i s q u i t e s e r i o u s a f t e r t h e f i r s t a r r i v a l . W h i l e a d e t a i l e d 
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t r e a t m e n t o f t h i s p r o b l e m r e q u i r e s a knowledge o f the 

i n t e r f e r i n g wave forms and t h e i r a r r i v a l t i m e s , a very-

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

a r r i v a l s c a n p r o d u c e anomalous r e s u l t s . 

C o n s i d e r two waves p r o p a g a t i n g a c r o s s the a r r a y w i t h 

the same a n g u l a r f r e q u e n c y w b u t w i t h two d i f f e r e n t wave 

v e c t o r s k^ and kg w i t h phase d i f f e r e n c e ^ ; to i l l u s t r a t e 

t h e p r i n c i p l e s o f t h e problem t h e y w i l l be assumed t o be 

r e p r e s e n t e d by e q u a l a m p l i t u d e s i n u s o i d s . ( A l t h o u g h a r r i v a l s 

w i l l a p p e a r w i t h d i f f e r i n g f r e q u e n c y c o n t e n t due to p a t h 

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

v a r i a t i o n m a p p a r e n t v e l o c i t y , hence i n t e r f e r e n c e e f f e c t s 

i n s p a c e a r e o f more i m p o r t a n c e t h a n t h o s e i n t i m e . ) The 

d i s p l a c e m e n t s a r e g i v e n by 

y^ = a . s i n (wt - . r ) 

y 2 = a . s i n (wt - k g . r ) 

and t h u s t h e r e s u l t i n g d i s p l a c e m e n t , Y, i s g i v e n by 

Y = y± * y 2 

= 2 a . s i n (wt - i ( k + k ~ ) . r + £)»cos(-l(k - k _ ) . r + ^ ) 
2 1 2 2 1 2 

6 - ( i v ) 

I f t h e most l i k e l y c a s e o f two waves w i t h d i f f e r i n g 

v e l o c i t i e s b u t the same a z i m u t h i s c o n s i d e r e d t h e n the f i r s t 

t e r m i n e q u a t i o n 6 - ( i v ) r e p r e s e n t s a wave t r a v e l l i n g i n t h e 

same d i r e c t i o n a s t h e i n i t i a l d i s t u r b a n c e s b u t w i t h wave 

v e c t o r k^ where 

| k 3 | = | ( I k J + |k 2| ) 

The s e c o n d term r e p r e s e n t s t h e i n t e r f e r e n c e e f f e c t and i s 

i n d e p e n d e n t o f t i m e . I f t h e w a v e l e n g t h o f the i n t e r f e r e n c e 

p a t t e r n i s l a r g e compared w i t h t h e d i m e n s i o n s o f t h e a r r a y 
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t h e n i t s e f f e c t i s n e g l i g i b l e . T a b l e 6.2. l i s t s t h e 
w a v e l e n g t h o f t h e i n t e r f e r e n c e p a t t e r n a s s o c i a t e d w i t h t h e 
two g i v e n v e l o c i t i e s and i t c a n be s e e n t h a t , f o r example, 
t h e i n t e r f e r e n c e o f an a r r i v a l w i t h v e l o c i t y 15 km/sec w i t h 
one o f 5 km/sec p r o d u c e s an i n t e r f e r e n c e w a v e l e n g t h o f 3«7 km. 
I t i s p o s s i b l e t h a t the v e l o c i t y f i l t e r i n g p r o c e s s c o u l d 
c o r r e l a t e t h e i n t e r f e r e n c e e n v e l o p e r a t h e r t h a n the i n d i v i d u a l 
a r r i v a l s and p r o d u c e a h i g h c o r r e l a t i o n a t an anomalous 
v e l o c i t y . However, s i n c e t h e i n t e r f e r e n c e p a t t e r n p r o p a g a t e s 
i n t h e same d i r e c t i o n a s t h a t o f the i n t e r f e r i n g waves t h i s 
w i l l n o t l e a d to an anomalous a z i m u t h . 

I f two waves w i t h d i f f e r i n g v e l o c i t i e s and a z i m u t h s a r e 

c o n s i d e r e d the r e s u l t i n g v a v e v e c t o r k^ w i l l be g i v e n by 

k 3 = I ( k x + k 2 ) 

and n e c e s s a r i l y |k^| < 1 ( j k ^ J + ) k 2 ) ) . The r e s u l t i n g wave 

t h u s p r o p a g a t e s w i t h a new v e l o c i t y and a z i m u t h and moreover 

t h e second term means t h a t the i n t e r f e r e n c e p a t t e r n i s 

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

above c o u l d l e a d n o t o n l y to a s p u r i o u s v e l o c i t y b u t a l s o 

a s p u r i o u s a z i m u t h . 

T h i s a n a l y s i s h a s b e e n a t a v e r y s i m p l e l e v e l b u t h a s 

s e r v e d t o i l l u s t r a t e two i m p o r t a n t p o i n t s . F i r s t , waves 

from the same a z i m u t h c a n i n t e r f e r e and p r o d u c e anomalous 

v e l o c i t i e s b u t n o t anomalous a z i m u t h s . S e c o n d l y , waves 

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

v e l o c i t i e s and a z i m u t h s . 

5. 

5-1. 

E v e n t S e l e c t i o n and P r o c e s s i n g T e c h n i q u e 

C h o i c e o f E v e n t s 

An a n a l y s i s o f s e i s m i c i t y a s s o c i a t e d w i t h t h e E a s t e r n and 



Tab Ie 6.2 

tJ.tve J c Lh n f Lhu I n t e r T f r e n c r P a L t c r n \,y two h a v e s 

wj-f-h V e l o c i t i e s V, and v 
1 < 

V ^ km/ s e c ^ 

5.0 

V 0(ki„/ t oec) 8.0 

10.0 

15.0 

10.0 15.0 

r>. r. ? 9.0° 5.00 
I f . . 67 ).00 

20.00 ^. J3 

14.29 
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Western R i f t has been c a r r i e d out, at the same time as t h i s 

study, by Arnold u s i n g the a r r a y a t Kaptagat and F i g s . 6 . 5 . 

and 6.6. i n d i c a t e the l o c a t i o n s of l o c a l earthquakes recorded 

at Kaptagat between 10.3.71 and 14.11.71. As the v e l o c i t y 

and azimuth of these events had been p r e v i o u s l y obtained by 

onset time a n a l y s i s , the events to be processed were chosen 

from these. 

A p r e l i m i n a r y examination of a number of events from 

v a r i o u s azimuths and d i s t a n c e s u s i n g the methods d e s c r i b e d 

i n s e c t i o n 6.5*2. was made to i n d i c a t e the s o r t of c o r r e l a t i o n s 

produced. I t was found t h a t events more d i s t a n t than 100 km 

d i d not i n d i c a t e any s i g n i f i c a n t high v e l o c i t y second a r r i v a l s 

a t anomalous azimuths. The events from the Kavirondo R i f t 

were s e l e c t e d f o r a n a l y s i s f o r two r e a s o n s . F i r s t , the 

f i r s t a r r i v a l s are c o n s i s t e n t with the c r u s t a l model f o r 

r e g i o n s of normal c r u s t proposed by Maguire and Long ( 1 9 7 5 ) 

(Arnold - p e r s o n a l communication) and thus appear to have 

t r a v e l l e d through normal c r u s t . Secondly, events from t h i s 

r e g i o n provide a reasonable v a r i a t i o n of d i s t a n c e and 

azimuth and thus the i n t e r f e r e n c e e f f e c t s d e s c r i b e d i n 

s e c t i o n 6,k.k* may be expected to v a r y so t h a t any c o n s i s t e n t l y 

anomalous a r r i v a l s cannot be a s c r i b e d to i n t e r f e r e n c e . 

On examining the r e c o r d s many of the events were 

r e j e c t e d as u n s u i t a b l e e i t h e r because of a high n o i s e l e v e l 

or more u s u a l l y because of s a t u r a t i o n throughout the r e l e v a n t 

p a r t of the r e c o r d . Those which were s u i t a b l e are l i s t e d 

i n Table 6.3* and t h e i r l o c a t i o n s shown i n F i g . 6 . 7 • The 

d i s t a n c e and azimuth are determined to w i t h i n a standard e r r o r 

of 2 km on e p i c e n t r a l d i s t a n c e and 2° on azimuth; f o c a l depths 

where given or not queried, are a c c u r a t e to w i t h i n a standard 



F i g u r e 6.5 

L o c a t i o n s of a l l earthquakes analysed a t Kaptagat 

by Arnold. 
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F i g u r e 6.6 

L o c a t i o n s of earthquakes from the r e g i o n of the 

Kavirond© G u l f analysed by Arnold. 
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F i g u r e 6.7 

L o c a t i o n s of the twelve earthquakes analysed by 

v e l o c i t y f i l t e r i n g techniques. 
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i'ab I e 6.3 

L o c a l e a r t h q u a k e s u s t ? J i n S e c o n d A r r i v a l A n a l y s i s . 

F i r s t A r r i v a l 

L v e n t No. V e l o c i t y A z i m u t h l a t . L o n g , d i s t a n c e ' r o c a i ^p;il-h 
( k m / s e c ) ( d e c r e e s ( d e g r e e s ) (km) 

1 6.3- 198.7 0 . 0 3 3 - 35.29/ir 57.1 5 

2 6. k 8 20*'. 5 0 , 0 3ON J 3 . 2 8 7 F 5 0 . 7 5 
ri 
-J 

6.U2 '05. 9 0.143s 33•3 73E 73-6 5 

k 6 .12 207 . 2 0 . 0 L 7 S J5.22 .V, 38.5 5 

5 6. Zi 7 1 9 0 . 7 0.027,4 3 5 • 33^-- z*9.3 LS 

6 6.'i7 ? 0 J . S 0 . 0 4 0 N 35.2^OL 30.0 ? 

203-9 U . 0 0 2 S 35-19'-" 6 7 . 1 0 

6.ii9 2 0 ^ . 1 o . o y ^ ^5- 3 'OIL 43.1 ? 

9 7 . 0 0 2 0 . , . 0 0 . 0 6 6 c 33.39bL ki. J ? 

10 6.36 2 0 4 . -J O.OUDb 35.23fi: 39.9 c 
J 

11 6.60 Lf-r . 7 0 . 0 2 3 5 i f ) . 3.10^ 53.5 18 

12 7 .0C I S c i . j 0 . 0 5 J 0 5 7 . 1 23 
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e r r o r of 1 km (Arnold - p e r s o n a l communication). G e n e r a l l y , 
these events are w e l l recorded and s a t u r a t i o n i s v e r y s l i g h t 
although there are s t i l l q u i t e c o n s i d e r a b l e v a r i a t i o n s i n the 
q u a l i t y of the r e c o r d s . 

P r o c e s s i n g Technique 

The methods used w i l l be i l l u s t r a t e d w i t h r e f e r e n c e to 

event number one. Seven channels were ope r a t i n g when 

recorded and the seismograms and time code are i l l u s t r a t e d 

i n F i g . 6 . 8 . 

Once an event had been s e l e c t e d f o r p r o c e s s i n g i t was 

d i g i t i z e d a t 25 samples/second and a u t o m a t i c a l l y captured 

onto d i s c w i t h one second of n o i s e before the f i r s t a r r i v a l . 

A f t e r checking t h a t the d i g i t i z a t i o n had been c o r r e c t the 

event was permanently s t o r e d on tape. The process was 

repeated a t d i g i t i z a t i o n r a t e s of 50 suid 100 samples/second. 

I f a seismometer channel was o b v i o u s l y not o p e r a t i n g c o r r e c t l y 

the input was put to z e r o v o l t s and thus a l l tape f i l e s 

c o n s i s t e d of the same format of ten channels p l u s one time 

code r e g a r d l e s s of the number of channels o p e r a t i n g . I n 

c a s e s where the n o i s e l e v e l was s i g n i f i c a n t the automatic 

c a p t u r i n g p r o c e s s was often t r i g g e r e d by n o i s e i n which case 

a v e r y t i g h t frequency f i l t e r was used on the t e s t channel 

to exclude the n o i s e although i n a l l c a s e s the u n f i l t e r e d 

r e c o r d was d i g i t i z e d and recorded. 

The v e l o c i t y f i l t e r i n g was performed using the program 

l i s t e d . E s s e n t i a l l y the y e l l o w and r e d l i n e were delayed, 

summed and m u l t i p l i e d . The c o r r e l a t i o n was then i n t e g r a t e d 

over a window of 0.2 sec; t h i s corresponds to approximately 

a wavelength and was found by t r i a l and e r r o r to give the 



F i g u r e 6.8 

Seismograms of the seven operating seismometers f o r 

event number one; a l s o shown i s the b i n a r y time code 

i n d i c a t i n g second markers. 
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s h a r p e s t response f o r second a r r i v a l s . The c o r r e l a t i o n s 
were d i s p l a y e d u s i n g a Hewlett-Packard x-y p l o t t e r . 

The c o r r e l a t i o n f u n c t i o n was c a l c u l a t e d f o r the event, 

u s i n g a sampling r a t e of 50 samples/second, a t a v e l o c i t y 

of 8 km/sec f o r azimuths between 0° and 360° i n steps of 2° 

and d i s p l a y e d on the p l o t t e r . A sh o r t s e c t i o n of such a 

r e c o r d i s i l l u s t r a t e d i n Fig.6.9. The c o r r e l a t i o n f u n c t i o n 

\iras then c a l c u l a t e d and d i s p l a y e d f o r the f i r s t a r r i v a l 

azimuth ( a s c a l c u l a t e d by onset time a n a l y s i s ) between 

v e l o c i t i e s of 5«0 and 10.0 km/sec (Fig.6.10.) i n order to 

compare the two techniques and ensure that the d i g i t a l r e c o r d 

i s c o r r e c t (Fig.6.11. shows the height of the f i r s t a r r i v a l 

c o r r e l a t i o n a g a i n s t v e l o c i t y ) . 

