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ABSTRACT 

D u r i n g 1976 and t h e f i r s t s i x months o f 1977, t h e 

D e p a r t m e n t o f G e o l o g i c a l S c i e n c e s a t Durham U n i v e r s i t y 

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

s o u t h e a s t f l a n k o f t h e Kenya dome and i n t h e c e n t r a l s e c t i o n 

o f t h e G r e g o r y r i f t . A t each s t a t i o n , s i g n a l s f r o m l o c a l 

and t e l e s e i s m i c e v e n t s were r e c o r d e d f r o m a t h r e e component 

s e t o f s e i s m o m e t e r s o n t o m a g n e t i c t a p e . R e c o r d e r g e n e r a t e d 

t i m e c o d e , and B.B.C. G.M.T. p i p s r e c o r d e d a l o n g s i d e , e n a b l e 

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

Waveform m a t c h i n g o f r e p l a y e d t e l e s e i s m i c P-wave 

a r r i v a l s e n a b l e d r e l a t i v e o n s e t t i m e s t o be o b t a i n e d w i t h 

g r e a t a c c u r a c y . D e l a y t i m e s were o b t a i n e d f o r each o f t h e 

24 s t a t i o n s , a l s o w i t h h i g h r e l a t i v e a c c u r a c y . 

I t i s shown t h a t t h e s i g n i f i c a n t l y l a r g e r d e l a y t i m e s 

o b t a i n e d f o r s t a t i o n s near t h e c u l m i n a t i o n o f t h e dome must 

be due t o t h e p r e s e n c e o f a n o m a l o u s l y l ow P-wave v e l o c i t y 

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

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

p o s i t i v e a x i a l Bouguer anomaly i s shown t o be due t o t h e 

p r e s e n c e o f a n o m a l o u s l y h i g h P-wave v e l o c i t y m a t e r i a l w i t h i n 

t h e c r u s t . 

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 s assume h o r i z o n t a l l a y e r i n g 

b e n e a t h each s t a t i o n . F l a t b o t t o m e d m o d e l s , a s s u m i n g a 

u n i f o r m a n o m a l o u s zone v e l o c i t y o f 7.5 km/sec a r e d e r i v e d 



f o r p r o f i l e s r u n n i n g s o u t h e a s t o v e r t h e f l a n k o f t h e dome 

and a c r o s s t h e r i f t . I n t e r p r e t a t i o n s f o r t h e f l a n k show a 

s h a r p l y i n c r e a s i n g t h i c k e n i n g o f t h e anomalous zone t o w a r d s 

t h e r i f t , w i t h a s e c o n d a r y t h i c k e n i n g near o r under 

Mt. K i l i m a n j a r o . The r i f t p r o f i l e shows t h a t t h e anomalous 

zone p e n e t r a t e s t h e c r u s t t o w i t h i n a b o u t 20 km o f t h e 

s u r f a c e . A d e p t h o f 120 km i s deduced f o r t h e base o f t h e 

anomalous z o n e , b u t t h i s may be i n e r r o r due t o s y s t e m a t i c 

e r r o r i n t h e b a s e l i n e o f s t a t i o n d e l a y s . 

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

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

r a y t r a c i n g t e c h n i q u e i s d e v i s e d . F l a t b o t t o m e d m o d e l s a r e 

d e r i v e d a s s u m i n g u n i f o r m anomalous zone v e l o c i t i e s o f 7.5 

and 7.0 km/sec. The 7.0 km/sec mod e l shows a t h i n n e r and 

s h a l l o w e r a nomalous zone, b u t t h e o v e r a l l shapes o f t h e s e 

models a r e i n good a g r e e m e n t w i t h t h e p r e l i m i n a r y m o d e l s . 

D e f i c i e n c e s i n t h e r a y t r a c i n g t e c h n i q u e a r e d i s c u s s e d and 

i t i s shown t h a t t h e p a r a m e t e r s c h a r a c t e r i s i n g t h e 

t h r e e - d i m e n s i o n a l models a r e n o t w e l l c o n t r o l l e d . 

S u g g e s t i o n s a r e made f o r i m p r o v i n g t h e t e c h n i q u e . 

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

upward p e r t u r b a t i o n o f t h e 1 i t h o s p h e r e - a s t h e n o s p h e r e 

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

l i t h o s p h e r e and domal u p l i f t , i s t h e p r i m a r y c a u s e o f 

r i f t i n g . 
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CHAPTER 1 

THE GREGORY RIFT AND THE EAST AFRICAN RIFT SYSTEM 

1. 1 I n t r o d u c t i o n 

The East A f r i c a n r i f t s y s t e m , w h i c h i n c o r p o r a t e s t h e 

G r e g o r y r i f t , i s a u n i q u e f e a t u r e on t h e e a r t h ' s s u r f a c e . 

No o t h e r c o n t i n e n t a l r i f t s y s t e m i s as w e l l d e v e l o p e d , o r as 

e x t e n s i v e . The system i s c o n n e c t e d t o t h e Red Sea and G u l f 

o f Aden s p r e a d i n g a x e s , and v i a t h e l a t t e r t o t h e o c e a n i c 

r i d g e - r i f t s y s t e m , i m p l y i n g t h a t i t m i g h t r e p r e s e n t t h e 

i n i t i a l s t a g e o f c o n t i n e n t a l r u p t u r e . 

The r e g i o n i s b e i n g s u b j e c t e d t o l i t h o s p h e r i c p r o c e s s e s 

w h i c h a r e on a par w i t h t h o s e r e s p o n s i b l e f o r c o n t i n e n t a l 

d r i f t . I t i s i m p o r t a n t t h a t t h e s e p r o c e s s e s be u n d e r s t o o d 

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

S t u d y o f t h e s y s t e m w i l l g i v e v a l u a b l e i n f o r m a t i o n on t h e 

mechanism o f c o n t i n e n t a l b r e a k - u p and t h e f o r m a t i o n o f new 

o c e a n s , and m i g h t g i v e i n s i g h t s i n t o t h e s u b s e q u e n t 

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

s p r e a d i n g c e n t r e s . 

1.2 The East A f r i c a n Ri f t System 

The East A f r i c a n R i f t s y s t e m c o n s i s t s o f a s e r i e s o f 

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

f l e x u r e , w h i c h t r a v e r s e two m a j o r r e g i o n s o f u p l i f t . 

The s y s t e m e x t e n d s n e a r l y 3,500 km, f r o m t h e A f a r 

t r i p i e - j unc t i o n i n t h e n o r t h , t o mid-Mozambique, where i t 

U rnV 

) 
SCIE.NCt 
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BECTIOt-
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d i e s o u t . The two b r o a d r e g i o n s o f u p l i f t w h i c h a r e 

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

t h e East A f r i c a n p l a t e a u . B o t h r e g i o n s a r e r o u g h l y 

e l l i p t i c a l i n p l a n , m e a s u r i n g some 1,500 X 1,000 km i n 

e x t e n t , t h e i r m a j o r axes h a v i n g a NNE-SSW t r e n d . 

The r i f t v a l l e y s a r e d i v i d e d i n t o two q u a s i - c o n t i n u o u s 

s y s t e m s , t h e W e s t e r n R i f t and t h e E a s t e r n R i f t ( B a k e r e t a l , 

1 9 7 2 ) , as shown i n F i g u r e 1.1. The W e s t e r n R i f t i s 

d e v e l o p e d o v e r most o f i t s l e n g t h as t y p i c a l 50-60 km w i d e , 

f a u l t - b o u n d e d g r a b e n . I t e x t e n d s f r o m Uganda i n t h e n o r t h , 

and f o l l o w s t h e l i n e o f Lakes A l b e r t , Edward, K i v u , and 

T a n g a n y i k a , s k i r t i n g t h e w e s t e r n edge o f t h e East A f r i c a n 

p l a t e a u , t o c o n t i n u e , v i a Lake M a l a w i , i n t o Mozambique. 

The E a s t e r n R i f t c o n s i s t s o f two s e c t i o n s , t h e 

E t h i o p i a n R i f t and t h e G r e g o r y R i f t . 

T o g e t h e r w i t h t h e Red Sea and t h e G u l f o f Aden, t h e 

E t h i o p i a n R i f t t r i s e c t s t h e A f r o - A r a b i a n p l a t e a u i n t o t h e 

p l a t e a u x o f Yemen, S o m a l i a , and E t h i o p i a . The E t h i o p i a n 

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

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

j u n c t i o n o f t h e Red Sea and G u l f o f Aden. From i t s 

c o n n e c t i o n w i t h t h e A f a r d e p r e s s i o n , a t l a t i t u d e 9.5°N, t h e 

E t h i o p i a n r i f t e x t e n d s s o u t h - s o u t h w e s t w a r d s as a w e l l 

d e v e l o p e d , 55-80 km w i d e t r o u g h . F a r t h e r s o u t h t h e r i f t 

t e n d s t o d i e away, and i t s c o n n e c t i o n w i t h t h e G r e g o r y R i f t 

i s d i f f i c u l t t o t r a c e . 

The G r e g o r y R i f t , t r e n d i n g mer i d i o n a l 1 y o v e r a l l , t e n d s 



FIGURE 1.1 

THE RIFT ZONES OF EAST AFRICA 

50* E 

G -Gregory rift 
E -Eth iopian rift 
T -Lake Turkana 
A - L a k e Albert 
Ed -Lake Edward 
V -Lake Victoria 

K -Lake Kivu 
Ta -Lake Tanganyika 
R -Lake Rukwa 
N -Lake Nyasa 
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to s k i r t the e a s t e r n s i d e o f the E a s t A f r i c a n p l a t e a u , 

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

Kenya dome. The G r e g o r y r i f t i s b e s t d e v e l o p e d a t the 

c u l m i n a t i o n o f the Kenyan dome. Here i t f orms a complex 

t r o u g h - l i k e d e p r e s s i o n , some 55-70 km w i d e , bounded by s t e e p 

e s c a r p m e n t s up to 2 ,000 m i n h e i g h t . The e s c a r p m e n t s a r e 

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

a r r a n g e d en e c h e l o n . T h i s s t r u c t u r e g i v e s r i s e to 

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

ramps between o f f s u t m a j o r f a u l t s . A few s u c h s t e p s a r e a s 

much a s 30 km w i d e , r o r m i n g , f o r e x a m p l e , the K a m a s i a - L o r i u 

p l a t f o r m and K i n a n g o p " p l a t e a u " . 

Beyond about 2°i\, the e a s t e r n m a r g i n a l f a u l t i n g g i v e s 

way to p r e d o m i n a n t l y m o n o c l i n a l f l e x u r e , w h i l e the w e s t e r n 

f a u l t s c a r p s s u b d i v i d e to g i v e a s e r i e s o f w e s t e r l y d i p p i n g 

b l o c k s , bounded by e a s t and s o u t h - e a s t f a c i n g s c a r p s . T h i s 

zone o f f a u l t i n g b r o a d e n s s o u t h w a r d s and d i e s away beyond 

about 5 ° s . A broad s e r i e s o f f a u l t s c o n n e c t s the E a s t e r n 

r i f t w i t h the W e s t e r n r i f t , a t the n o r t h end of Lake M a l a w i . 

The p a t t e r n o f f a u l t i n g to the s o u t h o f the G r e g o r y 

r i f t i s c l o s e l y m i r r o r e d in the n o r t h , where the s y m m e t r i c a l 

g r a b e n g i v e s v*ay, beyond about 2 ° N , to a p r e d o m i n a n t l y 

b l o c k - f a u l ted s t r u c t u r e w i t h e a s t f a c i n g s c a r p s . F u r t h e r 

n o r t h , i n the t r i a n g u l a r shaped T u r k a n a d e p r e s s i o n , f a u l t i n g 

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

o f f s e t s u c c e s i v e l y to the n o r t h e a s t . These d i e away a t 

about 5 . 5 ° N , and the main E t h i o p i a n r i f t r e sumes some 50 km 
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to the e a s t ( B a k e r e t a l , 1 9 7 2 ) . 

A s s o c i a t e d w i t h the G r e g o r y r i f t i s t h e K a v i r o n d o r i f t , 

w h i c h emerges from Lake v i c t o r i a to run i n an ENE d i r e c t i o n , 

j o i n i n g the main r i f t a t the l a t i t u d e o f the e q u a t o r . Here 

i t b i s e c t s the w e s t e r n p l a t e a u a t i t s h i g h e s t p o i n t . T h i s 

r i f t i s 15-25 km wide and bounded by f a u l t s w i t h t h r o w s o f 

up to 790 m, e x c e p t i n the c e n t r a l s e c t o r where m o n o c l i n a l 

f l e x u r e forms the m a r g i n s . In the e a s t , n e a r i t s c o n n e c t i o n 

w i t h the main r i f t , the s t r u c t u r e i s l a r g e l y o b s c u r e d by 

c e n t r a l v o l c a n o e s . 

The f a u l t i n g o f the G r e g o r y r i f t , i l l u s t r a t e d i n 

F i g u r e 1 . 2 , and s u p e r i m p o s e d on the Kenya dome, h a s a 

s t r i k i n g symmetry , noted by Baker and Wohlenberg ( 1 9 7 1 ) . 

The main r i f t b i s e c t s the dome a long i t s m a j o r a x e s , and the 

p a t t e r n o f f a u l t i n g i s m i r r o r e d about i t s minor a x i s , w h i c h 

i s c o i n c i d e n t w i t h the e q u a t o r . 

1. 3 The E v o l u t i o n o f the G r e g o r y Ri f t 

The oasement s y s t e m s , on w h i c h the t o p o g r a p h i c f e a t u r e s 

of the E a s t e r n r i f t a r e i m p r e s s e d , a r e o f P r e c a m b r i a n and 

lower P a l e o z o i c a g e . D u r i n g most o f the P a l e o z o i c , e a s t 

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

C o n t i n e n t a l s e d i m e n t s o f the Karoo f a c i e s (upper P a l e o z o i c ) , 

up to 1 5 , 0 0 0 m t h i c k , a r e p r e s e r v e d i n b r o a d f a u l t e d t r o u g h s 

a long the s o u t h e r n Kenyan c o a s t and s t r i k i n g s o u t h - w e s t w a r d s 

a c r o s s T a n z a n i a to L . Malawi ( B a k e r e t a l , 1 9 7 2 ) . 