The azimuth sweep was then analysed; the maximum 

amplitude of the peak was used as the q u a l i t y of the 

c o r r e l a t i o n (King e t a l , 1973) and thus the v a r i o u s c o r r e l a t i o n s 

at anomalous azimuths were i n v e s t i g a t e d . One example i s 

shown i n Fig,6.9. where the shaded p o r t i o n i s the a r r i v a l 

under c o n s i d e r a t i o n . Fig.5.12. shows the p l o t of c o r r e l a t i o n 

a g a i n s t azimuth and a c l e a r peak i s observed between 120° 

and l40°. 

The r e c o r d s were now v e l o c i t y f i l t e r e d at t h i s second 

a r r i v a l azimuth between v e l o c i t i e s of 5*0 km/sec and 10.0 km/sec. 

On the v a s t m a j o r i t y of o c c a s i o n s these a r r i v a l s gave a high 

c o r r e l a t i o n a t low v e l o c i t i e s but o c c a s i o n a l l y the peak 

c o r r e l a t e d a t a high v e l o c i t y as i s shown f o r the peak 

i l l u s t r a t e d i n Fig.6.13. 
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F i g u r e 6.9 

C o r r e l a t i o n a c r o s s the r e c o r d as a f u n c t i o n of 

azimuth at a v e l o c i t y of 8 km/sec. The shaded 

r e g i o n i n d i c a t e s a high c o r r e l a t i o n of the typ 

a n a l y s e d . 
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F i g u r e 6.10 

C o r r e l a t i o n a c r o s s the r e c o r d as a f u n c t i o n of 

v e l o c i t y at the f i r s t a r r i v a l azimuth. Region 

shaded shows the c o r r e l a t i o n of the f i r s t 

a r r i v a l azimuth. 
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F i g u r e 6.11 

P l o t of amplitude of c o r r e l a t i o n of f i r s t a r r i v a l 

a g a i n s t v e l o c i t y - the c o r r e l a t i o n i s shown 111 

F i g . 6.10. 
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F i g u r e 6.12 

P l o t of amplxtude of c o r r e l a t i o n of second a r r i v a l 

shown i n F i g . 6.9 a g a i n s t azimuth. 
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F i g u r e 6.13 

P l o t of amplitude of second a r r i v a l c o r r e l a t i o n 

a g a i n s t v e l o c i t y . 
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R e s u l t s 

The events l a s t e d i n Table 6.3. were a n a l y s e d u s i n g the 

method d e s c r i b e d i n the previous s e c t i o n . G e n e r a l l y high 

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

of the f i r s t a r r i v a l were found to have low v e l o c i t i e s . These 

a r r i v a l s are c o n sidered to be e q u i v a l e n t to those found at 

the Eskdalemuir a r r a y by Key (1968) and e x p l a i n e d t h e o r e t i c a l l y 

by Hudson (1968). A plane compressional wave r e f l e c t e d from 

a sharp boundary w i l l be r e f l e c t e d , u s u a l l y , as a compressional 

and shear wave but i f the wave i s i n c i d e n t a t an i r r e g u l a r 

boundary s u r f a c e waves, i n a d d i t i o n to the compressional and 

shear waves, w i l l be generated. I f such a d i s c o n t i n u i t y 

occurs near the a r r a y s u r f a c e waves may a r r i v e w i t h i n the P 

coda and w i l l e x h i b i t a low v e l o c i t y and an anomalous azimuth, 

( i t may be mentioned t h a t these a r r i v a l s w i l l complicate the 

i n t e r f e r e n c e e f f e c t s a l r e a d y d e s c r i b e d even f u r t h e r . ) 

O c c a s i o n a l l y , however, a w e l l d e f i n e d high v e l o c i t y 

a r r i v a l was found as i l l u s t r a t e d i n the previous s e c t i o n . 

U s u a l l y the a r r i v a l c o r r e l a t e d w e l l at 8 kn/sec and r e t a i n e d 

a high c o r r e l a t i o n f o r a l l h i g h e r v e l o c i t i e s as would be 

expected from the e a r l i e r d i s c u s s i o n of the c o n t r o l of the 

a r r a y r e s o l u t i o n by the sampling r a t e . 

The high v e l o c i t y a r r i v a l s found i n the group are 

summarized i n Table 6.k. The events are c l a s s i f i e d as good, 

f a i r or poor; g e n e r a l l y tho q u a l i t y r e f e r s to the s i g n a l to 

n o i s e r a t i o found on the record and to s a t u r a t i o n . Poor 

q u a l i t y r e c o r d s are u s u a l l y caused by s a t u r a t i o n m pa r t of 

the r e c o r d ; s a t u r a t i o n s e r i o u s l y e f f e c t e d the q u a l i t y of 

c o r r e l a t i o n s at the f i r s t a r r i v a l azimuth throughout the r e c o r d 



T a b l e G.k 

v e n t i\io. Q u a l i t y of r e c o r d Sunniciry o f h i j h v e l o c a l y second 

a r r i v a l da r a . 

Good Group of a r n v a l s o l hi;_h v e l o c i try 
( ft.n) d L 1J0° a z i n i i M b ' etwee.' 6.0 
and 6. fj s i j c i i i r J s \ f t e r I i r s t r u - r i v n i 

Good Second a r r i v a l n f h i ^ h v e ] oc: t v o 
a t 1T0 a z i m u t h 6 O s e c o n d s a f t e r 
t i r s t a r r a v a l 

Good Second a r r i v a l o f h1yh v e l o c i t y 
a t 110 a z i m u t h 6.0 s e c o n d s a f t e r 
f i r s t a r r i v a l 

| 5oor -\o o b s e r v e d second a r i a v a l s . 

Good No o b s e r v e d s t c o n d a r r i v a . ] s. 

6 

7 

Poor ,ro n b s o r v e d second a r r i v a l s . 

P o o r - sone s a t u r a t i o n No o b s e r v e d second a r r i v a l s . 

p o o r - s o m e s a t u r a t i o n A hj»h v e l o c i t y a r r i v a l a t 10 
a r i i i u u t h 

j Joor No o b s e r v e d second a r r i v a l . 

10 P a i r A h i f h v e l o c i L y a r r i v a l a t 
V> a z j m u t h , 3.0 s e c o n d s a f t e r 
t h e f i r s t a r i L V d l . 

11 Poor A l n ^ l i v e ] oc] tv a r r i v a l a t fik 
a z i m u t h a t 2.6 ^ c c o n a s a f t e r f ] r s t 
a r r i v a l . 

12 Poor No second a r r L v a l found. 
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and thus the a r r x v a l s f o r events 8 and 11 are consxdered 
dubious. 

I t can be seen that the only r e l i a b l e events showing 

high v e l o c i t y second a r r i v a l s are numbers 1, 2, 3 and 10 and 

only the f i r s t three can be taken as i n d i c a t i n g a c o n s i s t e n t 

a r r i v a l . I t should be added that these events, together 

w i t h number 5» were the c l e a r e s t and l e a s t n o i s y of a l l those 

a n a l y s e d and I t i s p o s s i b l e t h a t the s e a r c h f o r these anomalous 

phases f a i l e d simply because of the q u a l i t y of the r e c o r d s 

a v a i l a b l e . 

D i s c u s s i o n 

Although the s e a r c h f o r t h i s a r r i v a l has not been 

s u c c e s s f u l i t i s important to t r y to determine what the 

a r r i v a l s i n events 1, 2 and 3 are and to see i f anything can 

be s a i d of the s t r u c t u r e i n the absence of these a r r i v a l s . 

I t i s p o s s i b l e t h a t the anomalous a r r i v a l s of the f i r s t 

t h r e e events are not caused by a r e f l e c t i o n o f f the s u r f a c e 

but Irom other s o u r c e s . One p o s s i b i l i t y i s t h a t they are 

produced as an i n t e r f e r e n c e e f f e c t between a normal second 

a r r i v a l and a l o c a l l y generated s u r f a c e wave or the anomalous 

a r r i v a l under c o n s i d e r a t i o n . Although t h i s may account f o r 

events 8, 10 or 11 i t i s u n l i k e l y to have e f f e c t e d the three 

events i n such a c o n s i s t e n t manner when the v a r i a t i o n i n 

azimuth and d i s t a n c e are c o n s i d e r e d . 

A second p o s s i b i l i t y i s t h a t these c o r r e l a t i o n s are 

m a n i f e s t a t i o n s of a l a r g e amplitude second a r r i v a l a t the 

f i r s t a r r i v a l azimuth which causes a s i d e lobe response i n 

the a r r a y at t h i s p a r t i c u l a r v e l o c i t y and azimuth. The 

expected second a r r i v a l sequence was c a l c u l a t e d u s i n g the 
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c r u s t a l s t r u c t u r e of Maguire and Long (1975) and the l o c a t i o n s 

of Arnold (Table 6.3.). I t i s found that the Mono r e f l e c t i o n , 

P , i s expected a t approximately s i x seconds a f t e r the f i r s t 

a r r i v a l s ( f o r events, 1, 2 and 3 the times are 6.2, 6.7 and 

7.1 seconds) and indeed a good c o r r e l a t i o n i s found a t t h i s 

p o i n t i n the r e c o r d a t the f i r s t a r r i v a l azimuth w i t h a 

c o r r e l a t i o n amplitude somewhat l e s s than t h a t found f o r the 

f i r s t a r r i v a l . By u s i n g the a r r a y response diamgram of 

Fig.6.8. the response of the a r r a y to the Moho a r r i v a l when 

tuned to the observed second a r r i v a l may be determined as 

de s c r i b e d i n Appendix C. (P a r r i v e s a t 11.82, 11.1*0 

and 9»05 km/sec f o r events 1, 2 and 3«) I t i s found t h a t 

t uning to any v e l o c i t y above 8 km/sec for azimuths between 

110° and 130° (the observed azimuth) produces a maximum 

response to P of l e s s than 0.2 r e l a t i v e to u n i t y f o r the m J 

i n phase c o n d i t i o n . I t i s thus considered u n l i k e l y , though 

not i m p o s s i b l e , f o r the observed c o r r e l a t i o n s to be caused 

by the pure P phase. 
m 

The expocted azimuths, a r r i v a l times and v e l o c i t i e s 

expected from the optimum models of chapter four were 

c a l c u l a t e d u s i n g the r a y t r a c i n g techniques d e s c r i b e d i n 

Appendix B. I t w i l l , however, be remembered that the 

s t r u c t u r e i s poorly d e f i n e d i n the r e g i o n of i n t e r e s t as no 

r e l i a b l e t e l e s e i s m s occurred w i t h i n t h i s azimubh range; i f 

the optimum models are e x t r a p o l a t e d on the b a s i s of the 

mathematical f u n c t i o n ( a procedure not supported by any data 

p o i n t s ) the i n t e r s e c t i o n always occurred a t depths m excess 

of 200 km and t h i s phase would thus be expected w i t h i n the 

tr u e s u r f a c e wave a r r i v a l s and would be d i f f i c u l t to observe; 

l i t t l e importance i s a t t a c h e d to t h i s p o int however. Since 
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i t i s not p o s s i b l e to p r e d i c t the i n t e r s e c t i o n i t i s of use 

to see under what c o n d i t i o n s a r e f l e c t i o n of reasonable 

amplitude may be found. I f i t i s assumed that the boundary 

between norma] mantle and the anomalous s t r u c t u r e i s 

p e r f e c t l y sharp then the c o n d i t i o n s f o r a reasonable r e f l e c t i o n 

w i l l be the b e s t o b t a i n a b l e ; any gra d a t i o n s i n the boundary 

v i l l cause the r e f l e c t e d amplitude to be lowei than p r e d i c t e d . 

The plane wave approximation i s s a t i s f a c t o r y f o r the pre s e n t 

purposes and by demanding t h a t the s t r e s s and displacement 

are continuous a c r o s s the boundary i t i s p o s s i b l e ( B u l l e n , 

1965; Ewmg et a l , 1957) to c a l c u l a t e the amplitude of the 

r e f l e c t e d and r e f r a c t e d P and S waves, The normal mantle 

was assumed to have a P v e l o c i t y of 8.1 km/sec, and S v e l o c i t y 

of ^.7 km/sec and a d e n s i t y of 3«3 gms/cc. As an example 

of the p o s s i b l e extremes two s e t s of data f o r the anomalous 

body were taken. The d e n s i t y was taken as 3»2 gms/cc s i n c e 

t h i s i s the l a r g e s t reasonable d e n s i t y c o n t r a s t (see chapter 

seven); as a maximum P v e l o c i t y 7*5 km/sec was taken and the 

corresponding S v e l o c i t y of k.J kin/sec was used. The 

amplitude of the r e f l e c t e d wave as a f u n c t i o n of angle of 

in c i d e n c e i s shown i n F i g . 6 , l k . As a minimum v e l o c i t y 

6.8 km/sec was taken f o r P and a low S v e l o c i t y of 3*3 km/sec 

was used and t h i s amplitude i s shown m Fig.6.15. (No 

a t t e n t i o n i s p a i d to phase changes i n t h i s p l o t . ) The 

r e s u l t s a r e remarkably s i m i l a r and i t can be seen that under 

these circumstances the angle of i n c i d e n c e must be a t l e a s t 

80° before a reasonable amount of energy goes i n t o the r e f l e c t e d 

phase. I f we ag a i n take the most favourable circumstance and 

assume t h a t i n t e r s e c t i o n occurs j u s t beneath the Moho then of 

a l l the events considered the maximum angle of i n c i d e n c e ( i n 

a h o r i z o n t a l l a y e r ) i s 6k.3° f o r event number 12. I t i s 



F i g u r e 6.1k 

P l o t of amplitude of r e f l e c t e d P-Wave a g a i n s t angle 

of i n c i d e n c e . Medium 1 c o n t a i n s the i n c i d e n t and 

r e f l e c t e d waves and 2 i s the r e f r a c t i n g medium. 

Compressional v e l o c i t i e s C ^ p i » ) » s n e a r v e l o c i t i e s 

( V ^ j V ^ ) a n d d e n s i t i e s (P^.Pg) are 

V p l = 8.1 Icip/sec V g l = k.7 km/sec = 3.3 gm/cc 

V 2 = 7.5 km/sec V Q =• k.3 km/sec = 3.2 gm/cc 
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Figure 6.15 

P l o t of amplitude of r e f l e c t e d P-wave a g a i n s t angle 

of i n c i d e n c e f o r the f o l l o w i n g case 

V = 8.1 km/sec V g l = 4.7 km/sec = 3.3 gm/cc 

V p 2 = 6.8 km/sec V g 2 = 3.3 km/sec = 3.2 gm/cc 
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p o s s i b l e t h at the slope on the i n t e r f a c e could be s u c h as to 
I n c r e a s e the angle of i n c i d e n c e and without i n f o r m a t i o n on 
the shape of the s t r u c t u r e t h i s cannot be c a l c u l a t e d . One 
p o s s i b l e i n d i c a t i o n comes from the work of D a r r a c o t t et a l 
(1972) who put forward a r e g i o n a l g r a v i t y map of the r i f t 
south of 1°S. T h i s i s i l l u s t r a t e d i n Pig.7.2. where i t i s 
d i s c u s s e d f u r t h e r but i t may be taken as a rough i n d i c a t i o n 
of the anomalous upper mantle s t r u c t u r e . I t can be seen 
t h a t the s t r u c t u r e i s a p p a r e n t l y running north-south near 
the Kavirondo and thus the normal a t the point of i n t e r s e c t i o n 
i s running east-west and thus not i n c r e a s i n g the angle of 
i n c i d e n c e c o n s i d e r a b l y (as would be the case w i t h the normal 
running say n o r t h - w e s t ) . 

One f i n a l reason f o r a p o s s i b l e non-discovery may be 

mentioned and t h i s concerns the assumption that the anomalous 

a r r i v a l appears at an azimuth s i g n i f i c a n t l y d i f f e r e n t from 

t h a t of the f i r s t a r r i v a l . Of course, i f the normal p o i n t s 

i n a d i r e c t i o n not s i g n i f i c a n t l y d i f f e r e n t from the d i r e c t i o n 

between the s t a t i o n and the event, the azimuthal anomaly w i l l 

be s m a l l and w i l l have escaped d e t e c t i o n i n t h i s a n a l y s i s . 

However, i f t h i s i s the case then i t i s c o nsidered t h a t t h i s 

a r r i v a l simply could not be d i s t i n g u i s h e d from the p r o f u s i o n 

of other high v e l o c i t y a r r i v a l s . 

The r e s u l t i s thus n e g a t i v e and, moreover, nega t i v e 

i n an u n s a t i s f a c t o r y manner i n t h a t no s i n g l e cause can be 

a s c r i b e d to the non-discovery or the n o n - a r r i v a l of the 

anomalous phase. I n s p i t e of t h i s i t i s c o nsidered t h a t the 

e f f o r t i n v o l v e d was j u s t i f i e d because of the p o t e n t i a l v a l u e of 

such a r r i v a l s i f found as they would have permitted the 
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a n a l y s i s of the upper s u r f a c e of the body with no i n t e r f e r e n c e 
from s t r u c t u r e beneath; the a n a l y s i s has a l s o provided some 
i d e a of the problems i n v o l v e d i n such a s e a r c h and the 
r e s o l u t i o n a v a i l a b l e u s i n g the techniques d e s c r i b e d . 
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CHAPTER 7 
GRAVITY MODELS 

1. I n t r o d u c t i o n 

The p r o p o s e d anomalous m a n t l e s t r u c t u r e w i l l be r e f l e c t e d 

i n the o b s e r v e d r e g i o n a l g r a v i t y f i e l d i f i t s low v e l o c i t y -

i s r e l a t e d t o a r e d u c e d d e n s i t y . I t w i l l be s e e n t h a t t h e r e 

a r e c o n s i d e r a b l e p r o b l e m s i n c o r r e l a t i n g t h e r e g i o n a l Bouguer 

anomaly w i t h t h e upper m a n t l e s t r u c t u r e w h i c h w i l l c a u s e t h e 

a n a l y s i s to be a t a s e m i - q u a n t i t a t i v e l e v e l . 

2. P r e v i o u s G r a v i t y S t u d i o s i n E a s t A f r i c a 

The p r a c t i c a l p r o b l e m s o f c a r r y i n g out g r a v i t y f i e l d 

work i n E a s t A f r i c a a r e c o n s i d e r a b l e and have l e d t o s e v e r a l 

i n v e s t i g a t i o n s b e i n g r e s t r i c t e d by b o t h the q u a l i t y and the 

q u a n t i t y o f the d a t a . T h e s e problems a r e g r a d u a l l y b e i n g 

overcome t h a n k s t o e x t e n s i v e a c a d e m i c work and a l s o t h e r e l e a s e 

o f a c o n s i d e r a b l e amount o f d a t a p r e v i o u s l y k e p t c o n f i d e n t i a l 

by the o i l c o m p a n i e s . 

B e c a u s e o f t h e s e probJems the a c c u r a c y o f some o f t h e 

p r o f i l e s c a l c u l a t e d and the i n t e r p r e t a t i o n s s u b s e q u e n t l y 

p r o d u c e d a r e open to q u e s t i o n ; f o r example f o u r r e c e n t 

i n t e r p r e t a t i o n s a r e shown i n F i g . 7 ^ 1 . and i t c a n be s e e n t h a t 

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

i t must be r e a l i z e d t h a t a l l f o u r models r e p r e s e n t d i f f e r e n t 

c r o s s s e c t i o n s a c r o s s t h e r i f t . The b a s i c s o l u t i o n o f t h e 

anomaly i s t h e same m a l l c a s e s i n t h a t the l o n g w a v e l e n g t h 

n e g a t i v e anomaly i s e x p l a i n e d by the p r e s e n c e o f a n o m a l o u s l y 

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

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

anomaly. Beyond t h i s p o i n t however the models d i v e r g e , the 



F i g u r e 7.1 

A summary o f f o u r r e c e n t g r a v i t y i n t e r p r e t a t i o n s . 
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models o f F a x r h e a d and G i r d l e r (1972) and D a r r a c o t t e t a l 
(1972) b e a r no r e l a t i o n to t h e models p r o p o s e d e a r l i e r v h i l e 
t h e shape o f t h e s t r u c t u r e o f Khan and M a n s f i e l d (1971) i s 
v e r y s i m i l a r t o t h a t p r o p o s e d by B a c k h o u s e (1972). The 
g r a v i t y model o f B a k e r and Wohlenberg (1971) i s tho o n l y 
one to r e l a t e s a t i s f a c t o r i l y to t h e s e i s m i c s t r u c t u r e p r o p o s e d . 

I t a p p e a r s t h a t the i n t e r p r e t a t i o n s d i f f e r f o r two 

r e a s o n s . F i r s t , t h e l a r g e t h i c k n e s s o f low d e n s i t y v o l c a n j c s 

w i t h i n , and on the f l a n k s o f , the r i f t e x e r t a s t r o n g , b u t 

unknown, i n f l u e n c e on t h e shape o f the c u r v e ( B a k e r and 

Wohlenberg, 1971) most e s p e c i a l l y n e a r t h e s h o r t w a v e l e n g t h 

p o s i t i v e anomaly. S e c o n d l y , i n o r d e r t o compute the m a n t l e 

s t r u c t u r e the r e g i o n a l Bouguer anomaly must be u s e d and t h i s 

i s l i a b l e to c o n s i d e r a b l e e r r o r when t h e d a t a i s d i s t r i b u t e d 

s p a r s e l y . Moreover, a l t h o u g h t h e h i g h f r e q u e n c y a n o m a l i e s 

o b s e r v e d i n t h e Bouguer map may be a s c r i b e d to s h a l l o w 

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

w a v e l e n g t h a n o m a l i e s p r o d u c e d 111 t h e c r u s t . T h u s , i n t h e 

c a s e u n d e r c o n s i d e r a t i o n t h e e f f e c t o f Mount E l g o n on t h e 

r e g i o n a l anomaly, computed on t h e b a s i s o f f r e q u e n c y c o n t e n t 

o f t h e Bouguer anomaly, w i l l be c o n s i d e r a b l e , making a d i r e c t 

c o r r e l a t i o n w i t h the anomalous m a n t l e i n c o r r e c t . 

At t h e p r e s e n t time e x t e n s i v e g r a v i t y measurements a r e 

b e i n g c a r r i e d out by C . J . S w a i n o f L e i c e s t e r U n i v e r s i t y and 

work i s p r o c e e d i n g on the c o m p i l a t i o n o f t h i s d a t a w i t h a l l 

o t h e r g r a v i t y measurements made i n E a s t A f r i c a w h i c h have been 

c a t a l o g u e d by S e a r l e and D a r r a c o t t (1971) and t h e s e a r e b e i n g 

u s e d t o p r o d u c e a much more d e t a i l e d Bouguer anomaly map o f 

K e n y a t h a n i s a t p r e s e n t a v a i l a b l e . I am g r a t e f u l to 

Dr. M.A. Khan f o r p e r m i s s i o n t o u s e u n p u b l i s h e d p r o v i s i o n a l 
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maps o f t h x s work ( w h i c h u n f o r t u n a t e l y do n o t c o n t a i n S w a i n ' s 
measurements) and t h e p u b l i c a t i o n o f t h e f i n a l maps i s a w a i t e d 
w i t h i n t e r e s t . The s e c t i o n s o f the maps showing t h e r e g i o n 
o f t h e Kenyan domal u p l i f t a r e shown i n F i g s . 7 . 2 . and 7«3» 
F i g . 7 . 2 . shows t h e Bouguer anomaly map and F i g . 7 . 3 . shows t h e 
d e r i v e d r e g i o n a l anomaly map. The p a r t o f t h e map o f d i r e c t 
r e l e v a n c e t o t h e p r o p o s e d s e i s m i c s t r u c t u r e i s b etween 
l a t i t u d e s 1°N to k°U and l o n g i t u d e s 3^°E t o 35°E and i n t h i s 
r e g i o n t h e l o c a t i o n s o f t h e a c t u a l measurements a r e shown. 

Fig.7«^. shows a r e g i o n a l Bouguer anomaly map c o m p i l e d 

by D a r r a c o t t e t a l (1972) and e f f e c t i v e l y e x t e n d s t h e g r a v i t y 

c o v e r a g e t o the whole o f t he Ken y a dome. A c o m p a r i s o n o f 

th e two maps i n t h e r e g i o n t h e y o v e r l a p shows t h e problems 

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

f i n a l work from L e i c e s t e r i s d e s i r a b l e . 

R e l a t i o n Between D e n s i t y and S e i s m i c V e l o c i t y 

B e f o r e p r o c e e d i n g t o compare t h e s e i s m i c s t r u c t u r e w i t h 

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

r e l a t i o n between t h e v e l o c i t i e s d e r i v e d e a r l i e r and t h e 

d e n s i t i e s a p p r o p r i a t e t o t he s t r u c t u r e . 