Throughout . the J u r a s s i c , m a r i n e t r a n s g r e s s i o n s 
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F I G U R E 1 .2 

PATTERN OF FAULTING FOR THE GREGORY R I F T 

32*E 33*E 34*E 35* E 36'E 
^ 1 \ 

A -Aberdare range 
El -Elgeyo escarpment 
Ey - L . E y a s i 
K -Kavirondo rift 
Ke -Kikuyu escarpment 
Ki -Kinangop 
Kv -Kerio valley 
M -Mau range 
Ma - L . Manyara 
Na - L . Natron 
Nv - L . Naivasha 
T - L . Turkana 

< U1 

m 

M Nv 
Lake victoria 

Not 

- 4*5 

32'E 33*E 34*E 
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d e v e l o p e d w e s t w a r d s from the Horn o f A f r i c a to c o v e r 

s o u t h - w e s t e r n A r a b i a , S o m a l i a , most o f E t h i o p i a , and the 

n o r t h - e a s t o f K e n y a . A s u b s i d i n g t r o u g h may have e x i s t e d 

a long the f u t u r e c o u r s e o f the E t h i o p i a n r i f t i n the 

J u r a s s i c . Much o f E t h i o p i a had r e - e m e r g e d by the s t a r t o f 

the C r e t a c e o u s and t h i s p r o c e s s c o n t i n u e d u n t i l the 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 end o f the M e s o z o i c l e f t c e n t r a l Kenya a t an 

e l e v a t i o n oL not l e s s than 500 m, g r a d u a l l y f a l l i n g away to 

the n e w l y formed A t l a n t i c and I n d i a n o c e a n s . P a r t s o f a 

w e l l p l a n e d l a t e M e s o z o i c e r o s i o n s u r f a c e a r e p r e s e r v e d i n 

K e n y a , a t h e i g h t s between 2 , 0 0 0 m and 3 , 5 0 0 m, t e s t i f y i n g to 

C a i n o z o i c movements ( K i n g , 1 9 7 8 ) . 

I g n e o u s a c t i v i t y a s s o c i a t e d w i t h the G r e g o r y r i f t was 

i n i t i a t e d a t l e a s t 30 m i l l i o n y e a r s a g o , w i t h the e r u p t i o n 

of b a s a l t s i n s o u t h w e s t E t h i o p i a and n o r t h w e s t K e n y a . 

( L a k e r e t a l , 1 9 7 1 ) . By 25 m i l l i o n y e a r s a g o , much o f 

E t h i o p i a had been c o v e r e d by the e x t e n s i v e T r a p s e r i e s f l o o d 

b a s a l t s w h i c h a t t a i n a t h i c k n e s s o f o v e r 2 , 5 0 0 m i n A f a r 

( . S h a c k l e t o n , 1978) . 

T r o u g h f o r m a t i o n a l o n g the f u t u r e a x i s o f the G r e g o r y 

r i f t a p p e a r s to have s t a r t e d i n the l o w e r Miocene w i t h the 

s u b s i d e n c e o f the T u r k a n a d e p r e s s i o n , r e s u l t i n g i n 

m o n o c l i n a l f l e x u r e a l o n g the K e n y a - U g a n d a b o r d e r . T h i s 

phase o f a c t i v i t y was accompanied by c o n t i n u i n g e r u p t i o n o f 

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

n o r t h o f Mt. K e n y a , and by t h e f o r m a t i o n o f c a r b o n a t i t e 
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v o l c a n o e s i n e a s t e r n Uganda , and a long the K a v i r o n d o r i f t 

( L o g a t c h e v e t a l , 1972) 

I n the m i d d l e M i o c e n e , from 1 3 . 5 - 1 1 m i l l i o n y e a r s a g o , 

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

G r e g o r y r i f t w i t h t h e e r u p t i o n o f some 25,0 0 0 - 5 0 , 0 0 0 km3 o f 

p h o n o l i t e s . These f l o o d p h o n o l i t e s a t t a i n e d a t h i c k n e s s o f 

about 700 m ( M c C a l l , 1 9 6 7 ) , o v e r f l o w i n g the s i d e s o f the 

s t i l l s h a l l o w r i f t d e p r e s s i o n ( S h a c k l e t o n , 1978) to 

d i s t a n c e s o f 100 km or more ( K i n g , 1 9 7 8 ) . 

T h e r e i s some doubt a s to whether t h e s e p l a t e a u 

p h o n o l i t e s were e x t r u d e d from w i d e l y d i s t r i b u t e d d y k e s or a 

r e l a t i v e l y few v e r y low a n g l e v o l c a n o e s . Whatever the mode 

o f e r u p t i o n , t h i s phase o f a c t i v i t y a c c o u n t s f o r about a 

q u a r t e r of the t o t a l volume o f the G r e g o r y r i f t v o l c a n i c s 

(Kirvj , 1978 ) . 

L a t e Miocene to e a r l y P l i o c e n e ( 1 0 - 5 m i l l i o n y e a r s ago) 

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

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

w h i c h was p r e d o m i n a n t l y from c e n t r a l v o l c a n o e s . The 

c h e m i s t r y o f the v o l c a n i c s became more v a r i e d but r e t a i n e d a 

s t r o n g l y a l k a l i n e n a t u r e , e s p e c i a l l y i n the west and s o u t h . 

Dur ing t h i s s t a g e , t h e f i r s t m a j o r w e s t e r n b o u n d a r y f a u l t s , 

f o r example the E l g e y o e s c a r p m e n t , were f o r m e d , t h e e a s t e r n 

m a r g i n s r e t a i n i n g a f l e x u r a l c h a r a c t e r ( L o g a t c h e v e t a l , 

1 9 7 2 ) . The A b e r d a r e r a n g e , composed m a i n l y o f b a s a l t s , was 

b u i l t up between 6 . 5 and 5 . 0 m i l l i o n y e a r s ago 

( S h a c k l e t o n , 1978 ) . 
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A f t e r i n i t i a l t r o u g h f o r m a t i o n , m a s s i v e b a s a l t 

e r u p t i o n s i n the upper P l i o c e n e , 5 . 0 - 2 . 0 m i l l i o n y e a r s a g o , 

formed a c o n t i n u o u s h o r i z o n a c r o s s the r i f t f l o o r . 

( L o g a t c h e v e t a l , 1 9 7 2 ) . f u r t h e r n o r t h , i n T u r k a n a , 

s e d i m e n t a t i o n p r e v a i l e d . Around the l a t i t u d e o f N a k u r u , 

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

a r e a to the e a s t . 

Towards the end o f the p l i o c e n e , the f i n a l phase o f 

u p l i f t r a i s e d the g e n e r a l l e v e l o f the Kenya dome by about 

1 , 500 m ( S a g g e r s o n and B a k e r , 1 9 6 5 ) . The m a r g i n a l f a u l t s 

were renewed and e x t e n d e d . At the same t ime the l a r g e 

v o l c a n o e s o f Mount Kenya and Mount K i l i m a n j a r o were 

i n i t i a t e d . 

The v o l c a n i c a c t i v i t y o f the Upper P l i o c e n e c o n t i n u e d 

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

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

p y r o c l a s t i c s . The r i f t was deepened and e x t e n d e d a t i t s 

n o r t h e r n and s o u t h e r n e x t r e m i t i e s . New f a u l t s formed i n s i d e 

the t r o u g h , f o r m i n g the c h a r a c t e r i s t i c "ramp" and 

" g a n g - p l a n k " s t r u c t u r e s . The f o r m a t i o n o f t h i s " r i f t i n 

r i f t " s t r u c t u r e w a s , a c c o r d i n g to L o g a t c h e v e t a l ( 1 9 7 2 ) , 

a ue to s u b s u r f a c e d e v a s t a t i o n c a u s e d by t h e p r e c e d i n g and 

contemporaneous m a s s i v e e r u p t i o n s . 

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

e l l i p t i c a l e l e v a t e d r e g i o n , the Kenya dome, on w h i c h the 

G r e g o r y r i f t i s i m p r e s s e d , i s d i s p u t e d . By mapping and 

d a t i n g what a r e t h o u g h t to be the r e m n a n t s o f p e n e p l a n e d 
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s u r f a c e s , S a g g e r s o n and Baker ( 1965) have i n f e r r e d a t o t a l 

u p l i f t o f about 2 , 000 m f o r c e n t r a l K e n y a . They b e l i e v e the 

u p l i f t to have o c c u r r e d as s h o r t p e r i o d s o f a c t i v i t y , 

s e p a r a t e d by long p e r i o d s o f q u i e s c e n c e , d u r i n g w h i c h 

e r o s i o n took p l a c e . They i n f e r t h r e e main p h a s e s . The 

f i r s t o f t h e s e , o c c u r r i n g a t the end of the C r e t a c e o u s , 

r e s u l t e d i n some 400 m of u p l i f t i n c e n t r a l K e n y a , 

d e c r e a s i n g e a s t w a r d s to g i v e way to s u b s i d e n c e a l o n g the 

p r e s e n t c o a s t l i n e . A second phase o f u p l i f t o c c u r r e d d u r i n g 

the Miocene and r e s u l t e d in some 300 m i n c r e a s e i n e l e v a t i o n 

i n c e n t r a l K e n y a , w i t h s u b s i d e n c e a g a i n d o m i n a n t a l o n g the 

c o a s t . The f i n a l and g r e a t e s t phase o f u p l i f t o c c u r r e d i n 

the p l i o c e n e , and seems to have been r e l a t e d to the m a j o r 

g r a b e n f o r m a t i o n a t t h i s t i m e . The i s o b a s e s o f a 

s u b - M i o c e n e e r o s i o n s u r f a c e , a s mapped by S a g g e r s o n and 

B a k e r , a r e i l l u s t r a t e d i n F i g u r e 1 .3 

K i n g (1978) c o n s i d e r s the p r e s e n t e l e v a t i o n o f t h e 

Kenya dome to r e s u l t p r e d o m i n a n t l y from the l a r g e 

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

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

M e s o z o i c age a r e p r e s e r v e d i n p a r t s o f Kenya a t h e i g h t s o f 

between 2 ,500 and 3 ,500 m, the e l e v a t i o n o f t h e s e s u r f a c e s 

i s a s c r i b e d p a r t l y to t h e i r p o s i t i o n a l o n g an a n c e s t r a l 

w a t e r s h e d between the I n d i a n and A t l a n t i c o c e a n s and p a r t l y 

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

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

a d m i t t e d , but the t o p o f the basement under the f l o o r o f the 
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F I G U R E 1 . 3 

MAP I L L U S T R A T I N G DOMAL U P L I F T 

( S a g g e r s o n and B a k e r , 1965) 
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r i f t , i t i s c l a i m e d , i s d e p r e s s e d to a d e p t h o f a s much a s 

2 , 500 m be low s e a - l e v e l , a l t h o u g h the e v i d e n c e f o r t h i s 

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

C e r t a i n l y , r i f t f o r m a t i o n h a s been a c c o m p a n i e d by 

c o n s i d e r a b l e f l e x u r e , and basement i s exposed i n a few a r e a s 

o f the r i f t a t c o n s i d e r a b l e e l e v a t i o n s . The d e g r e e to w h i c h 

the c r u s t h a s been s u b j e c t to o v e r a l l u p l i f t i n c e n t r a l 

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

d e v e l o p m e n t o f the r e g i o n and the above c o n f l i c t must be 

r e s o l v e d . 

1. 4 Pe trochem i s t r y 

A l t h o u g h the p e t r o c h e m i s t r y o f the G r e g o r y r i f t 

v o l c a n i c s i s c o m p l i c a t e d and not w e l l u n d e r s t o o d , c e r t a i n 

broad f e a t u r e s a r e c l e a r . Two g e n e t i c s e r i e s a r e 

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 s o . 

Baker e t a l (1972) s u g g e s t t h a t t h e s e d e r i v e from 

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

water c o n t e n t s , or v a r i a t i o n i n the d e g r e e o f p a r t i a l 

m e l t i n g , or b o t h . They a l s o no te t h a t the b a s a l t 

c o m p o s i t i o n s , f o r both Kenya and E t h i o p i a , i n d i c a t e 

s h a l l o w e r m e l t i n g under the r i f t s t h a n under the p l a t e a u x , 

w i t h a g e n e r a l l y d e e p e r o r i g i n i n K e n y a . 

G o l e s (1975) has s t u d i e d two s u i t s o f b a s a l t , one 

c o l l e c t e d from the C h y u l u r a n g e , about 300 km to the 

s o u t h e a s t o f t h e c u l m i n a t i o n o f t h e Kenya dome, and the 

o t h e r from O l o r g e s a i 1 i e , i n the s o u t h e r n p a r t o f t h e r i f t . 
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The C h y u l u s u i t e seems to have been d e r i v e d from magma w h i c h 

e q u i l i b r i a t e d a t a t e m p e r a t u r e o f 1 , 4 5 0 ° C and p r e s s u r e s 

s u b s t a n t i a l l y l e s s than 25 kbar ( a b o u t 80 km d e p t h ) . G o l e s 

i n f e r s u n u s u a l l y e l e v a t e d t e m p e r a t u r e s w i t h i n the upper 

m a n t l e b e n e a t h t h e C h y u l u r a n g e . 

The O l o r g e s a i l i e s u i t e b e i n g more e v o l v e d , and h a v i n g 

e q u i l i b r i a t e d a t s h a l l o w e r d e p t h ( 1 2 0 0 ° c and 3 - 1 0 kbar 

p r e s s u r e ) , i s t h o u g h t to be d e r i v e d from a s e c o n d a r y magma 

chamber l o c a t e d w i t h i n the c r u s t . A s e r i e s o f s u c h 

s e c o n d a r y magma c h a m b e r s a long the r i f t a x i s would g i v e r i s e 

to the o b s e r v e d p o s i t i v e Bouguer anomaly ( S e a r l e , 1 9 7 0 ) . 

G o l e s r e l a t e s the range o f v o l c a n i c t y p e s to the s i z e 

o f magma b u b b l e s w h i c h a r e imag ined to be drawn o f f from the 

m a n t l e c a u s i n g , or i n r e s p o n s e t o , t h e r i f t i n g p r o c e s s . 

L a r g e r b u b b l e s , o f g r e a t e r v e r t i c a l e x t e n t , would g i v e r i s e 

to the e x t e n s i v e b a s a l t i c v o l c a n i s m o b s e r v e d in the n o r t h 

w h i l e s m a l l e r b u b b l e s would g i v e r i s e to t r a c h y t i c and 

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

1 . 5 Prev io us Geo p h y s i c a l St ud i e s 

1 . 5 . 1 The A f r i c a n L i t h o s p h e r e f a r from the R i f t Zones 

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

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

and upper m a n t l e between s e i s m i c s t a t i o n s ( B r u n e e t 

<3l , 1960; B l o c h e t a l , 1 9 6 8 ) , and the method h a s been 

a p p l i e d s u c c e s s f u l l y to v a r i o u s p a t h s a c r o s s A f r i c a . 
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Models d e r i v e d f o r s o u t h e r n A f r i c a ( B l o c h e t a l , 1 9 6 9 ) , 

and the A F R I C model f o r the a r e a s o f A f r i c a away from the 

m a j o r r i f t zones (Gumper and Pomeroy, 1970) , i n d i c a t e a 

normal s h i e l d type s t r u c t u r e , c h a r a c t e r i z e d by h i g h sub-Moho 

v e l o c i t i e s . These m o d e l s match c l o s e l y the e q u i v a l e n t model 

f o r the C a n a d i a n S h i e l d ( B r u n e and Dorman, 1 9 6 3 ) . 