I t i s now g e n e r a l l y a c c e p t e d t h a t t h e l o v v e l o c i t y zone 

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

( e . g . Anderson, 1967). I t i s t h e r e f o r e r e a s o n a b l e to 

p o s t u l a t e t h a t t h i s i s a l s o t h e c a u s e f o r the much l o w e r 

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

B o t t (1965) h a s a r g u e d f o r t h i s p oant o f v i e w i n a d i s c u s s i o n 

o f t h e upper m a n t l e b e n e a t h I c e l a n d . Here the anomalous 

upper m a n t l e was shown by B a t h (1960) t o have a v e l o c i t y o f 

7.k km/sec and T r y g g v a s s o n (196*0 h a s s u g g e s t e d t h a t t h i s 



T i g u r e 7. £ 

A Bouger anomaly map o f p a r t o f t he Kenya R i f t 

t a k e n from Khan and Swain (197 1*). Dots i n d i c a t e 

t h e l o c a t i o n o f the measurements made to c o m p i l e 

the map between 1°N - 4°N and 3^°E - 35°E. The 

dashed l i n e i n d i c a t e s t h e s e c t i o n compared w i t h 

the s e i s m i c inodel. 
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F i g u r e 7.3 

A r e g i o n a l g r a v i t y anomaly map; from Khan and 

bwain (197M. 
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F i g u r e 

A c o n t o u r map o f t h e r e g i o n a l g r a v i t y anomaly f o r 

t h e Kenya r i f t s o u t h o f the e q u a t o r - from 

D a r r a c o t t e t a l (1974). 
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e x t e n d s to a d e p t h o f 2^0 km. B o t t showed t h a t i f s u c h a 
r e d u c t i o n i n v e l o c i t y were t o o c c u r f o r a n o r m a l r o c k t y p e 
a d e n s i t y c o n t r a s t o f more t h a n 0.1 grag/cc would be e x p e c t e d 
between n o r m a l and anomalous upper m a n t l e and t h i s i s i n 
c o n t r a d i c t i o n t o the o b s e r v e d g r a v i t y a n o m a l i e s . The most 
s i m p l e s o l u t i o n i s t o p o s t u l a t e t h e e x i s t e n c e o f a p a r t i a l 
m e l t w h i c h can c a u s e a c o n s i d e r a b l e r e d u c c i o n m ^he 
c o m p r o s s i o n a l wave v e l o c i t y , the r e d u c t i o n to a l m o s t z e r o 
o f t h e s h e a r wave v e l o c i t y w i t h a r e l a t i v e l y s m a l l change i n 
d e n s i t y . ( B o l t s u g g e s t e d a c o n t r a s t o f 0.03 gms/cc f o r t h e 
above c a s e . ) 

A t t e m p t s to c o r r e l a t e t h e d e g r e e o f p a r t i a l m e l t i n g w i t h 

t h e r e d u c t i o n i n v e l o c i t y have been h i n d e r e d b e c a u s e so l i t t l e 

i s known o f the mechanism f o r t h e m e l t i n g p r o c e s s . A t t e m p t s 

have been made to s i m u l a t e the problem u s i n g i c e - b r i n e s y s t e m s 

( S p e t z l e r and Anderson, 1968) b u t some o f thp most c o n c l u s i v e 

r e s u l t s have come from t h e t h e o r e t i c a l work o f Walsh ( e . g . 

W a l s h , 1969) who h a s shown t h a t i f the m e l t o c c u r s a s randomly 

o r i e n t e d e l l i p s o i d a l i n c l u s i o n s t h e n the P and S v e l o c i t i e s 

depend c r i t i c a l l y on t h e ' a s p e c t r a t i o ' and w h i c h i s the 

r a t i o o f the t h i c k n e s s t o the l e n g t h o f t h e i n c l u s i o n . 

F i g . 7 . 5 • shows how b o t h the d e g r e e o f m e l t and t h e a s p e c t 

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

an a s p e c t r a t i o o f 10 c o u l d c a u s e a r e d u c t i o n i n P wave 

v e l o c i t y to a p p r o x i m a t e l y 6 km/sec w i t h o n l y 1$ o f p a r t i a l m e l t . 

T h i s d i s c u s s i o n h a s shown t h a t a t t h e p r e s e n t time i t 

i s n o t p o s s i b l e to c o r r e l a t e d e g r e e s o f p a r t i a l m e l t i n g , 

and t h u s d e n s i t y c o n t r a s t s , w i t h a r e d u c t i o n i n P o r S v e l o c i t i e s 

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

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



F i g u r e 7.5 

Dependence o f P- and S-wave v e l o c i t i e s on t he m e l t 

c o n c e n t r a t i o n and a s p e c t r a t i o a - s e e s e c t i o n 7.3 

- a c c o r d i n g to Walsh (1969) - from Anderson and 

S p e t z l e r (1970). 
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C o r r e l a t i o n Between S e i s m i c Models and R e g i o n a l G r a v i t y F i e l d 

F i r s t t h e q u a l i t a t i v e f e a t u r e s o f the r o g i o n a l g r a v i t y 

maps o f Khan and Swain (197*0 ( F i g . 7 . 2 . ) and D a r r a c o t t e t a l 

(1972) w i l l be c o n s i d e r e d . I n F i g . 7 . 2 . t h e a r e a w h i c h may 

be d i r e c t l y compared w i t h the s e i s m i c s t r u c t u r e i n f l u e n c e d 

by t h r e e u n f o r t u n a t e f e a t u r e s . F i r s t , i n any p r o c e s s w h i c h 

f i l t e r s out the h i g h f r e q u e n c y components the r e g i o n s a r ound 

t h e b o r d e r s w i l l be somewhat i n a c c u r a t e due to edge e f f e c t s . 

S e c o n d l y , the d a t a c o v e r a g e i n t h i s a r e a i s r a t h e r s p a r s e , 

and t h i s t t f i l l a g a i n c o n t r i b u t e t o t h e i n a c c u r a c y o f t h e 

r e g i o n a l and, t h i r d l y , the e f f e c t o f Mount E l g o n between 

1° - 2°N and 34° - 35°E makes i t d i f f i c u l t t o e x t r a c t t h e 

c o n t r i b u t i o n o f the u p p e r m a n t l e to t h e anomaly. I n a d d i t i o n , 

t h e g r a d i e n t o f the anomaly i s r e m a r k a b l y a s y m m e t r i c about 

t h e r i f t . I f measurements a r e t a k e n from the c e n t r e -200 mgal 

c o n t o u r t h e n t h e f i e l d i n c r e a s e s by o n l y ^0 mgals i n 200 km 

i n n o r t h - w e s t e r l y and s o u t h - w e s t e r l y d i r e c t i o n s y e t i n c r e a s e s 

by 100 and 110 mgals i n s i m i l a r d i s t a n c e s to t h e n o r t h - e a s t 

and s o u t h - e a s t . No s u c h s e v e r e asymmetry i s p r e s e n t i n t h e 

f i e l d o f D a r r a c o t t e t a l (1972) o r i n t h e t r a v e r s e o f B a k e r 

and Wohlenberg (l97l)» B e c a u s e o f t h e s e p o i n t s i t was n o t 

p o s s i b l e t o u s e t h e r e g i o n a l anomaly p r e s e n t e d h e r e a s a 

q u a n t i t a t i v e t e s t f o r t h e s e i s m i c models p u t f o r w a r d . 

I f t h e b e h a v i o u r o f the anomaly to the e a s t o f t h e r i f t 

i s c o n s i d e r e d i t c a n be s e e n t h a t , i n a q u a l i t a t i v e manner, 

t h e g r a v i t y anomaly b e h a v e s i n a way v e r y s i m i l a r t o t h e 

s t r u c t u r e p u t f o r w a r d f o r the n o r t h - w e s t q u a d r a n t o f the r i f t . 

The g r a v i t y anomaly, and p i e s u m a b l y t h e m a n t l e s t r u c t u r e , 

p i n c h e s i n t o t h e r i f t a s i t r u n s i n t o t h e E t h i o p i a n dome and 

a s the r i f t d i e s out toward t h e s o u t h ; t h e outward movement 
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o f t h e c o n t o u r s t o w a r d the extierne s o u t h i s somewhat 

d i s t u r b i n g b u t i t i s p o s s i b l e t h a t t h i s i s a g a i n an edge 

e f f e c t o f t h e map. 

C o n s e q u e n t l y t h e t r a v e r s e o f B a k e r and Wohlenberg (1971) 

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

t h e r i f t a t a p p r o x i m a t e l y the e q u a t o r and r u n s i n a d i r e c t i o n 

ENE - WSW; a l s o , t h e i r t r a v e r s e does n o t e x t e n d a s f a r w e s t 

from the r i f t a s t h e s e i s m i c i n t e r p r e t a t i o n o r the g r a v i t y 

maps o f Khan and S w a i n (1974). L i n e s 1 and 2 o f F i g . 7 . 7 . 

show s e c t i o n s o f t h e r e g i o n a l and Bouguer anomaly maps o f 

Khan and Swam; t h e i r p o s i t i o n i s I n d i c a t e d by t he l i n e s on 

F i g s . 7.2. cuid 7»3« L i n e 3 i l l u s t r a t e s the Bouguer anomaly 

u s e d by B a k e r and Wohlenberg (197*0 i n t h e r e g i o n where t h e 

i n f l u e n c e o f t he s h o r t w a v e l e n g t h p o s t i v e anomaly h a s been 

removed. B e c a u s e b o t h l i n e s r e f e r to d i f f e r e n t r e g i o n s o f t he 

r i f t an e x a c t c o m p a r i s o n i s n o t p o s s i b l e b u t the d i f f e r e n c e 

i n the s c a l e o f the g r a d i e n t i s q u i t e o b v i o u s . 

The optimum s e i s m i c model a t 6 8 km/sec was t a k e n ( F i g . k . 1 ) 

and a s an extreme example a d e p t h t o the bottom o f the i n t e r 

f a c e o f 250 km i s assumed* A d e n s i t y c o n t r a s t o f 0.1 gms/cc 

i s assumed t o a d e p t h o f 80 km b e n e a t h w h i c h a d e n s i t y c o n t r a s t 

o f 0.03 gms/cc i s assumed. Thus the anomalous m a n t l e i s 

c o n s i d e r e d to merge i n t o t h e a s t h e n o s p h e r e a s the d e p t h 

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

r i d g e (Oxburgh and T u r c o t t e , I968; Solomon and J u l i a n , 197*0 • 

The r e s u l t i n g c o n t o u r map o v e r the s u r f a c e c o v e r e d by the 

s e i s m i c s t r u c t u r e i s shown i n F i g . 7.6* <̂ nci t h e c o r r e s p o n d i n g 

s e c t i o n i s shown a s l i n e 3 i n F i g . 7 - I * 



F i g u r e 7.6 

G r a v i t y map p r o d u c e d from the s e i s m i c model a s s u m i n g 

a P-wave v e l o c i t y o f 6;& km/sec and a d e p t h o f 250 km. 

A d e n s i t y c o n t r a s t o f 0.1 gra/cc down to 80 kin i s 

assumed b e n e a t h w h i c h a c o n t r a s t o f 0.03 gm/cc i& 

t a k e n . The l i n e i n d i c a t e s tho l o c a t i o n o f t h e c r o s s 

- s e c t i o n shown i n F i g . 7-7« 
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F i g u r e 7.7 

Coinpeirison between v a n o u s a n o m a l i e s : 

1. Bouguer anomaly a c c o r d i n g to Khan and Sivain (197*0 

2. R e g i o n a l anomaly a c c o r d i n g to Khan and S\*ain (197*0 

3. Anomaly d e r i v e d from s e i s m i c s t r u c t u r e . 

Li. A t y p i c a l anomaly from Daker and V o h l c n b e r q (19 71) 
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W h i l e t h i s c a n n o t bo t a k e n a s c o n f i r m i n g any model 
i t does show t h a t t h e s e i s m i c model p r o p o s e d i s n o t 
i n c o m p a t i b l e w i t h the o b s e r v e d r e g i o n a l g r a v i t y f i e l d s 
e i t h e r i n t h e magnitude or the g r a d i e n t s o b s e r v e d . 
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CHAPTER 8 

DISCUSSION AND CONCLUSIONS 

D i s c u s s i o n o f S e i s m i c Models P r e s e n t e d 

A model h a s been p r e s e n t e d w h i c h s a t i s f i e s the t e l e s e i s m i c 

s l o w n e s s and a z i m u t h a n o m a l i e s measured a t the K a p t a g a t a r r a y 

(Fig.4.7«)i i f l t 1 9 assumed t h a t the anomalous u p p e r m a n t l e 

may be r e p r e s e n t e d a s h a v i n g an a v e r a g e v e l o c i t y o f 6.8 km/sec. 

O t h e r models may be p r o d u c e d i f h i g h e r v e l o c i t y e s a r e assumed 

b u t any v e l o c i t y above 7»0 km/sec p r o d u c e s a much p o o r e r f i t 

t o t h e o b s e r v e d d a t a and the maximum p o s s i b l e a v e r a g e v e l o c i t y , 

a s s u m i n g t h a t t h e o b s e r v e d anomaly i s c a u s e d by a s i n g l e 

i n t e r f a c e , h a s been shown to be l e s s t h a n 7«5 km/sec. 

I n t h e model p r e s e n t e d f o r an anomalous v e l o c i t y o f 

6.8 km/sec c o n t r o l on t h e d e p t h o f t h e s t r u c t u r e i s c o n s i d e r e d 

t o be good down to a p p r o x i m a t e l y 150 km beyond w h i c h d a t a i s 

v e r y s p a r s e and o f t e n w i t h l a r g e e r r o r s . I f h i g h e r v e l o c i t e s 

a r e assumed t h e d i p s on t h e s t r u c t u r e i n c r e a s e and t h e d e p t h 

r a n g e c o v e r e d by t h e d a t a i s c o n s e q u e n t l y expanded. 