F i g u r e 1 .3 i l l u s t r a t e s t h e s e m o d e l s . 

W h i l s t t h e r e i s a f u n d a m e n t a l l i m i t to the r e s o l v i n g 

power o f s u r f a c e wave d i s p e r s i o n d a t a (Der e t a l , 1 9 7 0 ) , and 

a c c u r a t e d e t e r m i n a t i o n s o f c r u s t a l t h i c k n e s s e s a r e n o t to be 

e x p e c t e d , i t s h o u l d be p o i n t e d out t h a t the above m o d e l s and 

the r e s u l t s o f e a r l i e r s t u d i e s i n A f r i c a ( p r e s s e t a l , 1956; 

O l i v e r e t a l 1959) i n d i c a t e normal c o n t i n e n t a l c r u s t a l 

t h i c k n e s s e s o f 35-40 km. 

More a c c u r a t e d e t e r m i n a t i o n s o f c r u s t a l s t r u c t u r e , i n 

S o u t h e r n A f r i c a , have come from the r e f r a c t i o n s t u d i e s o f 

W i l l m o r e e t a l ( 1 9 5 2 ) , Gane e t a l (1956) and H a l e s and S a c k s 

( 1 9 5 9 ) . These s t u d i e s a l l e m p l o y e d , a s s o u r c e s o f e n e r g y , 

the f r e q u e n t e a r t h t r e m o r s w h i c h o c c u r i n the W i t w a t e r s r a n d 

g o l d - m i n i n g a r e a . The h y p o c e n t r e s and o r i g i n t i m e s were 

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

R e c o r d i n g s made a t t e m p o r a r y s t a t i o n s a t v a r i o u s d i s t a n c e s 

up to 500 km, a l o n g a number o f p r o f i l e s , e n a b l e d t r a v e l 

t ime t a b l e s to be c o n s t r u c t e d . 

The r e s u l t s o f the e a r l i e r two s t u d i e s were i n t e r p r e t e d 

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

35-36 km. H a l e s and S a c k s o b t a i n e d a more r e f i n e d model 
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F I G U R E 1.4 

CANSD, A F R I C , AND SOUTHERN A F R I C A SHEAR WAVE MODELS 

OF THE L I T H O S P E R E 

0 

Shear wave velocity (km/sec) 
30 AO 50 

100-

£ 
_o 

200-
Q . 

Q 

300-

J 1 • I . . I L 

1 1 ^ r -

J I I I I I 

AFRIC 

•CANSD 

•Southern Africa 
(smoothed above 
45 km depth) 



16 

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

w h i c h had been s u s p e c t e d from the e a r l i e r w o r k . They 

i n f e r r e d a c r u s t a l t h i c k n e s s o f 3 6 . 1 km. They a l s o showed 

t h a t 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 o b t a i n e d by p r e s s e t 

a l c o u l d be b e t t e r i n t e r p r e t e d in t e r m s o f a t w o - l a y e r e d 

c r u s t . These mode l s a r e i l l u s t r a t e d in F i g u r e 1 .5 

1 . 5 . 2 The Upper Mant l e und er the Ri f t Zones 

E v i d e n c e t h a t the upper m a n t l e b e n e a t h the r i f t zones 

i s anomolous comes from a v a r i e t y o f g e o p h y s i c a l s t u d i e s . 

B u l l a r d (1936) was the f i r s t to i n t e r p r e t g r a v i t y 

measurement s i n E a s t A f r i c a , u s i n g 56 o f h i s own pendulum 

d e t e r m i n a t i o n s t o g e t h e r w i t h 33 measurements made by 

K o h s c h u f f e r in 1 8 9 9 - 1 9 0 0 . He showed t h a t the u p l i f t e d 

r e g i o n s a r e 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 , and t h a t 

t h e r e i s a mass d e f i c i e n c y under both the G r e g o r y and the 

W e s t e r n r i f t s . The l a t t e r he i n t e r p r e t e d as b e i n g due to 

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

m a n t l e . 

S i n c e t h i s e a r l y w o r k , many more g r a v i t y r e a d i n g s have 

been made, and more d e t a i l e d maps p r o d u c e d . The E a s t 

A f r i c a n p l a t e a u a s a whole i s a s s o c i a t e d w i t h a long 

(~1 , 000 km) w a v e l e n g t h n e g a t i v e Bouguer a n o m o l y , w h i c h 

r e a c h e s a maximum i n t e n s i t y o v e r the Kenya dome. 

I n t e r p r e t a t i o n s i n t e r m s o f a t h i c k e n e d c r u s t under the dome 

and p l a t e a u a r e u n t e n a b l e , a s t h e y c a n n o t a c c o u n t f o r the 

o b s e r v e d C a i n o z o i c u p l i f t and v o l c a n i s m . The p r e f e r r e d 
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F I G U R E 1 . 5 
S E I S M I C CRUSTAL MODELS FOR SOUTHERN A F R I C A 
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Willmore, 
Hales and 
Gane (1952) 6-1 37 

34-2km F a 38-2km 

Gane, 
Atkins, 
Sellschop and 6*2 3-7 
Seligman (1956) 

35-1 km gr3 4~7 3 3 ' 3 k m 

Hales and 
Sacks 0959) 60 36 

67-72 40 

80 

14-22km 

36-6km 
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i n t e r p r e t a t i o n s a r e i n t e r m s o f a n o m o l o u s l y l i g h t upper 

m a n t l e m a t e r i a l ( S o w e r b u t t s , 1969; Khan and M a n s f i e l d , 

1971) ( s ee F i g u r e 1 . 8 ) . 

S u n d a r a l i n g h a m (1971) used s u r f a c e wave d i s p e r s i o n to 

i n v e s t i g a t e the a v e r a g e l i t h o s p h e r i c s h e a r wave s t r u c t u r e 

a long v a r i o u s p a t h s between A d d i s Ababa ( A A E ) , N a i r o b i 

(NAI) , L w i r o , (LWI) and Bulawayo ( B U L ) . K n o p o f f and S c h l u e 

(1972) a l s o s t u d i e d the path N A I - A A E . The s h o r t p e r i o d 

phase v e l o c i t i e s i n e a c h c a s e were s i m i l a r to those f o r the 

A F R I C model (Gumper and Pomeroy, 1 9 7 0 ) . At l o n g e r 

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

upper m a n t l e , the v e l o c i t i e s were s l o w e r . The e f f e c t i s 

l e a s t pronounced f o r the path N A I - B U L , w h i c h i s m o s t l y to 

the s o u t h o f the w e l l - d e v e l o p e d r i f t z o n e s , and most 

pronounced f o r the path A A E - N A I , w h i c h i s c l o s e to the 

E a s t e r n r i f t o v e r i t s e n t i r e l e n g t h . S h e a r wave m o d e l s 

d e r i v e d by Sund a r a l ing ham a r e i l l u s t r a t e d , a l o n g s i d e the 

A F R I C m o d e l , f o r the p a t h s A A E - N A I , A A E - L W I and B U L - N A I , i n 

F i g u r e 1 . 6 . 

Gumper and Pomeroy ( 1970) noted a b n o r m a l i t i e s i n the 

t r a n s m i s s i o n o f t h e upper m a n t l e s h e a r wave p h a s e , S n , 

a c r o s s the r i f t z o n e s . S n i s n o r m a l l y r e c o r d e d a s a h i g h 

a m p l i t u d e , h i g h f r e q u e n c y , i m p u l s i v e p h a s e , but when the 

p a t h s t r a v e r s e d the w e l l d e v e l o p e d r i f t z o n e s , n o r t h o f 

about 1 0 ° s , t h i s phase was e i t h e r a b s e n t from the 

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

low f r e q u e n c y p h a s e . S i m i l a r poor p r o p a g a t i o n o f S n h a s 



19 

F I G U R E 1 .6 

SHEAR WAVE S E I S M I C MODELS FOR VARIOUS PATHS NEAR R I F T ZONES 
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been observed ac ross the ocean i c r i d g e s , and s u b d u c t i o n 

zones (Molnar and O l i v e r , 1 9 6 9 ) . The h i g n a t t e n u a t i o n ( l o w 

Q) r e s u l t s f rom low shear s t r e n g t h , and i s t a k e n to i m p l y an 

upward d e v i a t i o n o f the 1 i t h o s p h e r e - a s t h e n o s p h e r e boundary 

beneath these r e g i o n s . 

Time r e s i d u a l s a t A f r i c a n r i f t s t a t i o n s , d e r i v e d d u r i n g 

the c o n s t r u c t i o n o f t r a v e l t i m e t a b l e s ( C l e a r y and H a l e s , 

1966; H e r r i n and T a g g a r t , 1968; L i l w a l l and D o u g l a s , 1 9 7 0 ) , 

have l a r g e p o s i t i v e v a l u e s , compared w i t h o t h e r A f r i c a n 

s t a t i o n s , as i l l u s t r a t e d i n Table 1 . 1 . These r e s i d u a l s and 

r e l a t i v e d e l a y t i m e measurements between NAI and BUL 

( S u n d a r a l i n g h a m , 1971) and between Durham U n i v e r s i t y ' s 

t e m p o r a r y a r r a y s t a t i o n a t Kap taga t (KAP) and BUL (see Tab le 

1 . 2 ) , show t h a t s t a t i o n s l o c a t e d near the Eas t e rn r i f t l i e 

on r e g i o n s w i t h a n o m o l o u s l y l o w P-wave v e l o c i t i e s . The 

magn i tudes o f the r e l a t i v e d e l a y s a re such t h a t t h e y must be 

d u e , a t l e a s t i n p a r t , t o the e x i s t e n c e o f anomalous 

m a t e r i a l i n the upper m a n t l e . 

The Kaptagat a r r a y , w h i c h was l o c a t e d about 10 km west 

o f the Elgeyo e sca rpmen t , has been used to d e t e r m i n e the 

appa ren t s lowness o f t e l e s e i s m i c P-wave a r r i v a l s . The 

measured v a l u e s d i f f e r c o n s i d e r a b l y f r o m those c a l c u l a t e d 

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

t a b l e s . The s lowness a n o m a l i e s i n d i c a t e a v e l o c i t y 

s t r u c t u r e w i t h a d i p p i n g i n t e r f a c e , or i n t e r f a c e s , benea th 

the a r r a y . I n t e r p r e t a t i o n s based on a d i p p i n g Moho, o r 

m i d - c r u s t a i d i s c o n t i n u i t y , were r u l e d o u t , as a h o r i z o n t a l l y 



TABLE 1.1 

DELAY TIMES AT AFRICAN STATIONS 

SOURCE CIea r y Her r i n L i 1 w a l l 
and and and 

Hal es Tagg ar t Do ug 1 a s 
STATION (1966) (1968) (1970) 

AAE 1.5 1 . 12 2 . 20 
NAI - - 1.88 
LWI -0 . 2 0. 36 0.78 
BUL 0.0 - 0 . 45 -0 . 53 
PRE -0 . 2 - -0 . 42 
WIN 0.3 -0 . 99 0.87 

ERROR 0.3 1 . 1 0. 34 
CONF. L I M . 65% 65% 95% 

TABLE 1.2 

DELAYS RELATIVE TO BULAWAYO 

SOURCE Sund ar a l ing ham 
(1971) 

Bac khouse 
(1972) 

STATION 

AAE 2.7 — 
NAI 2.3 -
KAP - 2 . 20 

ERROR 0.3 2 .0 
CONF. L I M . 95% 95% 
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s t r a t i f i e d c r u s t had been deduced f r o m s t u d i e s o f l o c a l l y 

o c c u r r i n g ea r thquakes (see the s e c t i o n f o l l o w i n g ) . 

Backhouse (1972) i n t e r p r e t e d the s lowness a n o m a l i e s i n te rms 

o f a w e s t e r y t h i n n i n g , p l ane s ided wedge o f a n o m a l o u s l y l o w 

v e l o c i t y ( 7 . 5 km/sec) m a t e r i a l embedded w i t h i n normal 

( 8 . 1 km/sec) m e t e r i a l . Dips f o r the upper and lower 

s u r f a c e s o f 5 0 ° and - 2 5 ° r e s p e c t i v e l y were s u g g e s t e d . L a t e r 

work ( F o r t h , 1975; Long and Backhouse, 1976) showed t h a t the 

da ta c o u l d be b e t t e r f i t t e d i f c u r v e d i n t e r f a c e s were 

i n t r o d u c e d . A f l a t base to the anomalous zone was assumed, 

and the upper i n t e r f a c e c o n t o u r e d . F i g u r e 1.7 i l l u s t r a t e s 

a model d e r i v e d , assuming an anomalous v e l o c i t y o f 

7 .3 km/sec . 

f u r t h e r e v i d e n c e f o r the e x i s t e n c e o f anomalous upper 

m a n t l e m a t e r i a l beneath the r i f t has been o b t a i n e d f r o m 

geomagnet ic deep s o u n d i n g . Banks and O t t e y (1973) o c c u p i e d 

s i x s i t e s on a 300 km t r a v e r s e , c r o s s i n g the Gregory r i f t 

and r e g i o n to the e a s t . They d e t e c t e d a s h a l l o w 

c o n c e n t r a t i o n o f c u r r e n t beneath the a x i s o f t he r i f t , 

t o g e t h e r w i t h a more c o m p l i c a t e d h i g h c o n d u c t i v i t y zone 

beneath the e a s t e r n f l a n k . 

A more d e t a i l e d s t u d y (Rooney and H u t t o n , 1 9 7 7 ) , u s i n g 

measurements f r o m ten s i t e s a long a s i m i l a r p r o f i l e , 

c o n f i r m e d and e l a b o r a t e d the p r e v i o u s w o r k . The e x i s t e n c e 

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

a long w i t h a deeper r e g i o n o f h i g h c o n d u c t i v i t y . 

U n f o r t u n a t e l y , the near s u r f a c e c o n d u c t o r h i n d e r e d 
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FIGURE 

CONTOURED MAP OF THE UPPER INTERFACE OF THE ANOMALOUS ZONE 

(Long and Backhouse , 1976 ) 
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o b s e r v a t i o n o f the lower r e g i o n , b u t a minimum d e p t h o f 

30 km was o b t a i n e d , a s s o c i a t i n g i t w i t h the upper m a n t l e , <**d 

o. cows ;de«T».Ue degnee of partval -fusion. 