The models show t h a t t h e i n t e r f a c e between n o r m a l and 

anomalous m a n t l e d i p s s h a r p l y w e s t w a r d t o the w e s t o f t h e 

r i f t and t h a t f u r t h e r n o r t h from the a r r a y t h e s t r u c t u r e 

e x h i b i t s a s h a l l o w e r d i p w i t h t h e s t r i k e o f the s u r f a c e 

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

s t r u c t u r e a s t he r i f t a p p r o a c h e s E t h i o p i a . S i m i l a r e f f e c t s 

a r e o b s e r v e d i n the n o r t h e a s t s e c t o r o f t h e r i f t m t h e 

p r o v i s i o n a l r e g i o n a l g r a v i t y map o f Swain and Khan (197*0 

where the s t r i k e o f the g r a v i t y anomaly, and p r e s u m a b l y t h e 

s u r f a c e , h a s a c o n s i d e r a b l e w e s t e r l y component. 
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R e l a t i v e d e l a y time measurements between K a p t a g a t 
and Bulawayo have b e e n i n t e r p r e t e d on t he b a s i s o f t he 
above model. A l t h o u g h the s c a t t e r on t he d a t a i s l a r g e , 
i t was shown t h a t the g e n e r a l a z i m u t h a l b e h a v i o u r o f the 
d a t a was c o n s i s t e n t w i t h the above model w i t h t h e most n o t a b l e 
f e a t u r e b e i n g t h a t t h e s m a l l v a r i a t i o n o f d e l a y time w i t h 
a z i m u t h i s c o n s i s t e n t w i t h the p r o p o s e d s x e e p l y d i p p i n g 
i n t e r f a c e . I f a maximum v e l o c i t y o f 7»5 km/sec i s assumed 
t h e n a d e p t h t o the bottom o f the anomaly o f between 300 
and 350 km i s found ( a n y f u r t h e r r e s t r i c t i o n on t h e d e p t h i s 
c o n s i d e r e d to be u n r e a l i s t i c on c o n s i d e r a t i o n o f t h e q u a l i t y 
o f t h e d e l a y time d a t a ) and i f t h e p r e f e r r e d v e l o c i t y o f 
6.8 km/sec i s assumed t h e n a d e p t h to the bottom o f t h e 
anomaly o f b e t v e e n 150 and 200 km i s f o und. 

A s e a r c h f o r r e f l e c t i o n s from the top s u r f a c e o f t h e 

anomaly was made u s i n g v e l o c i t y f i l t e r i n g t e c h n i q u e s b u t was 

u n s u c c e s s f u l a s no a r r i v a l s c o u l d be i d e n t i f i e d w i t h 

c o n f i d e n c e ; moreover no s i n g l e e x p l a n a t i o n c o u l d be o f f e r e d 

f o r the f a c t t h a t t h i s a r r i v a l was n o t o b s e r v e d and on 

c o n s i d e r i n g a l l t h e p o s s i b j l i t i e s t h i s n e g a t i v e r e s u l t must 

be c o n s i d e r e d t h e most l i k e l y outcome o f t h i s p a r t o f t h e 

p r o j e c t . 

F i n a l l y , t h e c o r r e l a t i o n between t h e o b s e r v e d r e g i o n a l 

Bouguer anomaly and the p o s t u l a t e d s e i s m i c model was b r i e f l y 

e x p l o r e d i n t h e l a s t c h a p t e r . At t h e p r e s e n t time i t i s 

f e l t t h a t a s a t i s f a c t o r y r e g i o n a l Bouguer anomaly map o f t h e 

p a r t o f t he domal u p l i f t sampled by the s e i s m i c d a t a i s n o t 

a v a i l a b l e ; work a t p r e s e n t b e i n g u n d e r t a k e n by L e i c e s t e r 

U n i v e r s i t y i s l i k e l y to improve t h i s s i t u a t i o n c o n s i d e r a b l y and 

when t h i s i s a v a i l a b l e some v e r y i n t e r e s t i n g p o s s i b i l i t i e s 
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a r e a p p a r e n t . 

The R e l a t i o n o f the Anomalous M a n t l e t o V a r i o u s F e a t u r e s 

So f a r t h e r e h a s been v e r y l i t t l e d i s c u s s i o n o f the 

i m p l i c a t i o n s o f t h e models p r e s e n t e d i t b e i n g c o n s i d e r e d 

b e t t e r to p r e s e n t , u n i n t e r r u p t e d , the l i n e o f r e a s o n i n g 

w h i c h l e d t o the s t r u c t u r e s p r o p o s e d . 

The Anomalous M a n t l e a s the Cause o f the Donal U p l i f t 

The s t r u c t u r e p r o p o s e d i s c o n s i s t e n t w i t h the theory-

d e v e l o p e d by G a s s to d e s c r i b e d t h e development o f c o n t i n e n t a l 

r i f t i n g . ( T h i s t h e o r y and i t s i m p l i c a t i o n s a r e d e s c r i b e d 

and d e v e l o p e d most f u l l y i n G a s s (1970) a l t h o u g h a u s e f u l 

summary i s a l s o g i v e n i n Gasg (1972).) I t i s s u g g e s t e d 

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

o f the m a n t l e h o t t e r t h a n i t s s u r r o u n d i n g s . The e x p e r i m e n t a l 

s t u d i e s o f E l d e r (1966) a r e c i t e d f o r t h e s p a t i a l development 

o f s u c h s y s t e m s ; the term ' p e n e t r a t i v e c o n v e c t i o n ' i s u s e d 

to d e s c r i b e the c o n v e c t i v e p r o c e s s i n v o l v i n g b o t h h e a t and 

mass t r a n s f e r . The t h e r m a l a c t i v i t y p r o d u c e s q u a n t i t i e s o f 

magma and the i n c r e a s e i n the t h e r m a l g r a d i e n t l e a d s t o t h e 

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

to t h e i r l e s s d e n s e low p r e s s u r e - h i g h t e m p e r a t u r e f o r m s . 

The r e s u l t i n g i n c r e a s e i n volume i s most e a s i l y accommodated 

by v e r t i c a l movement and t h i s i s p o s t u l a t e d a s the c a u s e o f 

the r e g i o n o f doraal u p l i f t . The s y s t e m i s e n v i s a g e d a s 

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

s e p a r a t i o n . 

A model o f t h i s p r o c e s s i s shown i n F i g . 8 . 1 . ( a f t e r 

G a s s (1972)) and i t c a n be s e e n t h a t s t a g e ( b ) i s v e r y 

s i m i l a r t o t h e models p r o p o s e d h e r e . The major d i s c r e p a n c y 



F x f r u r e G . l 

S c h e m a t i c r e p r e s u n l a l i o n o f "iiy.na s e n e t i c -md t e c t o n i c 

s t a g e s i n r r \ J I S C o n t i a c n t a l r u p t u r e 

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

m a g n n t i c b o d y , d o m i n g o f s u r f a c e anc1 e r u p t i o n o f 

a l k a l i c u n d e r s a t u r a t e d b a s a l t s . 

b ) C o n c e n t r a t i o n o f m a g m a t i c a c t i v i t y a l o n g m a j o r r i f t 

z o n e , a t t e n u a t i o n o f U b h o s o h e r e b e n e a t h r i f b i n d 

e r u p t i o n o f t r a n s i t i o n a l ''ia%Al t s w i t h i n r a f t . 

c ) C o n t i n u i n g m a g m a t i c a c t i v i t y i n r i f t zone e l e v a t e s 

t h e m a n t l e i s o t h e r m s so t h a t magma c a n e q u i l i b r a t e 

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

b a s a l L i e d y k e ? a l o n b t h e f r a c t u r e t h e once c o n t i g u o u s 

J i t h o b p h e r e p l a t e s a r c s e p a r a t e d . 

d ) I d e a L i z e d t h r e e d L P I C H S I o n a ] d i a g r a " ' t o shot? h o i t h e 

magma g e n e t i c zone i n c ) i s e l o n g a t e ant' e x i s t s a l l 

a l o n g t h e r i f t z o n e . 

(Gas s, 197-'.) 

file:///jisc


7 

I 

7^ 

I 

i 
•V V. 



- 107 -

between the two s t r u c t u r e s i s t h a t h e r e G a s s e n v i s a g e s t h e 
t h e r m a l d i s t u r b a n c e b e i n g l o c a t e d a t t he l i t h o s p h o r e -
a s t h e n o s p h e r e boundary put a t a d e p t h o f 100 km. No r e a s o n 
i s g i v e n f o r t h i s c h o i c e and i n t h e more d e t a i l e d work c i t e d 
above ( G a s s , 1970) the • l i t h o t h e r m a l s y s t e m 1 i s p r o j e c t e d to 
a d e p t h i n e x c e s s o f 150 km. 

I n q u a n t i t i a t i v e terms M a g n i t s k y and K a l a s h n i k o v a (1970) 

have shown t h a t a d e n s i t y change o f 0.2 gms/cc o v e r a r e g i o n 

of some 35 km would produce an u p l i f t o f a p p r o x i m a t e l y t h r e e 

k i l o m e t r e s and t h u s i n t h e p r e s e n t model a much s m a l l e r 

d e n s i t y change o v e r a much l a r g e r r e g i o n would c a u s e a 

s i m i l a r e f f e c t . 

I f t h i s t h e o r y i s v a l i d i t i s r e a s o n a b l e t o compare 

t h e o b s e r v e d domal u p l i f t w i t h the p r o p o s e d mantle s t r u c t u r e . 

I n o r d e r to do t h i s s a t i s f a c t o r i l y the dynamic development 

o f t h e up p e r m a n t l e must be c o n s i d e r e d and the r e s u l t i n g 

t o p o g r a p h i c s t r u c t u r e c a l c u l a t e d . An a t t e m p t i s b e i n g made 

to s o l v e t h i s p r o b l e m i n a s s o c i a t i o n w i t h D . J. Woodward; 

i t i s hoped t o be a b l e t o c a l c u l a t e b o t h d e n s i t i e s and 

t e m p e r a t u r e s w i t h i n t h e upp e r m a n t l e f o r v a r i o u s h e a t s o u r c e s 

and to c o n s i d e r t h e development, i n t i m e , o f b o t h t h e upp e r 

m a n t l e and s u r f a c e t o p o g r a p h y . 

A l t h o u g h t h e r e s u l t s o f t h e s e c a l c u l a t i o n s a r e n o t 

a v a i l a b l e a t t h e p r e s e n t time t h e q u a l i t a t i v e f e a t u r e s o f 

th e c o r r e l a t i o n may be s e e n i n F i g . 8 . 2 . where t h e t o p o g r a p h i c 

c o n t o u r s o f the Kenya dome a r e i l l u s t r a t e d . U n f o r t u n a t e l y 

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

i n f l u e n c e d by the r i f t f a u l t i n g and Mount E l g o n and the c o n t o u r s 

to the e a s t o f t h e r i f t have been u s e d t o e x t r a p o l a t e t h e 



f i g u r e 8.2 

f o p o g r a j i h y o f f"he Kenya dome t o t h e e a s t o f t h e 

G r e g o r y R i f t , d a s h e d l i n e s i n d i c a t e t h a t t h e c o n t o u r 

h a v e been t x L i a p o l a t e d and t h e e f f e c t s o f f a u l t i n g 

h a v e b i t P i i n e ^ l ' j c t o d . f h e a c t u a l ^ u n i o u r s a r e f r o ' i i 

B a k e r e t . t l ( 1 9 7 2 ) . 
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s t r u c t u r e to t h e n o r t h w e s t q u a d r a n t . I t c a n be s e e n t h a t 

t h e s t r i k e o f b o t h the u p p e r m a n t l e anomaly and the s u r f a c e 

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

g r a d i e n t s must a w a i t f u r t h e r a n a l y s i s . ' 

2.2. The R e l a t i o n o f t h e E t h i o p i a n and Kenyan Domal U p l i f t s 

L e B a s (1971) h a s s u g g e s t e d t h a t the two s t r u c t u r e s 

a r e e s s e n t i a l l y i n d e p e n d e n t and c o n s i d e r s t h a t t h e y do n o t 

r o p r e s e n t an e a r l y s t a g e m th e development o f an o c e a n i c 

r i f t a s i s the n a t u r a l c o n c l u s i o n o f t h e t h e o r y o f G a s s . 

W h i l e i t i s a g r e e d t h a t the two s t r u c t u r e s d i d d e v e l o p 

i n d e p e n d e n t l y , and t h i s work would s u p p o r t t h e c o n c e p t t h a t 

any c o n t a c t between the two s t r u c t u r e s i s a t a c o n s i d e r a b l e 

d e p t h w i t h i n the a s t h e n o s p h e r e , i t i s c o n s i d e r e d t h a t t h i s 

i s n o t an o b s t a c l e t o the t h e o r y o f G a s s f o r the f o l l o w i n g 

r e a o n s . 

I f t h e development o f t h e r i f t s y s t e m i s c o n s i d e r e d 

two p o i n t s a r e a p p a r e n t . F i r s t , t h e r i f t h a s d e v e l o p e d , 

b o t h i n Kenya and E t h i o p i a , i n a s p o r a d i c f a s h i o n . S a g g e r s o n 

and B a k e r (1965) show t h a t t h e r e were t h r e e main p e r i o d s o f 

u p l i f t w h i c h were i n t e r s p e r s e d w i t h l o n g p e r i o d s o f q u i e s c e n c e 

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

Kenyan u p l i f t i s a t an e a r l i e r s t a g e o f development t h a n t h e 

E t h i o p i a n s t r u c t u r e ( s e e s e c t i o n 1.1.2. f o r d e t a i l s ) . G a s s 

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

d i s t u r b a n c e s j o i n t o g e t h e r . C l e a r l y , t h i s s t a g e h a s n o t 

b een r e a c h e d b u t t h i s i s n o t t o s a y t h a t the p r o c e s s h a s 

s t o p p e d r a t h e r t h a t i t i s i n a n o t h e r q u i e s c e n t s t a g e . I n 

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

r i f t i n g , f o r example t h a t o f Oxburgh and T u r c o t t e (l97*0» i s 
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l i k e l y t o c a u s e i n t e r m i t t e n t movements i n i t s e a r l y s t a g e s , 
r a t h e r t h e a p p a r e n t l y c o n t i n u o u s movements o f o c e a n i c r i f t i n g 
and the p r e s e n t t h e o r i e s o f p l a t e movements may o n l y be 
a p p l i c a b l e when r i f t i n g h a s o c c u r r e d a l o n g the whole l e n g t h 
o f the A f r i c a n p l a t e . 