1.5.3 The Cr u s t a l S t r u c t u r e near the Greg or y Ri f t 

Maguire (1974) d e t e r m i n e d appa ren t v e l o c i t i e s and 

b a c k b e a r i n g s f o r f i r s t a r r i v a l s f o r l o c a l and r e g i o n a l 

e a r t hquakes r eco rded by the Kap taga t a r r a y . The a p p a r e n t 

v e l o c i t i e s f o r even t s l o c a t e d to the west o f t he Gregory 

r i f t c l u s t e r e d around the v a l u e s 5.9 ( f o r S-P t i m e s l e s s 

than 9 seconds) , 6.5 and 8 .0 km/sec . These v e l o c i t i e s were 

i n t e r p r e t e d as be ing due to an upper c r u s t a l Pg phase , and 

P* and P n r e f r a c t i o n s r e s p e c t i v e l y . By c o n s i d e r i n g p o s s i b l e 

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

a p p a r e n t v e l o c i t i e s w i t h S-P t i m e , Magui re and Long ( 1976) 

d e r i v e d the c r u s t a l s t r u c t u r e g i v e n i n F i g u r e 1 .9 . D e s p i t e 

a s l i g h t l y g r e a t e r o v e r a l l c r u s t a l t h i c k n e s s t h a n i n 

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

w i t h i n 30 km, a t l e a s t , o f the r i f t a x i s (Magu i r e and Long , 

1976) . 

Rykounov e t a l (1972) used r e c o r d i n g s o f 

m i c roea r thqua kes i n the s o u t h e r n p a r t o f the Gregory r i f t , 

i n N o r t h e r n T a n z a n i a , to d e r i v e a two l a y e r e d c r u s t a l model 

f o r t h i s a r e a . Th i s model i s a l s o g i v e n i n F i g u r e 1 .5 , and 

shows t h a t normal c o n t i n e n t a l c r u s t e x i s t s i n t h i s r e g i o n . 

B o n j e r e t a l (1970) d e t e r m i n e d the s p e c t r a l response 

r a t i o s o f l ong p e r i o d body waves a t AAE and N A I , f r o m two 

e a r t h q u a k e s i n the Hindu Kush r e g i o n . Assuming upper and 
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lower c r u s t a l v e l o c i t i e s o f 6.0 and 6 .7 km/sec 

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

39 km f o r Addis Ababa and 43 km f o r N a i r o b i . 

Thus the s e i smic ev idence i n d i c a t e s t he e x i s t e n c e o f 

normal c o n t i n e n t a l c r u s t t o w i t h i n a few k i l o m e t e r s a t l e a s t 

o f the Gregory r i f t m a r g i n s . 

1 .5 .4 Cr u s t a l S t r u c t u r e o f t he Ri f t F l o o r 

D e t a i l e d g r a v i t y mapping has r e v e a l e d the e x i s t e n c e o f 

a Bouguer anomaly r i d g e , a long the a x i s o f the Gregory r i f t , 

super imposed on the broad n e g a t i v e wh ich i s a s s o c i a t e d w i t h 

the Kenya dome. The p r e c i s e e x t e n t o f t h i s component o f the 

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

superimposed e f f e c t s o f H ê s u p e r f i c i a l v o l c a n i c d e p o s i t s , 

and the " r e g i o n a l " due to the anomalous upper m a n t l e . 

N e v e r t h e l e s s , t h i s a x i a l Bouguer h i g h can be t r a c e d w i t h o u t 

i n t e r r u p t i o n as a 30-50 mgal a m p l i t u d e r i d g e , w i t h a w i d t h 

o f 50-100 km, f r o m Lake Turkana i n the N o r t h (Khan and 

M a n s f i e l d , 1971) to about 2°S i n N o r t h e r n T a n z a n i a , where i t 

d i e s away ( D a r r a c o t t e t a l , 1 9 7 2 ) . 

Sea r l e (1970) has r u l e d ou t the p o s s i b i l i t y t h a t 

s u r f a c e v o l c a n i c s g i v e r i s e to the a x i a l p o s i t i v e anomaly ; 

the b a s a l t and p h o n o l i t e cover i s n e i t h e r dense enough nor 

t h i c k enough . However, the g r a d i e n t s v a r y r a p i d l y and a 

dense igneous i n t r u s i o n w i t h i n the c r u s t , a l ong the a x i s , i s 

g e n e r a l l y i n f e r r e d f r o m the d a t a . D e t a i l e d i n t e r p r e t a t i o n 

i s hampered by the unknown t h i c k n e s s o f l i g h t v o l c a n i c s , b u t 
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s e v e r a l models have been p r o p o s e d , w i t h t he t o p o f t he 

i n t r u s i o n p laced a t between 2 km ( S e a r l e , 1970) and 20 km 

(Khan and M a n f i e l d , 1971) d e p t h . Seve ra l g r a v i t y p r o f i l e s 

f o r the c r u s t and upper m a n t l e ac ros s the r i f t a t a range o f 

l a t i t u d e s are i l l u s t r a t e d i n F i g u r e 1.8. 

A ma jo r r e f r a c t i o n e x p e r i m e n t to d e r i v e a v e l o c i t y 

s t r u c t u r e f o r the c r u s t o f the r i f t f l o o r was p e r f o r m e d by 

G r i f f i t h s e t a l ( 1 9 7 1 ) . Large e x p l o s i v e cha rges were 

d e t o n a t e d i n Lakes Turkana and H a n n i n g t o n , and r eco rded a t 

t en l i n e a r a r r a y s t a t i o n s between them, t h u s sampl ing the 

m a t e r i a l benea th the r i f t f l o o r i n the n o r t h e r n s e c t o r . 

Only t he f i r s t P and f i r s t S a r r i v a l s were used i n a n a l y s i s 

as o t h e r phases c o u l d n o t be r e l i a b l y i d e n t i f i e d , d e s p i t e 

a t t e m p t s a t v e l o c i t y f i l t e r i n g . Each phase i n each 

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

v e l o c i t i e s were c o n s i d e r a b l y h i g h e r f rom the Lake Turkana 

sho t p o i n t . I n t e r p r e t a t i o n s i n t e rms o f a s i n g l e n o r t h w a r d 

d i p p i n g i n t e r f a c e were d i s c a r d e d , as end to end t i m e s , 

e x t r a p o l a t e d f r o m the t r a v e l t i m e g r a p h s , d i f f e r e d f o r the 

two d i r e c t i o n s . I t was c o n s i d e r e d more l i k e l y t h a t 

d i f f e r e n t r e f r a c t i o n s were be ing d e t e c t e d f o r the two 

d i r e c t i o n s . Assuming p l a n e , h o r i z o n t a l i n t e r f a c e s , the 

compos i t e model i l l u s t r a t e d i n F i g u r e 1.9 was o b t a i n e d . 

D e s p i t e the problems a s s o c i a t e d w i t h i n t e r p r e t a t i o n o f 

e f f e c t i v e l y un reve r sed r e f r a c t i o n d a t a , t h i s s t u d y 

d e m o n s t r a t e s unambiguous ly the presence o f a n o m a l o u s l y h i g h 

v e l o c i t y m a t e r i a l w i t h i n the c r u s t o f the n o r t h e r n s e c t o r o f 
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FIGURE 1.8 

GRAVITY MODELS FOR THE KENYA DOME 

AND GREGORY RIFT 
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FIGURE 1.9 

SEISMIC CRUSTAL STRUCTURES OBTAINED NEAR 

AND WITHIN THE GREGORY RIFT 
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the Gregory r i f t . 

The h i g h c o n d u c t i v i t y (2-20Hm) r e g i o n w i t h i n the c r u s t , 

d e t e c t e d by geomagnet ic s o u n d i n g , i s a t l e a s t 5 km t h i c k and 

s i t u a t e d a t a d e p t h o f l e s s t han 8 km (Rooney and H u t t o n , 

1 9 7 7 ) . I n t e r p r e t a t i o n i n te rms o f c o n d u c t i v e i n f i l l o f the 

r i f t t r o u g h i s r e j e c t e d on accoun t o f the t h i c k n e s s , and the 

p r e f e r r e d i n t e r p r e t a t i o n i s i n te rms o f h i g h t e m p e r a t u r e s 

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

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

c e n t r a l v o l c a n o e s ( f o r example , S i l a l i , Menenga i , Suswa and 

01 Doinyo Lengai) w i t h the a x i s o f the r i f t i n d i c a t e a 

c o n s i d e r a b l e degree o f magmatic a c t i v i t y . 

1.6 Theor i e s o f Ri f t F o r m a t i o n 

C u r r e n t t h e o r i e s o f r i f t f o r m a t i o n f a l l i n t o two 

c o n t r a s t i n g c a t e g o r i e s . The f i r s t , and p r o b a b l y more 

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

i s the deve lopment o f anomalous upper m a n t l e m a t e r i a l . The 

second h o l d s t h a t c o n t i n e n t a l r i f t i n g i s i nduced by the 

b u i l d - u p o f l i t h o s p h e r i c s t r e s s e s l a r g e enough t o cause 

f r a c t u r e o f the b r i t t l e upper c r u s t , and t h a t t he 

deve lopment o f anomalous upper m a n t l e m a t e r i a l i s a 

secondary f e a t u r e . 

Gass has argued f o r a t h e o r y o f the fo rmer type i n a 

number o f papers ( e g . 1970 , 1 9 7 2 ) . A c c o r d i n g to h i s 

t h e o r y , i n s t a b i l i t y o f the 1 i t h o s p h e r e - a s t h e n o s p h e r e 

boundary i s o f key i m p o r t a n c e . Loca l h e a t i n g causes an 
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i n i t i a l upward movement o f t h i s b o u n d a r y , w h i c h g i v e s r i s e 

to an i n c r e a s e i n the l i q u i d f r a c t i o n o f the a s t h e n o s p h e r e . 

Upward m i g r a t i o n o f h o t l i q u i d by " p e n e t r a t i v e c o n v e c t i o n " 

( E l d e r , 1970) r a i s e s f a r t h e r the i s o t h e r m s and t h u s the 

l i t h o s p h e r e - as thenosphere t r a n s i t i o n . The p rocess i s 

a ided by the b l a n k e t i n g e f f e c t o f the c o m p a r a t i v e l y i n t e n s e 

r a d i o a c t i v i t y w i t h i n the c r u s t . 

Hea t ing the a s thenosphere deepens the main phase 

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

dense p o l y m o r p h s . The r e s u l t i n g volume i n c r e a s e i s most 

e a s i l y accommodated by v e r t i c a l u p l i f t , g i v i n g r i s e t o domal 

a r c h i n g o f the c r u s t . The r e s u l t a n t t e n s i o n i n and bending 

o f the b r i t t l e upper c r u s t r e s u l t s i n f r a c t u r e s , t he eg res s 

o f b a s a l t i c magmas and r i f t f o r m a t i o n . 

An a l t e r n a t i v e t h e o r y , o f the same t y p e , h o l d s t h a t 

deep seated hea t sources w i t h i n the m a n t l e a re the p r i m a r y 

cause o f r i f t i n g . A w o r l d wide system o f such c o n v e c t i v e 

plumes has been proposed to e x p l a i n the e x i s t e n c e o f c e r t a i n 

w e l l known magmatic p r o v i n c e s , such as I c e l a n d and the 

Hawai ian I s l and - seamoun t c h a i n (Morgan , 1971) . A c c o r d i n g to 

Morgan , such plumes a re the l o c a l i s e d u p w e l l i n g o f h o t 

m a t e r i a l f rom deep w i t h i n the m a n t l e . Compensating downward 

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

t h r o u g h o u t the r e s t o f the m a n t l e . Morgan a rgues t h a t i t i s 

t h i s t y p e o f c o n v e c t i v e m o t i o n wh ich p r o v i d e s the p r i m a r y 

d r i v i n g f o r c e f o r p l a t e t e c t o n i c s . I t i s sugges ted t h a t 

anomalous upper m a n t l e m a t e r i a l , such as i s d e t e c t e d under 
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the Eas te rn r i f t , r e s u l t s f r o m h e a t i n g by such a p l u m e . 

Th i s would g i v e r i s e to expans ion o f upper m a n t l e m a t e r i a l , 

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

d o m i n g , as f o r the Gass m o d e l . 

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

"membrane t e c t o n i c " h y p o t h e s i s o f T u r c o t t e and Oxburgh 

( 1 9 7 3 ) . The essence o f t h i s t h e o r y i s t h a t v a r i a t i o n i n the 

r a d i u s o f c u r v a t u r e o f the g e o i d f r o m the e q u a t o r to the 

po les i s s u f f i c i e n t to induce b r i t t l e f r a c t u r e i n the 

l i t h o s p h e r e o f l a r g e p l a t e s as t h e y change l a t i t u d e s . The 

t h e o r y has been a p p l i e d to the A f r i c a n p l a t e (Oxburgh and 

T u r c o t t e , 1974 ) . They c i t e p a l aeomag n e t i c e v i d e n c e as 

showing t h a t A f r i c a has move n o r t h w a r d s a t an average r a t e 

o f about 0 .25o /my , f o r the l a s t 100 m i l l i o n y e a r s . The s i z e 

o f the A f r i c a n p l a t e ( t a k e n to be 9 0 ° i n d i a m e t e r ) i s 

s u f f i c i e n t to have induced s t r e s s e s o f up t o 135 b a r s , 

assuming a t o t a l n o r t h w a r d movement o f 2 3 ° . T h i s i s 

s u f f i c i e n t to cause b r i t t l e f r a c t u r e i n the upper 25 km or 

so o f c o n t i n e n t a l c r u s t . (Beneath t h i s d e p t h v i s c o u s f l o w 

t ake s p l a c e over g e o l o g i c a l t ime s c a l e s . ) 

As the p l a t e moved n o r t h w a r d s , i t i s env i saged t h a t a 

c r a c k deve loped i n i t s i n t e r i o r and propaga ted s o u t h w a r d s . 

Th i s a c c o u n t s f o r the observed u n i f o r m p r o g r e s s o f t he o n s e t 

o f igneous a c t i v i t y sou thwards a long the l i n e o f the e a s t e r n 

r i f t . The t h e o r y a l s o e x p l a i n s the s i g n i f i c a n t b u t f i n i t e 

degree o f c r u s t a l e x t e n s i o n observed f o r the Eas t e rn r i f t . 

However, the t h e o r y c a n n o t , on i t s own, e x p l a i n the 
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much l a r g e r s e p a r a t i o n s o f the Red Sea and G u l f o f Aden . 

Here some o t h e r p r o c e s s , perhaps s i m i l a r to t h a t proposed by 

Gass, must have taken over to induce the f o r m a t i o n o f 

ocean ic c r u s t . A s i m i l a r p rocess must have s t a r t e d beneath 

the Gregory r i f t t o account f o r the presence o f anomalous 

upper m a n t l e m a t e r i a l . 

Whatever the p r i m a r y cause o f r i f t i n g , a r e g i o n a l 

t e n s i o n a l s t r e s s p a t t e r n must have been p r e s e n t t o induce 

the f a u l t s t r u c t u r e s o b s e r v e d . 

Some e a r l y w o r k e r s (Way land , 1930; Bui l a r d , 1936) 

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

b l o c k s u p p o s e d l y be ing h e l d down by t h e over t h r u s t i n g 

f l a n k s . T h i s h y p o t h e s i s i s now d i s c o u n t e d as the m a r g i n a l 

f a u l t i n g i s o v e r w h e l m i n g l y normal ( G r e g o r y , 1921; Baker e t 

a l , 1 9 7 2 ) . A l s o , g r a v i t y o b s e r v a t i o n s i n d i c a t e a downward 

t h i n n i n g r a t h e r than upward t h i n n i n g c e n t r a l b l o c k ( G i r d l e r , 

1 9 6 4 ) , and f a u l t - p l a n e s o l u t i o n s o f e a r t h q u a k e s i n the 

r e g i o n i n d i c a t e a t e n s i o n a l regime ( F a i r h e a d and G i r d l e r , 

1972) . 

Heiskanen and Vening Meinesz (1958) have shown how 

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

o f a p a r a l l e l s i d e d f a u l t t r o u g h . F i g u r e 1.10 i l l u s t r a t e s 

the p r o c e s s . A p r i m a r y f a u l t d e v e l o p s w i t h a hade , t y p i c a l 

o f normal f a u l t s , o f 5 0 - 7 5 ° . Bending o f the c r u s t on the 

downthrown s i d e r e s u l t s i n maximum bending s t r e s s b e i n g 

deve loped about 65 km f rom the p r i m a r y f a u l t and a second 

normal f a u l t d e v e l o p i n g p a r a l l e l to the f i r s t . The 
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FIGURE 1.10 

CRUSTAL TENSION AND THE FORMATION OF GRABENS 

(Heiskanen and Vening Me inesz , 1958) 
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keys tone-shaped c e n t r a l b l o c k t hen s u b s i d e s under i t s own 

w e i g h t . The i s o s t a t i c p r i n c i p l e i s n o t v i o l a t e d , s i n c e the 

c e n t r a l b l o c k na r rows downwards , and has t o s i n k f a r t h e r 

b e f o r e i t s w e i g h t i s s u p p o r t e d by h y d r o s t a t i c u p t h r u s t . By 

the same p r i n c i p l e , the s h o u l d e r s a re r a i s e d i n r e l a t i o n to 

t h e i r s u r r o u n d i n g s . 

1.7 Summar y 

The broad f e a t u r e s o f t he c r u s t and upper m a n t l e have 

been deduced f r o m a v a r i e t y o f g e o l o g i c a l and g e o p h y s i c a l 

s t u d i e s , wh ich have been d e s c r i b e d above . The s u b t l e 

i n t e r p l a y t h a t e x i s t s between deep sea ted processes w i t h i n 

the m a n t l e and the c r u s t has been touched upon , and these 

are d i s c u s s e d f u r t h e r i n Chapter 7 . 

A f u l l u n d e r s t a n d i n g o f the u n d e r l y i n g causes o f the 

Gregory r i f t can o n l y be expec ted when the anomalous zone 

w i t h i n the upper m a n t l e has been mapped i n d e t a i l , and the 

n a t u r e o f i t s c o n n e c t i o n w i t h the zone o f c r u s t a l i n t r u s i o n 

p r e c i s e l y d e f i n e d . 

A l t h o u g h g r a v i t y has he lped to map the l a t e r a l e x t e n t 

o f these s t r u c t u r e s , t he d e p t h s , e s p e c i a l l y o f the anomalous 

zone w i t h i n the upper m a n t l e , a re p o o r l y known. Seismic 

i n v e s t i g a t i o n s have he lped to c o n t r o l these f o r the n o r t h e r n 

s e c t o r o f the r i f t ( G r i f f i t h s , 1972) and f o r the n o r t h w e s t 

f l a n k o f the dome (Long and Backhouse , 1 9 7 6 ) , b u t t he 

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

to i n c r e a s e our knowledge o f the s e i s m i c s t r u c t u r e s f o r the 
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s o u t h e a s t f l a n k o f the Kenya dome, and the c e n t r a l p a r t o f 

the Greg or y r i f t . 
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CHAPTER 2 

DURHAM KENYA SEISMIC PROJECT : DATA ACQUISITION 

2 . 1 I n t r o d uc t i o n 

The Durham Kenya Seismic P r o j e c t (DKSP) was de s igned as 

a cheap method o f o b t a i n i n g s e i s m i c da ta w i t h i n and to the 

eas t o f the Gregory r i f t , where p r e v i o u s s e i s m i c work was 

scan t or l a c k i n g . Data were to be c o l l e c t e d over as wide an 

area as p o s s i b l e , so t h a t v a r i a t i o n s i n c r u s t a l and upper 

m a n t l e s t r u c t u r e m i g h t be d e t e r m i n e d , and to t h i s end i t was 

dec ided to use a n e t w o r k o f i n d e p e n d e n t , w i d e l y spaced 

t e m p o r a r y s e i s m i c s t a t i o n s , r a t h e r than an a r r a y as f o r the 

Kap taga t e x p e r i m e n t . 

Since the f i e l d - w o r k was t o be managed and l a r g e l y 

pe r fo rmed s i n g l e - h a n d e d , no l o c a l sho t s c o u l d be o r g a n i z e d , 

as f o r a c o n v e n t i o n a l r e f r a c t i o n e x p e r i m e n t . Thus n a t u r a l l y 

o c c u r r i n g ea r thquakes were to be the s o l e source o f e n e r g y . 

L o c a l l y o c c u r r i n g ea r thquakes were to be used f o r c r u s t a l 

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

d i s t a n c e s ( g r e a t e r than 20 degrees) would g i v e i n f o r m a t i o n 

on deeper s t r u c t u r e . Record ing was to l a s t about 18 months 

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

l o n g - d u r a t i o n magne t i c tape r e c o r d e r was t o be used a t each 

s i t e , r e c o r d i n g s i g n a l s f r o m a t h r ee -componen t s e t o f 

s e i s m o m e t e r s , so t h a t comple t e ground m o t i o n c o u l d be 

c o n t i n u o u s l y m o n i t o r e d a t a number o f s t a t i o n s 
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s i m u l t a n e o u s l y . 

2•2 S i t e Equi pment 

The s c i e n t i f i c equipment a t each s i t e compr i s ed a 

th ree -componen t s e t o f s e i s m o m e t e r s , a Durham M k l l l s e i s m i c 

r e c o r d e r and a NATIONAL PANASONIC t r a n s i s t o r i s e d s h o r t - w a v e 

r a d i o r e c e i v e r , t o g e t h e r w i t h the r e q u i r e d i n t e r c o n n e c t i n g 

c a b l e s . The purpose o f t he r a d i o r e c e i v e r was t o r e c e i v e 

G.M.T. p i p s which are f r e q u e n t l y t r a n s m i t t e d over the 

B . B . C . World S e r v i c e , and which were used as t i m i n g 

s t a n d a r d . 

2 . 2 . 1 Seismometers 

W i l l m o r e Mk I I Seismometers ( H i l g e r and W a t t s , 1964) 

were used t h r o u g h o u t , a l t h o u g h s i x W i l l m o r e M k H I 

se i smometers were a l s o a v a i l a b l e . The l a t t e r gave so much 

mechan ica l t r o u b l e t h a t t h e y were never a c t u a l l y i n s t a l l e d . 

Seve ra l M k l i se i smometers were a l s o unusable due to b roken 

c o i l s . 

The se ismometers were s e t t o have a n a t u r a l p e r i o d o f 

2 .0 seconds , w h i c h was checked by o b s e r v i n g the undamped 

m o t i o n o f the mass, e i t h e r d i r e c t l y , o r by d i s p l a y i n g the 

r e s u l t a n t e l e c t r i c a l s i g n a l on an o s c i l l o s c o p e , and by 

t i m i n g ten o r more c y c l e s us ing a s t o p w a t c h . 

A s u i t a b l e f i x e d r e s i s t o r , Rd , was then connec ted i n 

p a r a l l e l w i t h the c o i l , t o g i v e damped o s c i l l a t i o n s w i t h 

about 10% o v e r s h o o t when the mass was d i s t u r b e d . The 



38 

o s c i l l a t i o n s c o u l d be obse rved and measured e i t i i e r on a 

s t o r a g e o s c i l l o s c o p e or o s c i l l o g r a p h . T h i s degree o f 

o v e r s h o o t g i v e s an optimum damping f a c t o r o f about 0 . 7 . A 

v a l u e o f 4, 700 Ohms f o r Rd was g e n e r a l l y found s a t i s f a c t o r y . 

The damping r e s i s t o r , t o g e t h e r w i t h a ba l ance r e s i s t o r , Rb , 

equa l to the p a r a l l e l r e s i s t a n c e o f the c o i l and damping 

r e s i s t o r was mounted i n s i d e the seismometer c a s e , and the 

whole connec ted to the r e c o r d e r i n p u t v i a a t w i n screened 

c a b l e , as shown i n F i g u r e 2 . 1 . 

The ba l ance r e s i s t o r s e rves two p u r p o s e s . F i r s t l y , i t 

e q u a l i z e s the r e s i s t a n c e t o g round o f the two i n t e r n a l c a b l e 

c o n d u c t o r s , b a l a n c i n g ou t e l e c t r i c a l p i c k u p a t t he 

r e c o r d e r ' s d i f f e r e n t i a l i n p u t . S e c o n d l y , i t a c t s as p a r t o f 

the Wheatstone b r i d g e i n p u t c i r c u i t f o r the a p p l i c a t i o n o f a 

c a l i b r a t i o n c u r r e n t t o the seismometer c o i l , as e x p l a i n e d i n 

S e c t i o n 2 . 2 . 2 . 

I t was found t h a t once i n s t a l l e d and a d j u s t e d the 

se ismometers r a r e l y needed f u r t h e r a t t e n t i o n , e x c e p t f o r 

those which were v e r t i c a l l y o r i e n t a t e d , f o r wh ich t he mass 

o c c a s s i o n a l l y d r i f t e d out o f p o s i t i o n to " b o t t o m " or " t o p " 

a g a i n s t one or o t h e r s t o p . 

2 . 2 . 2 Se ismic Recorders 

The Durham M k i n Se i smic r e c o r d e r s used f o r DKSP a re an 

improved v e r s i o n o f the M k l l r e c o r d e r s d e s c r i b e d by Long 

( 1 9 7 4 ) . The m a j o r d i f f e r e n c e s between the M k l l l and the 

M k l l r e c o r d e r s a re as f o l l o w s : -
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FIGURE 2 . 1 

DIAGRAM OF SEIESMOMETER AND RECORER INPUT CIRCUITRY 
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i ) The TAND6ERG tape t r a n s p o r t has been r e p l a c e d by a 

NAGRA IV t a p e d e c k , m o d i f i e d to r e c e i v e two e i g h t t r a c k 

heads a n d , by the i n c o r p o r a t i o n o f an a d d i t i o n a l s m a l l 

m o t o r , to run a t v e r y l o w speeds , 

i i ) A s i m p l i f i e d power a r rangement i s u sed , r e q u i r i n g 

o n l y one b a t t e r y bank . T o t a l power r e q u i r e m e n t has been 

reduced to some 125 mW. In Kenya ,where b a t t e r y l i f e i s 

somewhat p r o l o n g e d by the g e n e r a l l y warm t e m p e r a t u r e s , a 

s e t o f s i x i n t e r n a l l y housed PP9 b a t t e r i e s w i l l u s u a l l y 

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

wee ks . 

i i i ) The whole equipment i s housed i n a s i n g l e 

l i g h t - w e i g h t a l l o y c a s e , d i s p e n s i n g w i t h the need to 

i n t e r c o n n e c t t h r e e s epa ra t e u n i t s as i n the case o f the 

M k i i r e c o r d e r s . Thus, the i n h e r e n t u n r e l i a b i l i t y o f 

c a b l e s and c o n n e c t o r s i s c i r c u m v e n t e d , and the whole 

a r rangement i s somewhat b e t t e r p r o t e c t e d a g a i n s t d u s t 

and m o i s t u r e . 

i v ) The c l o c k c i r c u i t s have been r e d e s i g n e d and the 

c o n t r o l s a re more e a s i l y u n d e r s t o o d . D i s p l a y o f c l o c k 

t i m e and s t a t u s i s c o n t i n u o u s , and more i n t e l l i g i b l e , 

u s ing l i q u i d c r y s t a l d i s p l a y p a n e l s . The i n c a n d e s c e n t 

d i s p l a y s used i n the M k i i s e t s consumed much power and 

were s w i t c h e d on o n l y f o r r e a d i n g . More i n f o r m a t i o n i s 

encoded i n t o the M k l l l t i m e c o d e , a c l o c k "yea r " o f a 

hundred days b e i n g encoded a long w i t h a d d i t i o n a l 

i n f o r m a t i o n about the c l o c k ' s s t a t u s . 
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The r e c o r d e r uses s t a n d a r d " H i - F i " q u a l i t y 1/4 i n c h 

t a p e , n o m i n a l l y r u n n i n g a t 0.07 i nches per second . The 

r e c o r d e r can accomodate s p o o l s o f up t o 7 i n c h e s i n 

d i a m e t e r . The tape used f o r DKSP was AGFA-GEVAERT t r i p l e 

p l a y t y p e , w i t h 3,600 f e e t per r e e l . In t h e o r y a r e e l 

shou ld l a s t 7 .14 d a y s , b u t i n p r a c t i c e i t was n e c e s s a r y to 

wind an e x t r a l e n g t h o f tape on to each new r e e l to g i v e a 

f u l l 7 days r e c o r d i n g . 

The tape i s d i v i d e d i n t o e i g h t t r a c k s , r e c o r d i n g i n one 

d i r e c t i o n o n l y . Each t r a c k was used f o r a s e p a r a t e 

f r e q u e n c y modula ted c a r r i e r , the f r e q u e n c y o f w h i c h l i e s 

n o m i n a l l y between 50Hz and 100Hz. 

Tracks 1,3 and 5 are used f o r r e c o r d i n g the s e i s m i c 

s i g n a l s , w h i l e 6 ,7 and 8 are de vo t e d to r e c o r d i n g a 

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

t imecode r e s p e c t i v e l y . Tracks 2 and 4 were n o t used f o r 

DKSP, bu t a re a v a i l a b l e f o r e x t r a s e i s m i c c h a n n e l s i f 

r e q u i red . 

The c o n s t a n t r e f e r e n c e f r e q u e n c y o f 100Hz r e c o r d e d on 

t r a c k 6 i s used d u r i n g p l a y b a c k t o m a i n t a i n the c o r r e c t 

average r e p l a y speed , and to h e l p compensate f o r r e m a i n i n g 

speed v a r i a t i o n s ( " f l u t t e r " ) , as e x p l a i n e d i n Chapter 3 and 

Appendix 1 . 