Thus the r i f t s y s t e m may i n d e e d be the b e g i n n i n g s t a g e s 

o f o c e a n i c r i f t i n g b u t the development to the c o m p l e t e o c e a n i c 

form c o u l d t a k e a g r e a t d e a l l o n g e r t h a n e x p e c t e d and we a r e 

o b s e r v i n g the e a r l y s t a g e s o f a l o n g p r o c e s s , 

.2.3. The E a s t A f r i c a n R i f t and O t h e r C o n t i n e n t a l R i f t s 

The s e i s m i c r e f r a c t i o n l i n e o f G r i f f i t h s e t a l (197?) 
h a s i n d i c a t e d a 20 km t h i c k l a y e r wath v e l o c i t y 6,U km/sec 

o v e r l y i n g m a t e r i a l w i t h an a p p a r e n t v e l o c i t y o f 7*5 km/sec. 

T h i s l a t t e r h a s been a s c r i b e d to the top s u r f a c e o f t h e 

anomalous body u n d e r d i s c u s s i o n . R e f r a c t i o n s t u d i e s i n d i c a t e 

t h a t the upper m a n t l e , o r a t l e a s t t h e top s u r f a c e o f a t , 

b e n e a t h o t h e r c o n t i n e n t a l r i f t s h a ve somevhat s i m i l a r low 

v e l o c i t i e s ; 7*1 - 7«5 km/sec f o r t h e B a i k a l R i f t ( A r t e m j e v 

and A r t y u s h k o v , 1971) and 7.2 - 7.7 km/sec f o r the R h i n e G r a b en 

( M u e l l e r e t a l , 1969). B a k e r and Wohlenberg ( l 9 7 l ) show t h a t 

the u p l i f t s u r r o u n d i n g the G r e f o r y R i f t h a s r e a c h e d 1.7 km 

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

c o n t i n e n t a l r i f t s a l r e a d y m e n tioned ( l i l i e s , 1969)* 

.2.^. The E a s t A f r i c a n R i f t s and O c e a n i c R i f t s 

Of r a t h e r more i n t e r e s t i s the c o m p a r i s o n w i t h t h e mid-

o c e a n i c r i f t s , a s w i t h i n t h e l a s t t w e n t y y e a r s a v a s t amount 

o f e f f o r t h as been s p e n t on e l u c i d a t i n g t h e i r s t r u c t u r e . 

The s t r u c t u r e o f the c r u s t and u p p e r m a n t l e b e n e a t h 

I c e l a n d shows a r e m a r k a b l e s i m i l a r i t y w i t h t h a t d e r i v e d f o r 
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b e n e a t h t h e r i f t . B a t h (1960) found a 6.71 km/sec l a y e r 
t o a d e p t h o f 17.8 km w i t h a v e l o c i t y o f 7.38 km/sec b e n e a t h ; 
T r y g g v a s o n (196U) showed, t h a t r e l a t i v e d e l a y s between K i r u n a 
(Sweden) and R e y k j a v i k i m p l i e d a t h i c k n e s s o f a p p r o x i m a t e l y 
2^0 km f o r an anomaly w i t h t h i s v e l o c i t y . 

The deep s t r u c t u r e o f t h e submerged mid-ocean r i d g e s 

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

s t u d i e s . V e l o c i t i e s o f 7*3 - 7«^ km/sec have been found f o r 

th e u p p e r m a n t l e b e n e a t h t h e m i d - A t l a n t i c r i d g e ( E w i n g and 

Ewmg, 1959; Le P i c h o n e t a l , 1965) and 7.3 - 7.6 km/sec f o r 

t h e E a s t P a c i f i c R i s e ( L e P i c h o n e t a l , 1965) w h i l e F i g . 8 . 3 . 

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

from T a l w a n i e t a l (1965). 

I n t o t a l t h e g e n e r a l s t r u c t u r e b e n e a t h t h e mid-ocean 

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

r i f t . However, t h e d e t a i l s o f t h e s t r u c t u r e s a r e n o t k n o w 

and c a n n o t be u s e d a s a c o n t r o l f o r t h e E a s t A f r i c a n models. 

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

s t u d i e s o f t h e mid-ocean r i d g e s . One o f t h e most i n t e r e s t i n g 

c a l c u l a t i o n s i s t h a t o f Oxburgh and T u r c o t t e (1968) who 
i n v e s t i g a t e d t h e t h e r m a l r e g i m e o f an a s c e n d i n g plume o f h o t 

m a t e r i a l b e n e a t h the r i d g e . F ig.8.k. shows a model t a k e n 

from t h i s p a p e r w h i c h i n d i c a t e s t h e zone o f f u s i o n and t h e 

numbers i n d i c a t e the zo n e s w i t h i n w h i c h t h e t e m p e r a t u r e 

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

number o f d e g r e e s c e n t r i g a d e i n d i c a t e d . W h i l e i t i s o b v i o u s l y 

d i f f i c u l t to t r a n s f e r t h e s c a l e o f t h i s s t r u c t u r e d i r e c t l y 

to t h e m a n t l e b e n e a t h E a s t A f r i c a i t i s o f i n t e r e s t t h a t t h e 

s t r u c t u r e i s s i m i l a r to t h a t b e i n g p ut f o r w a r d . I t w i l l be 

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



F i f i u r e b."} 

C r u s t and upper m a n t l e model f o r the m i d - A t l a n t i c K i d g e 

from g r a v i t y i n t e r p r e t a t i o n ( T a l w a n i e t a l , I965). 
D e n s i t i e s a r e i n gm/cc. 
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F i g u r e 8.4 

S t r u c t u r e o f the upper m a n t l e b e n e a t h mid-ocean 

r i d g e s from Oxburgh and T u r c o t t e (1968). Numbers 

i n d i c a t e t h e number o f d e g r e e s c e n t i g r a d e by v h i c h 

•che p r e d i c t e d t e m p e r a t u r e e x c e e d s the o l i v m e -

t h o l e i i t e f u s i o n t e m p e r a t u r e . 
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p r e d i c t e d and t h a t from t h e d i s c u s s i o n o f s e c t i o n 7«3» t h e r e 

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

l a t e r a l l y w i t h i n t h e s t r u c t u r e . F i g . 8 . 5 . shows a d i a g r a m 

from t h e v o r k o f Solomon and J u l i a n (197*0 w i t h a s i m i l a r 

p u r p o s e but from a d i f f e r e n t v i e w p o i n t . Dy a s s u m i n g a 

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

a v e l o c i t y - d o n s i t y * n o d e l i t i s p o s s i b l e t o p r e d i c t t h e 

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

s t r u c t u r e i s s i m i l a r to t h a t o f Oxburgh and T u r c o t t e (1968) 
a l t h o u g h the s c a l e i s s m a l l e r . The model a g a i n h a s 

c o n s i d e r a b l e v e l o c i t y s t r u c t u r e down t o a minimum o f 7»0 km/sec 

Tho d e t a i l s o f t h i s model a r e c o n s i d e r e d s u s p e c t and, i n 

p a r t i c u l a r , the c o n v e r s i o n from a d e g r e e o f p a r t i a l m e l t to 

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

s e e s e c t i o n 7«3«) and t h e work o f Oxburgh and T u r c o t t e (1968) 
i s c o n s i d e r e d a more u s e f u l g u i d e . T h i s p a p e r d o e s , however, 

make two i n t e r e s t i n g p o i n t s . I t i s s u g g e s t e d t h a t t h e 

e f f e c t s o f r e f r a c t i o n t h r o u g h t h e i n t e r f a c e s shown w i l l c a u s e 

t h e r a y s to be d e v i a t e d and a s a r e s u l t t h e e a r t h q u a k e f a u l t 

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

By s t u d y i n g t h e o r i e n t a t i o n t h e y s u g g e s t t h a t i n f o r m a t i o n on 

th e s t r u c t u r e a t s o u r c e may be found. They a l s o c o n c l u d e 

t h a t t h e v a r i a t i o n o f d e l a y time w i t h a z i m u t h i s a l s o 

i n s e n s i t i v e t o t h e geometry o f t h e s t r u c t u r e . 

V e l o c i t y D e t e r m i n a t i o n and the Shape o f the S t r u c t u r e 

The e n t i r e a n a l y s i s p r e s e n t e d i n t h i s t h e s i s h a s r e s t e d 

on two a s s u m p t i o n s . F i r s t , t h a t t h e anomaly c a n be 

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

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

c o n t e x t . The j u s t i f i c a t i o n f o r t h o s e a s s u m p t i o n s i s now 

d i s c u s s e d . 



F i g u r e 8.5 

C o n t o u r s o f c o n s t a n t P-wave v e l o c i t y f o r the mantle 

b e n e a t h t h e mid-ocean r i d g e - from Solomon and 

J u l i a n (1974). 
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The t h e o r e t i c a l work o f Oxburgh and T u r c o t t e (1968) 
and Solomon and J u l i a n (197*0 p r o v i d e s welcome s u p p o r t f o r 
t h e a s s u m p t i o n t h a t t h e anomaly i s most s t r o n g l y i n f l u e n c e d 
by the u p p e r i n t e r f a c e . T hus i n F i g . 8 . ^ . t h e r e g i o n s w i t h 
t h e h i g h e s t d e g r e e s o f p a r t i a l m e l t i n g have an a l m o s t f l a t 
bottom s u r f a c e and w i l l t h u s c a u s e n e g l i g i b l e s l o w n e s s 
a n o m a l i e s anri i t i s o n l y a t t h e lower d e g r e e s o f p a r t i a l 
m e l t i n g t h a t an a p p r e c i a b l e d i p o c c u r s on tho l o w e r i n t e r f a c e . 
I t must be remembered t h a t the s i t u a t i o n a t the o c e a n i c r a d g e 
i s dynamic compared w i t h the a l m o s t s t a t i c c a s e o f the 
c o n t i n e n t a l r i f t . I t i s e n v i s a g e d r a t h e r t h a t the l i t h o -
t h e r m a l d i s t u r b a n c e c a u s i n g the u p w e l l i n g g r a d u a l l y s u b s i d e s 
w i t h d e p t h u n t i l i t merges w i t h n o r m a l a s t h e n o s p h e r e so t h a t 
d e n s i t y and v e l o c i t y c o n t r a s t s s l o w l y change to z e r o . Fig.8.5 
i s even more e n c o u r a g i n g from t h i s p o i n t o f v i e w i n t h a t 
n e a r l y the whole anomaly would be c a u s e d by t h e top i n t e r f a c e . 

The second p o i n t c o n c e r n s t h e v e l o c i t y and i s r a t h e r 

more d i f f i c u l t t o d e a l w i t h ; the two models a l r e a d y q uoted 

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

c o n s i d e r a b l e . Moreover, i t w i l l be r e a l i z e d t h a t the ' a v e r a g e 

v e l o c i t y so f a r d i s c u s s e d i s an i m mensely c o m p l i c a t e d q u a n t i t y 

d e p e n d i n g on t h e w e i g h t e d t r a v e l p a t h s f o r a l l the e v e n t s . 

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

d e f i n e d by an a z i m u t h anomaly d i f f e r s from the a v e r a g e v e l o c i t y 

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

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

i s n o t s i g n i f i c a n t b u t i t does i n d i c a t e the c o m p l e x i t y o f 

t h e p r o b l e m . C e r t a i n l y b e c a u s e o f t h e s e problems d e t a i l e d 

c o n c l u s i o n s about the e x a c t shape o f the body c a n n o t be drawn 

b u t the g e n e r a l s i z e and s t r u c t u r e i s c o n s i d e r e d to be w e l l 
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c o n t r o l l e d by t h e d a t a . 

The q u e s t i o n o f the most s u i t a b l e a v e r a g e v e l o c i t y i s 

u n c e r t a i n . Optimum models v e r e r e a c h e d a t v e l o c i t i e s between 

6.8 and 7*0 km/sec a l t h o u g h f u r t h e r r e d u c t i o n i n the v e l o c i t y 

r e d u c e d t h e minimum v a l u e o f t h e f u n c t i o n s l i g h t l y . However, 

s i n c e t h e top o f t h e s t r u c t u r e i s b e l i e v e d t o have an 

a p p r o x i m a t e v e l o c i t y o f 7«5 km/sec an a v e r a g e v e l o c i t y o f 

6.8 km/sec i m p l i e s an e x t r e m e l y low minimum v e l o c i t y . Fig.7.5* 

shows t h a t a huge d e g r e e o f p a r t i a l m e l t i n t h e most f a v o u r a b l e 

c i r c u m s t a n c e s c a n n o t r e d u c e t h e P wave v e l o c i t y much below 

6.0 km/sec. A l t h o u g h i t i s n o t c e r t a i n , a mean P wave 

v e l o c i t y o f a p p r o x i m a t e l y 7*0 km/sec i s p r e f e r r e d w h i c h 

i m p l i e s a t h i c k n e s s o f some 200 km b e f o r e n o r m a l a s t h e n o s p h e r e 

o c c u r s . 

C o n c l u s i o n s 

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

K a p t a g a t a r r a y s t a t i o n s u g g e s t s t h a t t h e m a n t l e b e n e a t h t h e 

G r e g o r y R i f t o f E a s t A f r i c a c o n s i s t s o f a low v e l o c i t y body 

w i t h s t e e p l y d i p p i n g s i d e s n e a r the r i f t w h i c h become g e n t l e r 

a s t h e s t r u c t u r e d e e p e n s . The s t r u c t u r e h a s been shown t o 

be t r u l y t h r e e d i m e n s i o n a l i n that; i t d eepens on g o i n g n o r t h 

and w e s t from K a p t a g a t and any c o n n e c t i o n w i t h the assumed 

s i m i l a r body b e n e a t h the E t h i o p i a n dome must be a t a 

c o n s i d e r a b l e d e p t h . The optimum a v e r a g e c o m p r e s s i o n a l 

v e l o c i t y i s found t o be between 6.8 km/sec and 7«0 km/sec 

i m p l y i n g a d e p t h to the 'bottom' o f the anomaly o f some 200 km. 

The s e r e s u l t s have p r o v i d e d the b a s i s to u n d e r t a k e a 

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

b e n e a t h the r i f t and a t the time o f w r i t i n g a new e x p e r i m e n t 
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i s s t a r t i n g . The e m p h a s i s i n t h i s e x p e r i m e n t h a s changed 

from a r r a y s t a t i o n s to t he u s e o f f a i r l y c l o s e l y grouped 

s t a t i o n s c o n s i s t i n g o f t h r e e component s e t s . With the 

p r o c e s s i n g t e c h n i q u e s d e v e l o p e d , and i n p r o c e s s o f development, 

a t Durham, i t i s hoped t o d e r i v e t h e a n g l e o f a p p r o a c h o f 

l o c a l s and t e l e s e i s r a s a t e a c h t h r e e component s e t and t h u s 

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

p r e s e n t a n a l y s i s ; c o n s e q u e n t l y , i t i s hoped t h a t c o n s i d e r a b l y 

more o f t h e up p e r m a n t l e c a n be mapped. 

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

c a n be d e r i v e d from u s i n g t h e r e s u l t i n g s e i s m i c models m 

a r e g i o n where t h e g r a v i t y c o n t r o l i s b e t t e r b ut t h i s must 

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

u n d e r t a k e n . 
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Appendix A C a l c u l a t i o n o f the Normal to a R e f r a c t i n g S u r f a c e . 

•S A 

V e c t o r s I and T a r e d e r i v e d from the measured and 

t h e o r e t i c a l v e l o c i t i e s a s d e s c r i b e d i n s e c t i o n 3»5« 
A 
N r e p r e s e n t s t h e normal to the s u r f a c e c a u s i n g r e f r a c t i o n . 

A A A 

By S n e l l ' s Law I , N and T a r e c o - p l a n a r and t h i s i s 

e x p r e s s e d by t h e c o n d i t i o n " l "2 
X l XZ 

*1 *2 

n. 

= 0 

w h i c h may be w r i t t e n 

n l * ^ 1 2 , t 3 ~ 1 3 ' + n 2 ' ^ 1 3 , t l " 1 l * t 3 ' + n 3 ^ 1 l * t 2 " : L 2 , t l ^ = 0 A ~ ^ 1 

( T h i s may be shown a s f o l l o w s : d e f i n e t h e normal to the 
A. / 

p l a n e c o n t a i n i n g I , N and T a s N t h e n 

then 

N 
A 
• N = 0 — — 
A 

N . I = 0 — 
A/ 
N .T = 0 

n l • n l + n 2 . n2 + n 3 * n3 = 0 

n l • x l + i 
n 2 'X2 + 

n 3 • A3 = 0 

n l •*1 + / 
n 2 •*2 + 

n 3 •*3 = 0 

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

to be z e r o . ) 
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I f t h e r e f r a c t e d a n g l e , w h i c h i s t a k e n a s t h e a n g l e 

w i t h i n n o r m a l m a n t l e m a t e r i a l , i s ^ t h e n 
A A 
N.I = c o s ^ 

n
1 - l

1
 + n2 , : L2 + U 3 * 1 3 = C O S ^ A - ( i i ) 

and t he p r o p e r t i e s o f the d i r e c t i o n c o s i n e s r e q u i r e s 
2 2 2 -i * i \ n 1

 + n
2
 + n 3 = A - ( i n ) 

E q u a t i o n s A - ( i ) , A - ( n ) and A - ( n i ) may be s o l v e d 

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

to the n o r m a l b e i n g between the o b t u s e o r r e f l e x a n g l e 
A A 

between I and T. T h e s e c o r r e s p o n d to a r e f l e c t i o n and 

r e f r a c t i o n and the r e f r a c t i o n i s c h o s e n . The a n g l e o f 

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

a g a i n s t S n e l l ' s Second Law. By an i t e r a t i v e p r o c e s s a 

s o l u t i o n o f any r e q u i r e d a c c u r a c y may be found. T h i s 

p r o c e d u r e was c a r r i e d out i n the computer program 

l i s t e d NORMAL. 
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Appendix B Ray T r a c i n g P r o c e d u r e s . 

B . l . C a l c v i l a t i o n o f r e f l e c t i o n and r e f r a c t i o n m t h r e e 

d i m e n s i o n s . 

C o n s i d e r a r a y o r i g i n a t i n g from S ( s ^ S g . s ^ ) and 

i n c i d e n t upon a s u r f a c e ^ ( x ^ x ^ x ^ ) = 0 a t P (Pj ^ t P g . p ^ ) 

where ( x ^ x ^ . x ^ ) i s a r i g h t handed c o - o r d i n a t e s y s t e m 

a s shown ( F i g . B . l . ) 

I n t h e p r e s e n t work (j) i s d e s c r i b e d by 

- 1 = 0 C ^ ( x 1 , x 2 , x 3 ) = a x x
2 + b x 2

2 + cx^' 

w h i c h may be w r i t t e n more c o m p a c t l y a s 

B - ( i ) 

T 
X AAX = 1 

where 

B - ( n ) 

#a o o 
A =| o b o 

ko o c 

and 

X = 

and X i s t h e t r a n s p o s e o f X . 
A 

I f I ( i ^ j i ^ j i ^ ) a r e t h e d i r e c t i o n c o s i n e s o f t h e 

r a y from S to P and i t s l e n g t h i s L t h e n 

P = S + L . I B - ( n i ) 

Now P l i e s on the s u r f a c e <j> = 0 and so must s a t i s f y B - ( i j ) 

so t h a t 

P T.A.P = 1 

( S T + L . I T ) .A. ( S + L . I ) = 1 



F i g u r e 3.1 

Diagram to i l l u s t r a t e r a y t r a c i n g p r o c e d u r e s 



0 - * 

\ 



- 118 -

L 2 . ( I T . A . I ) + L . ( S T . A . I + I T . A . S ) + S T.A.S = 1 3 - ( i v ) 
T h i s q u a d r a t i c i n L may be s o l v e d t o g i v e , i n 

g e n e r a l , two s o l u t i o n s and the r e q u i r e d r o o t must be 

c h o s e n . Once t h e v a l u e o f L h a s been c a l c u l a t e d P may 

be d e t e r m i n e d from B - ( i n ) . 

I n o r d e r t o c a l c u l a t e t h e r e f l e c t e d and r e f r a c t e d 

r a y s the n o r m a l N ( n ^ , n 3 , n ^ ) a t P must be c a l c u l a t e d . 

The d i r e c t i o n of t he n o r m a l to t h e J. u n c t i o n i s 

g i v e n by 

^where ( i , j , k j a r e u n i t v e c t o r s m tpe d i r e c t i o n o f the 

a x e s ) and the d i r e c t i o n c o s i n e s o f the n o r m a l a r e g i v e n by 

N = V<ft B - ( v ) 

By S n e l l ' s F i r s t Law the i n c i d e n t r a y , the n o r m a l 
A 

and the t r a n s m i t t e d r a y ( T ) a l l l i e i n t h e same p l a n e 
A 

and t h u s T may be w r i t t e n 
A A A 

T = ^ 1 ^ c 2 N 

and from F i g . B . l . i t may be s e e n t h a t 
A A A 

P P 2 . T = PPj^.I + P1P2.B B - ( v i ) 

The v e l o c i t y o f the i n c i d e n t , t r a n s m i t t e d and r e f r a c t e d 

r a y s a r e d e n o t e d V , V., and V r e s p e c t i v e l y . 
i t r 

The a n g l e o f i n c i d e n c e ,0(, i s g i v e n by 
A A 

c o s # - I.N 
where o ( > ^ f o r a downgomg r a y s i n c e n^<0. S n e l l 1 s 
Second Law now g i v e s 

s i n tx = s i n fi B - ( v n ) 
V V. i t 
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Where f o r the downgoing r a y y8 > ^ 

From plane trigonometry 

PP^ = P P ^ sin(TT-of) = P P ^ s m o c B - ( v i i j ) 

and 

PP., = PP„ = PP.,. s m m B - ( i x ) 

sin(ir-^8) s i n 

and P 1 P 3 ~ P P j / 0 0 3 ^ - 0 1 ) = -PP.j_.cos ex 
P2Pj ~ PP 2^cos(Tr-/5) = -PPg.cos^S = -PPj^. slntf.cotp 

so that 
P P = P P - p p 

= - P P ^ . C O S K + PP^ . smo<. cot« 

P P ^ sin(«-/9) B-(x) 
s i n f& 

I n s e r t i n g equations B - ( i x ) and B-(x) i n t o B - ( v i ) 

Pj^Pgl + PP ±. sin(tx-g) .N = P P 1 > s i n o t .T 
s i n |3 s i n (3 

A A 
T = s i n ft . I + s i n ( * - f t ) . N B - ( x l ) 

since ~ s i n oc ~~ 

and by B - ( v n ) 
A A A 
T = V I + ( c o s ^ - c o s i x . V j . N B - ( x i l ) 

V V~~ l i 
A 

The r e f l e c t e d r a y R i s most e a s i l y c a l c u l a t e d by 
i 

r e p l a c i n g y? by ot and V by V . Thus from B - ( x n ) 
R = V .1 + ( c o s * - V^.cosoO.N — r - v t ' — 

V i V i 

and f o r the p a r t i c u l a r case c o n s i d e r e d i n chapter 6 

when i n c i d e n t P and r e f l e c t e d P only are considered 
i 

= V and ot + (V = "FT the equation s i m p l i f i e s to 
A A A 
R = I + (cos(7T-«) -coso<).N 

A A 
= I - 2.cosrf.N B - ( x i n ) 

http://-PP.j_.cos
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B. 2. Ray T r a c i n g through Plane P a r a l l e l S t r u c t u r e s . 

Consider the ray I ( l ^ i g . i ^ ) i n c i d e n t at the 

plane boundary + c = 0 so that N = (0,0,-1). The 

angle of i n c i d e n c e °< i s given by 

cos e{ = N.I - - i ^ B - ( x i v ) 

The d i r e c t i o n c o s i n e s of the t r a n s m i t t e d ray 

are now given by B - ( x n ) 

V 

= -cos (i 

( t J L , t 2 , t 3 ; = ( V t . x 1 ( V t . i 2 , - cos^) 3-(xv) 
~ V 

L 1 

B.3. The Dip and S t r i k e of (x ,x^,x ) = 0. 
** -J 

The d i r e d t i o n c o s i n e s of the i n c i d e n t and 

t r a n s m i t t e d r a y s are r e l a L e d to the measured and 

t h e o r e t i c a l v e l o c i t y eiml azimuth (denoted v ,9 ,v.. , ) 
ui HI th t h ' 

by the r e l a t i o n s 
t . = COS0,, .V. i . = c o s 0 .v 1 th t 1 m _ _ i 

V,, V th in 

t„ = s i n 9., .V. i„ = s i n P .V th _ t 2 "i _ i 
th m 

2A t 3 = (1 - v t - )T i 3 = (1 - V / ) 2 
V 
1 h V 

(equations 3 - ( i ) , 3 - ( n ) and 3 - ( m ) ) 
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i r the s t r i k e of the normal i s y then 

tan 7 = n 2 

and by equation B - ( x i i ) 

t a n y = y ( V /V L) -, 2 = ( y V ^ . V ^ 

sm6 t u.V, .V - s i n 9 .V .V 
th _ t 1 in _ i t 

\r v th m 
c o s e . V . . V - cos& .V .VA th t i in _ i t 

V,. V th in 

s i n 0 . - s i n 9 th m 
V. . V th m 

cos 9., - cos© th m 
V.. V th ni 

B-( x v i 

I t can be s< en that the s t r i k e component of the s u r f a c e 

depends only on the measured and t h e o r e t i c a l v e l o c i t i e s 

and the azimuths and not on the v e l o c i t i e s of the media. 

I f Lhe dip of the normal i s then 

cos ci= n 3= ( t ^ . V i - i 3 V t ) 
(V^^cos^ - V^.coset) 

and thus s u b s t i t u t i n g f o r i ^ and 
2x4-coso< = (1 - V.'') 2 .V - (1 - V ~ ) 2 . V x t ' i v l ' t 
2 2 

t h m 
V i.cos f - V^.cos 

and s i n c e 
A A 

cos « = N.I •= n 1 . i 1 m 2 . i +n . i 

cos |8 = N.T = n^ . t +n 0 . t„^-n^ . t 

and i t can be seen that the dip of the normal depends not 

only on the measured and t h e o r e t i c a l v e l o c i t i e s and azimuths 

but a l s o on the v e l o c i t i e s of the media, V and V. . 
l t 
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Appendix C. The Array Response to Coherent and Incoherent Noise. 