The s i g n a l s a p p l i e d to t r a c k s 7 and 8 are e s s e n t i a l l y 

b i n a r y i n c h a r a c t e r , be ing s w i t c h e d between 50Hz ( b i n a r y 

" l o w " ) or 100Hz ( b i n a r y " h i g h " ) . The r a d i o s i g n a l i s 

d e r i v e d f rom the s h o r t - w a v e r e c e i v e r v i a a d e t e c t o r and 
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t r i g g e r . Thus a b i n a r y h i g h i s r e co rded on t r a c k 7 o n l y 

w h i l e the a m p l i t u d e o f the r e c e i v e d audio s i g n a l s i s above a 

c e r t a i n t h r e s h o l d . In t h i s way the G.M.T. p i p s w h i c h 

c o n s i s t o f s i x b u r s t s o f a 1kHz tone are squared u p , t he 

o b j e c t i v e s be ing to a i d t h e i r subsequent r e c o g n i t i o n and 

measurement when t h e y a re p l ayed o u t , and to a v o i d b a n d w i d t h 

p rob lems a s s o c i a t e d w i t h r e c o r d i n g such h i g h f r e q u e n c i e s 

us ing a l o w tape speed. 

The t i inecode r eco rded on t r a c k 8 c o n s i s t s o f b i n a r y 

h i g h p u l s e s whose l e a d i n g edges occur a t p r e c i s e one second 

i n t e r v a l s . The d u r a t i o n s o f the p u l s e s are 0 . 2 , 0 .4 or 

0 .8 seconds . The 0 .8 second p u l s e s occur e v e r y 60 seconds 

and mark the f i r s t second o f each m i n u t e . The r e m a i n i n g 

pu l s e s are g rouped i n s i x b l o c k s o f t e n . The f i r s t e i g h t 

pu l s e s o f each b l o c k c o r r e s p o n d to a two d i g i t b i n a r y coded 

d e c i m a l w o r d . 0.4 second p u l s e s c o r r e s p o n d to b i n a r y o n e s , 

and 0 . 2 second pu l se s to b i n a r y z e r o s . The f i n a l two 

p u l s e s i n each b l o c k a re o f 0 .2 and 0 .4 seconds d u r a t i o n 

r e s p e c t i v e l y . 

The f i r s t f o u r b l o c k s o f each m i n u t e o f normal t i m e 

code r e p r e s e n t c l o c k m i n u t e s , h o u r s , days and " y e a r s " 

r e s p e c t i v e l y . The f i f t h b l o c k r e c o r d s the s i t e number, and 

the s i x t h the c l o c k s t a t u s and s e i s m i c a m p l i f i e r g a i n s . (A 

sample o f t imecode i s i l l u s t r a t e d i n F i g u r e 2 . 2 . ) 

The c l o c k c o u n t i n g and the 100Hz and 50Hz m o d u l a t i o n 

f r e q u e n c i e s f o r the r e f e r e n c e , r a d i o , and t imecode a re a l l 

d e r i v e d f rom a s i n g l e q u a r t z c r y s t a l o s c i l l a t o r , and are 
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n o r m a l l y q u i t e s t a b l e . C lock d r i f t was o f t he o r d e r o f one 

second a m o n t h , so t h a t r e s e t t i n g was o n l y n e c e s s a r y when 

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

had caused the c l o c k to l o s e c o u n t ( " jump") . 

C lock s e t t i n g on i n i t i a l i n s t a l l a t i o n was u s u a l l y done 

by e n t e r i n g the a p p r o p r i a t e i n f o r m a t i o n i n t o each b l o c k 

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

s w i t c h e s . Normal c o u n t i n g s t a t u s c o u l d then be i n i t i a t e d by 

d e p r e s s i n g a s w i t c h as near as p o s s i b l e to an h o u r , w h i l e 

l i s t e n i n g f o r G.M.T. p i p s on the r a d i o . C lock jumps 

g e n e r a l l y o c c u r r e d as d i s c o n t i n u i t i e s o f whole numbers o f 

m i n u t e s or h o u r s , i n wh ich case the r e l e v a n t b l o c k s were 

c o r r e c t e d w h i l e the c l o c k was c o u n t i n g . 

The r e s u l t i n g c l o c k e r r o r s , wh ich were u s u a l l y n o t more 

than a few seconds , were o f no consequence , as subsequent 

c a l i b r a t i o n a g a i n s t t he r e c o r d i n g s o f G.M.T. p i p s gave 

comple te i n f o r m a t i o n on t h e i r magn i tudes and r a t e s o f 

change , p r o v i d i n g jumps were n o t too f r e q u e n t . 

The s i g n a l s f r o m the se ismometers were f e d to the 

s e i s m i c a m p l i f i e r s where t h e y a re a m p l i f i e d b e f o r e be ing 

used to f r e q u e n c y modula te a 71Hz ( n o m i n a l c e n t r e f r e q u e n c y ) 

c a r r i e r . Maximum c a r r i e r d e v i a t i o n i s 33% n o m i n a l l y , 

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

a m p l i f i e r g a i n s can be s w i t c h e d by f a c t o r s o f t w o . Ten 

s e t t i n g s a re a v a i l a b l e , numbered zero to n i n e . T h i s a l l o w s 

s e l e c t i o n o f optimum g a i n c o r r e s p o n d i n g to the expec ted 

s i g n a l l e v e l and ambient s e i s m i c n o i s e , t a k i n g i n t o accoun t 
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the dynamic range o f the r e c o r d e r . 

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

r ecorded s i g n a l s , d i s p l a y be ing on t h r e e m e t e r s , r e f e r r e d to 

by the l e t t e r s A, B and C. A mode s w i t c h s e l e c t s one o f two 

d i s p l a y modes. I n the r e c o r d mode the pr emod u l a t i o n s i g n a l 

f o r any t r a c k can be s e l e c t e d and d i s p l a y e d on meter A, 

w h i l e meter C d i s p l a y s a peak l e v e l o f the same s i g n a l , 

averaged over about t h r e e seconds . I n t h i s way s i g n a l s 

wh ich a re v a r y i n g too q u i c k l y f o r Meter A t o f o l l o w , can be 

d e t e c t e d and t h e i r a m p l i t u d e measured . Meter B i n d i c a t e s 

the a m p l i t u d e o f t he c a r r i e r s i g n a l a p p l i e d to the tape head 

f o r the t r a c k s e l e c t e d . Sho r t s i n the head w i r i n g and 

m a l f u n c t i o n o f the o s c i l l a t o r show up as a l o w e r than normal 

r e a d i n g , w h i l e an open c i r c u i t head i s i n d i c a t e d by an 

a b n o r m a l l y h i g h r e a d i n g . When i n the p l a y b a c k mode, m e t e r s 

A and C r e g i s t e r the demodula ted s i g n a l f o r the s e l e c t e d 

t r a c k , d e r i v e d f rom a m o n i t o r head p laced a f t e r the r e c o r d 

head, i n the same way as f o r r e c o r d mode. Meter B d i s p l a y s 

the r e p l a y e d c a r r i e r a m p l i t u d e . I n a d d i t i o n , the a m p l i f i e d 

c a r r i e r can be heard on an e a r p i e c e when p lugged i n t o the 

r e c o r d e r . T h i s i s a u s e f u l f a c i l i t y as the ear can d e t e c t 

changes i n the q u a l i t y o f the r eco rded s i g n a l w h i c h 

sometimes do n o t r e g i s t e r on the m e t e r s . 

There i s no compensa t ion f o r r e c o r d e r f l u t t e r , w h i c h i s 

d e t e c t a b l e on meter A i n the p l a y b a c k mode and a u d i b l e i n 

the e a r p i e c e as a d i s t i n c t waver ing i n p i t c h o f the 

r e f e r e n c e t r a c k s i g n a l . Such f l u t t e r i s e s t i m a t e d to be 
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about 5% n o r m a l l y . 

The i n p u t c i r c u i t o f each s e i s m i c channe l c o m p r i s e s a 

Wheatstone b r i d g e , (as i l l u s t r a t e d i n F i g u r e 2 . 2 ) . A 

sequence o f c a l i b r a t i o n c u r r e n t s t e p s , g o i n g f i r s t p o s i t i v e , 

t hen to z e r o , and then n e g a t i v e can be a p p l i e d t h r o u g h the 

b r i d g e t o move the seismometer mass. The b r i d g e i s ba lanced 

so t h a t the c u r r e n t i t s e l f p roduces no d i f f e r e n t i a l v o l t a g e 

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

f rom the m o t i o n o f the seismometer mass i s f e d to the i n p u t . 

The c u r r e n t s t e p produces a s m a l l d i s p l a c e m e n t o f the mass* 

e q u i l i b r i u m p o s i t i o n , so t h a t i t e x e c u t e s damped 

o s c i l l a t i o n s . The r e s u l t i n g s i g n a l ( F i g u r e 2 . 3 ) , when 

p layed back , i s the impulse response o f t he 

s e i s m o m e t e r - r e c o r d e r - p i a y b a c k s y s t e m , and can be a n a l y z e d to 

g i v e f r e q u e n c y response and o t h e r i n f o r m a t i o n ( f o r example 

Espinosa e t a l , 1 9 6 2 ) . The t r a i n o f f o u r p u l s e s can be 

g e n e r a t e d m a n u a l l y , and t h i s i s a good check o f o v e r a l l 

system f u n c t i o n , s i n c e the s i g n a l can be m o n i t o r e d b o t h 

b e f o r e and a f t e r be ing r eco rded , and can be heard as a 

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

c a l i b r a t i o n pu l se i s v a r i e d by f a c t o r s o f two ( n o m i n a l l y ) i n 

s t e p w i t h the a m p l i f i e r g a i n , so t h a t the p u l s e s a re 

r eco rded w i t h the same f r e q u e n c y d e v i a t i o n , i r r e s p e c t i v e o f 

the g a i n s e t t i n g . The r e c o r d e r can be l e f t i n an a u t o m a t i c 

mode whereby a t r a i n o f f o u r p u l s e s i s r e c o r d e d f o r each 

s e i s m i c channe l soon a f t e r each c l o c k m i d n i g h t . T h i s i s 

u s e f u l as a d a i l y check on seismometer r e s p o n s e . 
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2 . 2 . 3 Rad io R e c e i v e r s 

NATIONAL PANASONIC t r a n s i s t o r i s e d r e c e i v e r s , c a p a b l e o f 

r e c e p t i o n o f a .m . s i g n a l s on the s h o r t wave b r o a d c a s t 

bands , were used to r e c e i v e G .M.T . p i p s t r a n s m i t t e d by t h e 

World S e r v i c e o f the B r i t i s h B r o a d c a s t i n g C o r p o r a t i o n . 

These p i p s were used as the p r i m a r y s t a n d a r d f o r a l l t i m i n g . 

These s e t s were m o d i f i e d to use the tone s w i t c h t o c u t o u t 

the i n t e r n a l l o u d - s p e a k e r , t hus r e d u c i n g power c o n s u m p t i o n , 

and by the s o l d e r e d c o n n e c t i o n o f a 3 metre a e r i a l w i r e t o 

improve r e c e p t i o n . 

Reasonable r e c e p t i o n c o u l d be o b t a i n e d a t d i f f e r e n t 

t i m e s o f day on d i f f e r e n t wavebands, b u t i n g e n e r a l the 

r e c e i v e r s were l e f t tuned to the t r a n s m i s s i o n s on 15.42 MHz, 

wh ich p r o v i d e d the most c o n s i s t e n t l y good r e c e p t i o n , d u r i n g 

d a y l i g h t hou r s a t l e a s t . 

The o u t p u t a m p l i t u d e i s v a r i e d by means o f t h e 

r e c e i v e r ' s volume c o n t r o l . Th i s e f f e c t i v e l y a l t e r s the 

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

q u i t e c r i t i c a l : i f the volume i s s e t too h i g h , n o i s e 

t r i g g e r s the d e t e c t o r , w h i l e i f i t i s too l o w the G .M.T . 

p i p s a re n o t r e c o r d e d . A c c u r a t e t u n i n g i s a l s o e s s e n t i a l , 

and r e q u i r e s a d e l i c a t e t o u c h . 

P r o p o g a t i o n c o n d i t i o n s on the s h o r t wave bands a re 

n o t o r i o u s l y v a r i a b l e , and these r a d i o s , be ing 

i n d u c t o r - c a p a c i t o r t u n e d , tend to d r i f t o f f - f r equenc y q u i t e 

r a p i d l y . The human ear can a d j u s t t o r a p i d changes i n 

v o l u m e , and e x t r a c t i n f o r m a t i o n a g a i n s t r e m a r k a b l y h i g h 
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l e v e l s o f background n o i s e . Read jus tmen t o f t u n i n g eve ry 

q u a r t e r o f an hour or so i s n o t a g r e a t burden to the 

domes t ic u s e r , so these cheap s e t s a r e adequate f o r t h e i r 

i n t e n d e d p u r p o s e . However, f o r the c o n t i n o u s r e c e p t i o n o f a 

s i n g l e s i g n a l a t an u n s u p e r v i s e d s i t e , under w i d e l y v a r y i n g 

p r o p a g a t i o n c o n d i t i o n s and ambient t e m p e r a t i v e s , t h e y a re 

f a r f rom i d e a l . Even when c o n t i n u o u s r e a d j u s t m e n t o f volume 

and t u n i n g i s made by an e x p e r i e n c e d o p e r a t o r , a s e t o f p i p s 

can e a s i l y be l o s t , so t h a t the s a t i s f a c t o r y r e c o r d i n g o f 

G.M.T. p i p s a t o t h e r t imes i s a m a t t e r o f good l u c k , 

a l t h o u g h g r e a t c a r e by o p e r a t o r s to l e a v e the s e t s w e l l 

a d j u s t e d i n c r e a s e s the chances o f s u c c e s s . 

I t i s recommended t h a t f u t u r e e x p e r i m e n t s o f t h i s s o r t 

employ c r y s t a l tuned r e c e i v e r s , w i t h the e x c e l l e n t a u t o m a t i c 

g a i n c o n t r o l now a v a i l a b l e t h r o u g h i n t e g r a t e d c i r c u i t 

t e c h n o l o g y . Such s e t s c o u l d be b u i l t as c h e a p l y as t he 

domes t ic s e t s used f o r DKSP. 

2 . 3 Si te Layout 

A l l the s e i smic equipment was u s u a l l y housed t o g e t h e r 

i n a 0.9m d i a m e t e r c o r r u g a t e d i r o n d r u m , s e t i n t o a h o l e 

dug i n the g r o u n d , or on to bedrock i f exposed . The drum 

was about 0.6m deep and p r o v i d e d w i t h a l o c k a b l e l i d . The 

base o f the h o l e and the bo t tom o f the drum were f i l l e d w i t h 

c o n c r e t e to p r o v i d e a s t a b l e , w e l l coup led base f o r the 

s e i smomete r s . The a r rangement was g e n e r a l l y p r o o f a g a i n s t 

bo th r a i n and seepage o f g round w a t e r . 
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The r a d i o and r e c o r d e r were p laced on a wooden t a b l e 

s t r a d d l i n g the s e i smome te r s , as shown i n F i g u r e 2 . 4 , w i t h 

the a e r i a l w i r e l a i d ou t on the g round away f r o m the d r u m . 