C . l . Coherent Noise. 

Consider a wavefronx c r o s s i n g an a r r a y " i t h v e l o c i t y V 

and apparent wavelength ^. The ar r a j - c o n s i s t s of n 

seismometers and the r t h seismometer at Q i s a t d i s t a n c e 

and azimuth oi^ from an o r i g i n O ( F i g . A l ) . The wave 

i n c i d e n t at azimuth 9 t r a v e l s a d i s t a n c e d cos(9-oc ) 
r N r ' 

between c r o s s i n g Q and P and the phase d i f f e r e n c e between 

Q and P i s thus 

5 = JlT Ar Cos(0-«r) C - ( i ) 
I f a l l the seismometers are summed v i t h o u t any 

dulay bhen the summed output i s given by An with a 

phase l a g r e l a t i v e to 0 of o<„ the phase s h i f t s may be 

added v e c t o r i a l l y to give 

T i l 

A n ^(n = X ftr *'* ̂ r 

C - ( n ) 

C = ( m ) 

where a i s the amplitude at the r t h seismometer, r 
These equations may be solved to give 

A* = [ ( £ » r C O i p r ) 4 * ( t ^ 5 - ^ ) 1 ] C - ( i v ) 

and ^ = [{J-s*'S,"h)/lJ:«r™fc)] C- ( v ) 
I f the amplitude of the wave remains constant 

over the a r r a y at a C - ( i v ) may be s i m p l i f i e d to give 

A ' a l [ ( i ^ ) 1 + ( t s - p ' H C - ( v i ) 

I f a l l the waves are i n phase then the amplitude 

An i s given by 
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n 
A,' : [ 1 1 

and an amplitude En which corresponds to the amplitude 

normalized to u n i t y f o r the i n phase c o n d i t i o n may be 

w r i t t e n 

. 11 . " 

As explained i n s e c t i o n 6.3 i t i s more u s u a l to 

sum the red and yellow l i n e s i n d i v i d u a l l y and then 

m u l t i p l y them together. I f the red l i n e corresponds 

to the seismometers 1 to n and the yellow l i n e to 
2 

seismometers n + 1 to n then two s u b s i d i a r y amplitudes 
2 

are given by 

and A , « - i f 

r»5+i 
and so A = A .A r y 

The corresponding i n phase response i s 
2 2 . n n n a A = - a . - a = "Tp 

so that the normalized response i s 

C - ( v i n ) 

U s u a l l y the d e l a y s are a d j u s t e d so that the i n phase 

c o n d i t i o n corresponds to a given v e l o c i t y and azimuth 

(V^,8^) i n which case the r e l e v a n t phase s h i f t a t Q 

f o r a s i g n a l (V,8) i s 

p z «2TT dr ^ cos(e-«r) - 2TT d£ 2 CoS 
r "b x 3> x 

= 3TT dr f ^CosBcoS«r + ̂  Sir»QSmo<r - 1 Cos 9, Gos*r - ̂  Si^fiSiwtf, 
D L X X \ x, 
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a 2 « dr - * ~ » . ) * « « « r l ? , , " » - ! i ' - * ) ] 

1) L 

= 2IT 4r 5 c*s(e'-* r) 
D W C - ( i x ) 

where D cos 9 = D cos© - D cos9j 
>? , X X, 

and D s i n 0 = D s i n 0 - D s i n 9, 
* X X, 

and thus the phase s h i f t produced i s e q u i v a l e n t to a 

s i g n a l w i t h azimuth 9 and wavelength X* which i s the 

d i f f e r e n c e between the v e c t o r s (D/^,9) and ( D / ^ , 9 ) . 

rhe response as a f u n c t i o n of (V,9) i s thus determined 

by p l a c i n g the o r i g i n at (̂ -, 9 +TT) . 

T h i s a n a l y s i s may be developed to i n c l u d e waves 

of v a r y i n g frequency but the v a r i a t i o n i n frequency 

ol the waveb from l o c a l earthquakes a r r i v i n g a t 

Kaptagat i s such as to make t h i s unnecessary. 

The responses f o r a frequency of k Fz defined 

by C - ( v n ) and C - ( i x ) are c a l c u l a t e d and i l l u s t r a t e d 

i n F i g s . 6.3 and 6.k 

C.2. Incoherent Noise, 

I f the noi s e i s considered white the amplitude 

a at each seismometer w i l l be constant but the phase 

w i l l be random. I f the phase angle a t the r t h seismometer 

I S ^ then i n analogy to C - ( i i ) and C - ( i n ) the r e s u l t a n t 

and phase angle y may bo w r i t t e n 
n 

LOS Y = »- ^ COS e(r 

r s i 

r : i 
so that 
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- a* 

but o< i s random so that the average value of cos e( 
r r 

p and sine/ i s zero and the average value of s i n ot r r and cos d i s -i i * 
R 2 = a 2.(^-n + jn) = n a 2 

For s i g n a l of amplitude a at each of the 

seismometers the summed output f o r the i n phase 

c o n d i t i o n i s 

R = na s 
Thus without u s i n g the a r r a y the s i g n a l to n o i s e 

r a t i n i s u n i t y but on u s i n g the a r r a y the new s i c n a l 

to noise r a t i o i s 
R = na =Jn s 
R n Jn.a 

so that the s i g n a l to noise r a t i o has been i n c r e a s e d 

by Jn. 

My thanks are due to P.D. M a r s h a l l f o r i l l u s t r a t i n g 

t h i s proof. 
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Volocj-ty F i l t e r i n g Program 



* i 9 ; 

SPR; 
VELOCITY, 
ASK; 
ADD,159;104; 
SPtts 
FILEN, 
ASK, 

CALL;36 , 

L I N K ; i l k . ; 
IKS * F • 1 5 9 ; 
INP,' P;' , 1 , 2 ,3 , ^»5 , 6, 718 ,9 ,10,11,1, 2 , 3, ^ , 3, 6 , 7 . 8 , 9 , 1 0,11, 
WEI * 11 • 1 ; 5 ^ ; 
OUT*; ; ; 1,2] 3 , h , 5 , 6 ; 5 0 , 5 1 , 3 3 , 5 1 * , 6 1 , 6 2 ; 
IGOTO;9; 

l^DO,A,B,D,2 .6,2 .6,l.O;O.Ol,O .01,0.4 ,2.8,2.8 ,9.O; 
IKS;C,159; 

CALL,36 ; 

INPUT, c : ; 1 i ? , 3 , 1 i , 5 . 6 I 7 . 8 , 9 . 1 0 ; 1 > ^ , 3 . ^ , 5 I 6 » 7 , 8 , 9 , 1 0 ; 
STACK;1,2,3 ,^ ,5;E J A,5 0 ; 
STACK,6,7•3 ,9 #10,E,B;51; 
MUL;5O ,51i50; 

6 0 , 6 0 , 5 1 . 
5 0 , 5 1 , 7 1 ; 

I F ; C ( . 7 1 , 0 ) 0; 
S U B ; 7 1 , 7 0 ; 7 1 ; 
SQRT,71;71; 
S U B ; 7 1 . 7 0 ; 1 2 , 
GOTO;28, 
ELSE; 
SQRT,7 1 ; 1 2 ; 
I N T , 1 2 ; . 2 ; 5 2 ; 
W E I , 5 2 ; . 0 5 ; 5 3 ; 
A D D ; 5 3 , 1 0 3 ; 5 ^ ; 
ADD; 6 , ? , 6 3 ; 6 2 ; 
OUT; 0 ;,1. 2 , 3 , ̂  , 5 , 6 , 5 0 , 5 1 , 5 3 , 5 ^ , 6 1 , 6 2 ; 
IGOTO,17; 
CONT; 

GOTO;1, 

3 6 S E T ; 5 0 , 5 1 , 5 2 , 5 3 , 6 0 , 6 1 , 6 2 , 6 3 , 7 0 ; 0 , 0 , 0 , 0 , . 1 , 1 0 , 0 , . 0 1 , 0 

DO;9 0,0; . 0 1 ;1; 
SET;11;; 
S E T ; 1 , 2 , 3 , 4 , 5 , 6 , 7 , 8 , 9 , 1 0 , , , , , , , , , , ; 
I N P ; { , l ; 9 l ; 
O U T ; , ; 1 , 2 , 3 , 4 , 5 , 6 ; 5 0 , 5 1 , 5 3 , 5 ^ , 6 1 , 6 2 ; 
IGOTO,37. 
CONT; 

S E T ; 6 1 , - 1 0 ; 
RETURN, 
END; 
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ẑ  O I / ! — X. li. —v < 

> <t • — i L J H 1 -
< \~ LU I J J U <1 L . 1 

_ j >- <1 1— OO t— U J c <£. 

i— o OO (- < v . 1 - i ; o i— 
< U J a OO z OO c U J h-

L J a. Lb 1—H .£ cc a o: < 
LL' C —* 1— li. Q LL. l 
X - J 0 " U J O a: — C > L T 
1— U J ir z C J l - l — IL , U 

> <L < C"> L J > h— — i 
OO 1— ey n i o (— X L J Z «a 
' J J <i t— »-—< 1 - a •-< L J 

i— L..I c a a "C L - Q_ _i 
< > Ci z ~^ L - . C' 111 u 
_ i LL h—I L i - 1—1 _ J [_ < •̂ i L : CL a U J 
L J LU OO a. > 1 
_l X X < C >—i 
< 1— t— L J c 1— on (_5 

L J D 3 L - <> •-i 
U - L U ct 1- r_ *. 

>- u 0 0 t— ! i _ J 

< " ^ on III <? LI i 
_ J l_' LL. o •—i 2* tX 
U J i a: I / ) I h- Q ' u _ J 

o Z J Q LL 
<> 1— aj c - < 

« : 1— <_ i— 1 
< 1 O ' LL - h- 1 
a DC 2 >- t- • o < l \— <J CO 2 : rvi 
o I / ) Q . • o U J > K 
L L 1— t— p—i i l_l 
CL < < a < X Co > 

O L J L J L - o o o u o L J 

l-H O 
c c r 
Cf — 

C. LL i—l 
h- X U J 

C L ) l -
Z H I -
i—* *. 
c cr — 
a. z o 
O • 1-4 CO 
(_ o" C, 
•J ^ L 

O >-
U C L OO 
or o < •-
r~ O 0 O 

— L J C? U O 
j i- i 1 r\. 

LLl — CC — I —• a. o t— < a 
c • LU 0 0 cri > 
O </) Cj . 
LL' 1— \ i a V o 
Q <± L - • I— ,_, w c 

• * Li LU oo • — u (\J 
UJ >~ 0 0 h- LU z ^ . 

X oo LU ! 3 • <. 
y- <. Q L Lu! LLi < C .—. 

LU oo o-5 ^ 1 i co 
a z 0 ^ <r LLl 1 - 0 0 <j UJ L ) 

i— LU O >- LU a o Z 
z. C£ ( _ 1 - Cl 1—4 

< i—i U- 3- 1_ z t—i Z CL. ~- <_/ 
o L J L J i—1 <S o i— < 

X _J 1—- L J Ct L-J i CO Z 
1— 0 0 u _ l Co Z — ~ - J 

i—i ZD O" c LLl LL. < _ J LU 
h- cc —> LT > x i — U-' cr. 0 J 

5T < LL cr oo LLi J - H —J I—. 

2 . X> l—i z LL. 1 rv i LU ISJ 
r—» •si (— «-» CO 1 — O »• > < 

i—i L J 5. o o L J O » *> 

1 —f , —i C i_ 1— 
Lf Z » o — o >- Y— l_I •— 

L J r-H w~1 X L/ i *C z 
if 1 II 1— LU o - o U l > 1— (—1 
k—. 1—• .—' Q z o t— L 

L J •> II LU •• < Cf DC <3 

<T z ~ 1—̂  Q 1 - X 
> 1— 

» CL — Z cr o o T—1 <M rv. 
L J _ 1 O I • z • M rvi CM (M 

U ' i—i i LL. w ». »• » *• 

> Co oo 0 0 _J LP ir L f ir IX s in 
Z 2C ~— — 

i—i — J J L-> _ 1 L J c L_l 
* a i—. 21 S. < < I <r <J <l <2 

i - — - .—. IJJ LU LA. U J LU u> LU 
i—< 1— X < o Q CC a Ct C£ C: 

1— 1-
i — . z o _ i 

LLi LL, 
< Li. r_ C! 

L J L J L - L J L J L J LJ L J 



T 
2. 

2. 

iXI _ — 

or 
l_ 
u 

2 

1— 
i—4 C — Q U . 

p-* •— 

m Li . a • 2" 
— (TI o > LU 

— »• - . — I O <r > r- o • • L_ h _ j 
o nc <_/"> « o ^L 

p—' »•— IJJ UJ [ J j — r_ l—i 
II i ~ L L J LL, IVJ 

»—< LL. < CC. < ^ _ i a < l * 
r- II C T l _ < i i — J Q 

L_. •— < )—i LU IVI i — ct 
Z 1—I Cr. c Q c O LU 
i— < -—' > - < UJ o r-J 
a •—1 a o 1— - r— 
z a* ' — o *—. •> e: 1 a 

» > a UJ o 1—1 X X a t— 
L L rs j h >r r - j 

— o z> » z < _i •—i <5 t-
•—1 •—i >—i — L j i — <_> LU c t — LU 
CL ~- ' rx • 1— > rvl - o . o ô-
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