The drums were u s u a l l y su r rounded by a c i r c u l a r t h o r n - b u s h 

f e n c e o f some 15 met res d i a m e t e r , t o gua rd a g a i n s t w i l d or 

s t r a y a n i m a l s and to d e t e r would-be t h e i v e s . A t w e n t y - f o u r 

hour guard was p l aced on many o f t he s i t e s as an a d d i t i o n a l 

s a f egua rd a g a i n s t t h e f t , e s p e c i a l l y a f t e r equ ipment had been 

s t o l e n f rom two s i t e s , p r e v i o u s l y c o n s i d e r e d s a f e , e a r l y 

d u r i n g the f i e l d w o r k . 

The ar rangement d e s c r i b e d above was m o d i f i e d a t s i t e s 

3 1 , 1.1 and 17 . At s i t e 31 a c o r r u g a t e d i r o n hu t was u sed . 

At the l a t t e r two s i t e s o n l y the se i smometers were housed i n 

the d rums , the r e c o r d e r and r a d i o be ing housed i n d o o r s and 

connected to the se ismometers by means o f b u r i e d c a b l e s . 

The h o r i z o n t a l se ismometers were a l i g n e d us ing the 

f o l l o w i n g me thod . A t a u t s t r i n g was p o s i t i o n e d over the 

drum and a d j u s t e d u n t i l i t was a l i g n e d n o r t h - s o u t h , as 

checked by s i g h t i n g us ing a p r i s m a t i c compass, and t a k i n g 

account o f l o c a l magne t i c d e v i a t i o n . T h i s d i r e c t i o n was 

t r a n s f e r r e d to the c o n c r e t e base by a l i g n i n g one arm o f a 

l a r g e , wooden t r y - s q u a r e w i t h the s t r i n g , by e y e , and r u l i n g 

the two r e q u i r e d l i n e s a t r i g h t a n g l e s w i t h c h a l k . The 

h o r i z o n t a l seismometer s t ands c o u l d be l i n e d up w i t h these 

m a r k s . I t i s e s t i m a t e d t h a t the e r r o r i n a l i g n m e n t was no 

more than t h r e e d e g r e e s . 

S i t e p o s i t i o n s were marked on to Survey o f Kenya 
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FIGURE 2 .4 
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1 : 5 0 , 0 0 0 s c a l e maps i n r e l a t i o n t o l o c a l f e a t u r e s , u s i n g 

w h a t e v e r c o m b i n a t i o n o f compass b e a r i n g s and d i s t a n c e 

m e a s u r e m e n t s were a p p r o p r i a t e . E s t i m a t e d e r r o r c i r c l e s w e r e 

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

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

b y i n t e r p o l a t i n g f r o m c o n t o u r s . 

The s t a t i o n c o o r d i n a t e s a r e l i s t e d i n T a b l e 2 . 1 , and 

F i g u r e s 2 . 5 and 2 . 6 show t h e i r p o s i t i o n s . 

2 . 4 S t a t i o n V i s i t s 

The o p e r a t i n g s t a t i o n s were v i s i t e d r o u t i n e l y e v e r y s i x 

o r s even d a y s . D u r i n g t h e s e v i s i t s t h e t a p e s were c h a n g e d , 

t h e t a p e h e a d s c l e a n e d and r o u t i n e c h e c k s p e r f o r m e d . A t 

l e a s t one s e t o f G . M . T . p i p s was r e c o r d e d d u r i n g e a c h v i s i t 

i f a t a l l p o s s i b l e , as t h e r e was no means o f t e l l i n g i f p i p s 

had been s u c c e s s f u l l y r e c o r d e d a t o t h e r t i m e s . F r e q u e n t l y 

t h i s m e a n t w a i t i n g an h o u r o r t w o , and o c c a s i o n a l l y i t was 

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

a l l . 

N o t i n f r e q u e n t l y t h e r e c o r d e r s w e r e f o u n d t o be f a u l t y . 

M i n o r r e p a i r s c o u l d be p e r f o r m e d on s i t e , b u t u s u a l l y i t was 

n e c e s s a r y t o r e m o v e t h e r e c o r d e r t o w o r k on i t i n e a s i e r 

s u r r o u n d i n g s . R e p a i r s c o u l d o f t e n be made i n a d a y o r two 

and e x t r a v i s i t s w e r e o f t e n made t o r e t u r n r e c o r d e r s o r swop 

them a b o u t . 

S i t e 50 was v i s i t e d b y a i r , b u t a l l t h e o t h e r s were 

e a s i l y a c c e s s i b l e b y l a n d r o v e r . 
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TABLE 2 . 1 

DKSP STATION COORDINATES AND HEIGHTS 

STN. STATION LATITUDE LONGITUDE HEIGHT ERROR 
NO. NAME (DEG. NORTH) (DEG. EAST) (METERS) (METERS) 

08 MOLO - 0 . 3 1 1 8 3 5 . 6 7 2 4 2745 200 
09 LONDIANI - 0 . 1 7 1 5 3 5 . 8 1 8 5 1919 250 
10 EGERTON - 0 . 3 5 7 2 3 5 . 9 2 1 0 2255 150 
11 NAKURU - 0 . 2 7 5 3 3 6 . 0 8 8 5 1888 150 
12 GREENSTEDS - 0 . 3 4 1 5 3 6 . 1 7 5 7 1922 100 
13 OL KALOU - 0 . 3 2 7 5 3 6 . 3 6 2 5 2360 100 
14 NJORO - 0 . 3 3 1 3 3 5 . 9 3 8 5 2168 100 
15 ELMENTEITA - 0 . 5 0 3 2 3 6 . 1 1 6 0 1834 100 
16 ILKEK - 0 . 5 9 5 7 3 6 . 3 6 4 2 194 0 150 
17 NAIVASHA - 0 . 7 9 5 3 3 6 . 2 7 7 8 1900 150 
18 LONGONOT - 1 . 0 1 7 5 3 6 . 4 9 6 5 1695 250 
19 K I J A B E - 0 . 9 3 1 0 3 6 . 5 6 8 7 2188 100 
21 UPLANDS - 1 . 0 6 5 8 3 6 . 6 8 5 0 2306 250 
22 N A I R O B I - 1 . 2 7 4 0 3 6 . 8 0 3 7 1691 40 
23 I S I N Y A - 1 . 6 7 6 3 3 6 . 8 5 1 5 1640 100 
24 ULU - 1 . 8 2 1 0 3 7 . 1 7 7 5 1660 200 
25 KESIKAU - 1 . 9 1 3 0 3 7 . 3 5 9 0 1 3 2 1 250 
26 SULTAN HAMUD - 2 . 1738 3 7 . 4 3 9 2 1178 150 
27 MAKINDU - 2 . 2 6 8 0 3 7 . 8 0 3 5 978 150 
28 KIBWEZ I - 2 . 3 4 5 8 3 8 . 0 0 6 7 867 150 
29 MTITO ANDEI - 2 . 6 3 8 8 3 8 . 1 3 3 3 797 150 
30 TSAVO - 2 . 9 2 5 5 3 8 . 3 8 3 3 618 150 
31 OLOITOKITOK - 2 . 8 1 3 8 3 7 . 5 2 8 8 399 150 
50 LODWAR 3 . 1255 3 5 . 6 1 7 3 564 250 
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FIGURE 

MAP Of DKSP STATIONS THROUGHOUT KENYA 
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FIGURE 2 . 6 

MAP OF DKSP STATIONS W I T H I N THE GREGORY R I F T 
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2 . 5 Manag em en t o f F i e l d Wo r k 

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

Phase I was managed by M r . R . A . B u r l e y , t h e n o f Durham 

U n i v e r s i t y . He a r r i v e d i n Kenya i n S e p t e m b e r 1975 and 

o b t a i n e d t h e n e c e s s a r y r e s e a r c h a u t h o r i t y f r o m t h e Kenya 

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

l a n d r o v e r ( R e g . N o . KPK495) w h i c h was used t h r o u g h o u t t h e 

p r o j e c t , and s t a r t e d t h e s e a r c h f o r s u i t a b l e s i t e s . 

The e q u i p m e n t , i n c l u d i n g n i n e r e c o r d e r s , was a i r 

f r e i g h t e d o u t t o Kenya a t t h e end o f O c t o b e r and c l e a r e d 

t h r o u g h c u s t o m s . November and December w e r e s p e n t c h e c k i n g , 

r e p a i r i n g and c l e a n i n g t h e e q u i p m e n t . 

R e c o r d i n g was i n i t i a t e d on 3 r d J a n u a r y 1976 , and 

b e t w e e n t h e n and Sep t em be r 1976 s i t e s number 0 9 , 1 0 , 

1 1 , 1 2 , 1 3 , 1 9 , 2 1 , 2 2 , 2 3 , 2 4 , 2 5 , 2 6 , 2 7 , 2 8 , 2 9 , 3 0 , 3 1 and 50 w e r e 

o c c u p i e d , b e t w e e n t h r e e and s i x b e i n g used a t a n y one t i m e 

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

The p r i m a r y p u r p o s e o f t h i s phase was t o o b t a i n 

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

f l a n k o f t h e Kenya dome f o r d e l a y t i m e a n a l y s i s . V a r i a t i o n 

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

a n o m a l y i n t h i s a r e a t o be m a p p e d . 

The p r o f i l e r u n n i n g s o u t h - e a s t f r o m t h e h i g h e s t p o i n t 

o f t h e dome a l o n g t h e N a k u r u - N a i r o b i - M o m b a s a r o a d was 

c h o s e n , p r i m a r i l y b e c a u s e o f e a s y a c c e s s . The p r o f i l e r u n s 

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

a n o m a l y c o n t o u r s b e t w e e n s t a t i o n s 21 and 3 0 , and i s 
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t h e r e f o r e p r e s u m a b l y a l o n g t h e l o c a l d i p o f t h e u p p e r m a n t l e 

s t r u c t u r e o v e r t h e f l a n k . However i t ha s t h e d i s a d v a n t a g e 

o f m e e t i n g t h e K i k u y u e s c a r p m e n t , w h i c h m a r k s t h e e a s t e r n 

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

and a t a p o i n t w h e r e t h e f a u l t i n g t r e n d t u r n s f r o m a N-S 

d i r e c t i o n t o a NW-SE d i r e c t i o n . A l i n e r u n n i n g a c r o s s t h e 

G r e g o r y r i f t and Kenya dome E-W o r NE-SW m i g h t h a v e been 

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

t o m a i n t a i n , as i t w o u l d have c r o s s e d t h e A b e r d a r e r a n g e and 

t h e f l a n k s o f M t . K e n y a . The u n k n o w n , b u t c o n s i d e r a b l e , 

t h i c k n e s s e s o f v o l c a n i c s , w o u l d have made i n t e r p r e t a t i o n 

more d i f f i c u l t . 

Phase I I began when t h e a u t h o r t o o k o v e r management o f 

s t a t i o n s 0 9 , 1 0 , 1 1 and 1 2 , l e f t o p e r a t i o n a l b y M r . B u r l e y i n 

l a t e Sep tember 1 9 7 6 . 

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

a l i n e o f s t a t i o n s a c r o s s t h e G r e g o r y r i f t f o r a 

r e f r ac t i o n - 1 i ke s t u d y o f l o c a l and r e g i o n a l e a r t h q u a k e s , 

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

c r u s t a l s t r u c t u r e . 

A t t h e b e g i n n i n g o f t h i s p h a s e , f o u r s t a t i o n s w i t h i n 

t h e G r e g o r y r i f t had been i n s t a l l e d b y M r . B u r l e y . A t t h e 

w o r k s h o p i n N a i r o b i t h e r e w e r e t h r e e r e c o r d e r s w h i c h had 

b r o k e n down i n t h e p r e v i o u s m o n t h s , t o g e t h e r w i t h a 

s e r v i c e a b l e r e c o r d e r w h i c h had j u s t a r r i v e d f r o m E n g l a n d . 

(Two r e c o r d e r s had been s t o l e n d u r i n g Phase I and n o t 

r e c o v e r e d ) . D u r i n g t h e n e x t f e w weeks much t i m e was s p e n t 
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a t t e m p t i n g t o r e p a i r t h e b r o k e n r e c o r d e r s , and o c c u p y 

f u r t h e r s i t e s w i t h s e r v i c e a b l e e q u i p m e n t . S i t e 13 was 

o c c u p i e d on t h e 6 t h O c t o b e r , and 08 on t h e 3 0 t h O c t o b e r , 

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

a c r o s s t h e r i f t f r o m Molo t o 01 K a l o u . 

The r e c o r d e r s had been u n r e l i a b l e d u r i n g Phase I , and 

t h e y c o n t i n u e d t o g i v e much t r o u b l e d u r i n g Phase I I . 

M e c h a n i c a l t r o u b l e s w h i c h a r o s e i n c l u d e d w o r n h e a d s , 

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

( s t i c k i n e s s due t o s t a t i c f r i c t i o n b e i n g much g r e a t e r t h a n 

s l i d i n g f r i c t i o n ) i n t h e t a p e - t e n s i o n i n g / s p o o l - b r e a k i n g 

m e c h a n i s m . A t f i r s t t h e w o r n t a p e h e a d s were r e p l a c e d b y new 

u n i t s , b u t t h e s t o c k o f t h e s e soon r a n o u t . F u r t h e r u n i t s 

were n o t s e n t o u t f r o m D u r h a m , and so t h e a u t h o r 

e x p e r i m e n t e d w i t h m e t h o d s o f r e s t o r i n g t h e c o r r e c t shape b y 

g r i n d i n g . The b e s t t e c h n i q u e f o u n d , was t o use a b r a s i v e 

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

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

s u r p r i s i n g l y g o o d r e s u l t s . F a i l i n g m o t o r s had t o be 

r e p l a c e d by new u n i t s . The " s t i c t i o n " i n t h e 

t a p e - t e n s i o n i n g m e c h a n i s m was due t o b u i l d - u p o f d u s t on t h e 

f e e d s p o o l b r a k e p a d s , w h i c h a r e made o f f e l t . I t i s 

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

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

i n c r e a s e d t h e t e n d e n c y o f t h e pads t o p i c k up and r e t a i n 

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

pads i n i s o p r o p y l a l c o h o l , t o r emove b o t h d i r t and o i l . The 
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o i l - f r e e pads seemed t o need a t t e n t i o n f a r l e s s o f t e n , 

a l t h o u g h t h e p r o b l e m c o u l d n o t be e n t i r e l y e l i m i n a t e d . The 

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

t w e n t i e t h o f i t s d e s i g n e d m i n i m u m s p e e d , so t h a t t h e r e i s 

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

o v e r c o m e t h e s m a l l i r r e g u l a r i t i e s i n t h e b r a k i n g m e c h a n i s m . 

I n many c a s e s t h e Durham m a n u f a c t u r e d head m o u n t i n g 

b l o c k s s e t t h e heads a s y m m e t r i c a l l y on t o t h e head a n d / o r 

h e l d t h e heads t o o l o w on t h e t a p e , e x p o s i n g t h e l o w e s t 

s e g m e n t . F i l i n g o u t t h e s c r e w h o l e s a l l o w e d t h e b l o c k t o be 

r o t a t e d so t h a t t h e t a p e pa s sed each head s y m m e t r i c a l l y , and 

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

p r e s s u r e . The head c o u l d be shimmed up t o i m p r o v e i t s 

p o s i t i o n r e l a t i v e t o t h e t a p e . B e n t t a p e g u i d e s w e r e 

d i s c o v e r e d on many o f t h e r e c o r d e r s w h i c h c a u s e d t h e t a p e t o 

pass t h e heads a t odd a n g l e s , i n t r o d u c i n g a skew c o m p o n e n t . 

Among t h e n u m e r o u s e l e c t r o n i c f a u l t s t h a t a r o s e , c l o c k 

f a i l u r e s were t h e m o s t common and t h e m o s t d i f f i c u l t t o 

r e c t i f y . The a u t h o r c a n n o t a g r e e w i t h t h e a s s e r t i o n t h a t 

t h e c i r c u i t c o n s i s t s o f "a s i m p l e l o o p o f some s i x p a c k a g e s " 

w h i c h i s " u l t r a r e l i a b l e " ( L o n g , 1 9 7 4 ) . The c l o c k c i r c u i t i n 

f a c t uses some 40 i n t e g r a t e d c i r c u i t s , and e x p e r i e n c e o n 

DKSP (as w e l l as o t h e r p r o j e c t s ) has c l e a r l y d e m o n s t r a t e d 

t h e i r i n h e r e n t u n r e l i a b i l i t y . C o m p l e t e c l o c k b r e a k d o w n s 

were f r e q u e n t on DKSP and even w o r k i n g c l o c k s j u m p e d o f t e n . 

R e c o r d e r s * c l o c k s w i l l n o t keep t i m e i f t r a n s p o r t e d , and 

even s l i g h t s h o c k i s e n o u g h t o make them j u m p . T h i s 
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s e n s i t i v i t y t o s h o c k i s u n d o u b t e d l y due t o t h e p o o r l y 

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

a l l o w s i t t o move i n i t s edge c o n n e c t o r . 

I n t e g r a t e d c i r c u i t f a i l u r e s were v e r y common, d e s p i t e 

t h e i r w i d e l y r e c o g n i s e d i n h e r e n t r e l i a b i l i t y . Q u i t e 

p o s s i b l y t h i s was due t o damage c a u s e d b y s t a t i c e l e c t r i c i t y 

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

t h e s e COSMOS c i r c u i t s had n o t been f o l l o w e d . 

I t i s shown i n A p p e n d i x 1 t h a t e v e n u n d e r o p t i m u m 

c o n d i t i o n s , t h e s p e c i f i c a t i o n s f o r t h e Durham S e i s m i c 

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

s h o r t o f t h o s e w h i c h a r e c l a i m e d f o r i t ( L o n g 1 9 7 4 ) , and 

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

i n v e s t i g a t i o n s . T h i s , t o g e t h e r w i t h t h e i r i n h e r e n t 

u n r e l i a b i l i t y , makes them f a r f r o m i d e a l f o r s t u d i e s o f t h i s 

n a t u r e where s i m u l t a n e o u s r e c o r d i n g a t a s many s i t e s as 

p o s s i b l e i s e s s e n t i a l . 

Phase I I o f DKSP r e c o r d i n g f i n i s h e d i n e a r l y J a n u a r y 

1 9 7 7 , when t h e e q u i p m e n t a t s i t e s 10 and 13 was r e m o v e d . 

Phase I I I r e c o r d i n g was t o use a z i g - z a g n e t w o r k o f 

s t a t i o n s o f f s e t a l t e r n a t e l y t o t h e e a s t and w e s t o f t h e 

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

a x i s o f t h e n e t w o r k r u n n i n g down t h e c e n t r e o f t h e G r e g o r y 

r i f t . L o c a l e a r t h q u a k e s , e s p e c i a l l y f r o m s o u t h e r l y 

b a c k - b e a r i n g s , w e r e e x p e c t e d t o g i v e r i s e t o p h a s e s 

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

i t was h o p e d t h a t t h e s e w o u l d be d e t e c t e d . 
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The s t a t i o n s were t o be l e f t i n t h e h a n d s o f Kenyan 

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

c h e c k s . L o c a l r e s i d e n t s were a p p r o a c h e d and a s k e d i f t h e y 

w o u l d u n d e r t a k e t h e w o r k , and i t i s g r e a t l y t o t h e i r c r e d i t 

t h a t a l l e n t h u s i a s t i c a l l y u n d e r t o o k t h e w o r k , w h i c h was 

w i t h o u t r e m u n e r a t i o n . 

S e l e c t i o n o f s i t e s f o r t h i s phase was a d d i t i o n a l l y 

c o n s t r a i n e d b y t h e c o n s i d e r a t i o n o f ease o f a c c e s s f o r t h e 

o p e r a t o r s . T h e r e f o r e , e q u i p m e n t t e n d e d t o be l o c a t e d i n 

g a r d e n s and nea r t o b u i l d i n g s , and hence s o u r c e s o f s e i s m i c 

n o i s e . S i t e s 15 and 17 w e r e i n c o n v e n i e n t l y n e a r g e n e r a t o r 

s h e d s and b o r e h o l e pumps , b u t t h e s e w e r e o n l y o p e r a t e d f o r a 

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

The l a c k o f i d e a l s i t e s m e a n t t h a t t h r e e s t a t i o n s had 

t o be l o c a t e d a t p r e v i o u s l y o c c u p i e d s i t e s : t h e s e w e r e 1 1 , 1 2 

and 1 8 . M o r e o v e r , s i t e 14 was s i t u a t e d o n l y a b o u t 3 .5km 

f r o m s i t e 1 0 . The f i n a l c o n f i g u r a t i o n c o n s i s t e d o f s i t e s 

1 1 , 1 2 , 1 4 , 1 5 , 1 6 , 1 7 , 1 8 , and a l l t h e e q u i p m e n t was i n s t a l l e d 

and t h e o p e r a t o r s t r a i n e d b y t h e end o f J a n u a r y 1 9 7 7 . T h i s 

a l l o w e d t h e w r i t e r t o r e t u r n t o Durham on t h e 7 t h F e b r u a r y 

t o b e g i n r e p l a y i n g t h e r e c o r d e d t a p e s . 

M r . B u r l e y r e t u r n e d t o Kenya i n J u n e , and r e p a i r e d t h e 

r e c o r d e r s a t s i t e s 12 and 15 w h i c h had b r o k e n down i n M a r c h 

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

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

The r e m a i n i n g s t a t i o n s were t h e n d i s m a n t l e d and t h e 

e q u i p m e n t p u t i n t o s t o r a g e a t t h e U n i v e r s i t y o f N a i r o b i . 



62 

The e q u i p m e n t was e v e n t u a l l y s h i p p e d b a c k t o Durham i n 

A u g u s t 1978 . 
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CHAPTER 3 

DURHAM SEISMIC PROCESSING EQUIPMENT 

AND THE PRELIMINARY EXAMINATION OF DKSP TAPES 

3 . 1 I n t r o d uc i o n 

T h i s c h a p t e r d e s c r i b e s t h e p l a y b a c k , f i l t e r i n g , 

c o m p u t i n g and d i s p l a y e q u i p m e n t a v a i l a b l e a t Durham and 

w h i c h was used t o p r o c e s s t h e f i e l d t a p e s . The c l o c k 

c a l i b r a t i o n m e t h o d and mea s u r emen ts o f f i l t e r d e l a y s a r e a l s o 

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

s e i s m o g r a m s . P o s s i b l e s o u r c e s o f t i m i n g e r r o r s a r e 

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

The e q u i p m e n t used i n p r o c e s s i n g t h e DKSP t a p e s 

c o n s i s t s o f t h e f o l l o w i n g i t e m s : 

i ) a q u a r t e r - i n c h p l a y b a c k d e c k and a s s o c i a t e d 

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

i i ) a s e t o f w i d e - r a n g e v a r i a b l e f r e q u e n c y f i l t e r s , 

i i i ) a 16 c h a n n e l j e t pen o s c i l l o g r a p h , 

i v ) a 12 c h a n n e l medium p e r s i s t e n c e o s c i l l o s c o p e , 

v ) a t i m e c o d e d e c o d e r / d i s p l a y , 

v i ) a s i n g l e c h a n n e l d r u m o s c i l l o g r a p h , and 

v i i ) a M o d u l a r 1 c o m p u t e r . 

I n t e r c o n n e c t i o n b e t w e e n t h e v a r i o u s d e v i c e s i s made 

t h r o u g h a p a t c h b o a r d . T h i s c o n s i s t s o f a r o w o f 

f o r t y - e i g h t 5 8 - w a y s l i d e s w i t c h e s , w h i c h a l l o w a n y i n p u t o f 

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

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

3 . 2 The Q u a r t e r - i n c h p i a y b a c k Sys tem 

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

D r . Long and b u i l t a t D u r h a m , i s shown i n F i g u r e 3 . 1 . A 

m o d i f i e d Nag ra I V t a p e d e c k , f i t t e d w i t h an e i g h t - t r a c k t a p e 

head s i m i l a r t o t h o s e used i n t h e Durham Mk I I I r e c o r d e r s , 

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

f e d t o t h e d e m o d u l a t o r s . 

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

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

l e v e l . The s y s t e m uses phase l o c k e d l o o p ( P L L ) c i r c u i t s t o 

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

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

However t h e PLL c i r c u i t s o n l y w o r k p r o p e r l y w i t h i n a c e r t a i n 

" l o c k i n g r a n g e " o f f r e q u e n c i e s . O u t s i d e t h i s r a n g e t h e 

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

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

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

c i r c u i t s a r e w i r e d up as f r e q u e n c y c o m p a r a t o r s . I n t h e 

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

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

b i n a r y l o w when i t i s b e l o w . The d e m o d u l a t e d s i g n a l i s 

pa s sed t h r o u g h a 250 Hz l o w - p a s s f i l t e r t o r emove r e s i d u a l 

c a r r i e r b e f o r e b e i n g o u t p u t t e d . 

The r e p l a y speed i s c o n t r o l l e d by a s e r v o - l o o p t o r u n 

a t t e n t i m e s t h e r e c o r d i n g s p e e d . C o r r e c t i o n s i g n a l s w h i c h 
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FIGURE 3 . 1 

BLOCK-DIAGRAM OF THE DURHAM PLAYBACK SYSTEM 
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c o n t r o l t h e t a p e d e c k m o t o r v o l t a g e a r e d e r i v e d f r o m t h e 

r e f e r e n c e t r a c k . 

Or i g i n a l 1 y } t h e PLL d e m o d u l a t e d s i g n a l was used t o 

c o n t r o l t h e t a p e s p e e d , b u t t h i s was u n s a t i s f a c t o r y as t h e 

speed c o n t r o l s y s t e m w o u l d go " o u t o f l o c k " on e n c o u n t e r i n g 

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

f r e q u e n t l y . The t a p e w o u l d t h e n c o n t i n u e t o r u n a t t o o h i g h 

a speed f o r t h e d e m o d u l a t o r t o f u n c t i o n . The a u t h o r made 

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

c i r c u i t r y t o l i m i t t h e maximum m o t o r v o l t a g e and so p r e v e n t 

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

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

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

p r e v e n t i o n o f t h e o u t o f l o c k c o n d i t i o n and p r o p e r c o n t r o l 

o f p l a y b a c k s p e e d . 

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

d e m o d u l a t o r , w i t h a much w i d e r i n p u t f r e q u e n c y r a n g e , t o 

d e r i v e t h e speed c o n t r o l s i g n a l . T h i s has p r o v e d e n t i r e l y 

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

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

t h a n t h e PLL based l o o p . 

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

a v e r a g e r e p l a y speed a t e x a c t l y t e n t i m e s t h e r e c o r d s p e e d , 

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

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

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

on t h a t p r o d u c e d b y t h e r e c o r d e r . The t o t a l f l u t t e r on 
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p l a y b a c k has been m e a s u r e d b y o b s e r v i n g t h e d e m o d u l a t e d 

r e f e r e n c e t r a c k o u t p u t s i g n a l on an o s c i l l o s c o p e , h a v i n g 

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

A v o m e t e r . T y p i c a l m e a s u r e m e n t s , on w e l l r e c o r d e d t a p e s , 

i n d i c a t e 15% speed v a r i a t i o n s , and t h e s e have been c o n f i r m e d 

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

n e a r - s a t u r a t i n g l o w f r e q u e n c y t e s t s i g n a l s ( s ee A p p e n d i x 1 ) . 

Tape speed v a r i a t i o n s a l t e r t h e f r e q u e n c i e s o f r e p l a y e d 

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

f o r i f e x c e s s i v e n o i s e i s n o t t o be i n t r o d u c e d i n t o t h e 

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

P l a y b a c k . Sys tem i s t o e l e c t r o n i c a l l y s u b t r a c t t h e 

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

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

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

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

mus t be no t i m e s h i f t i n t h e r e p l a y e d s i g n a l s due t o 

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

250 Hz f i l t e r i n g so t h a t m i s m a t c h b e t w e e n f i l t e r s , due t o 

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

c o m p e n s a t i o n . 

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

m a t c h e d t o t h e r e f e r e n c e d e m o d u l a t o r b y means o f p r e s e t t a b l e 

" g a i n " c o n t r o l s . A l s o , t h e t a p e head may be r e a l i g n e d t o 

m i n i m i s e " s k e w " by means o f a t h r e e p o i n t s c r e w a t t a c h m e n t 

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

by m a k i n g t h e s e a d j u s t m e n t s , w h i l e o b s e r v i n g t h e s e i s m i c 
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s i g n a l s on an o s c i l l o s c o p e . 

Read jus tment i s necessa ry each t i m e a tape f r o m a 

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

o t h e r t i m e s . T h i s i s because o f d i f f e r e n c e s i n head 

a l i g n m e n t between r e c o r d e r s and o c c a s i o n a l weaving o f the 

tape over the r e c o r d heads , and because the c e n t r e 

f r e q u e n c i e s o f t he s e i smic m o d u l a t o r s o f t e n d i f f e r , and 

sometimes v a r y w i t h ambien t t e m p e r a t u r e . 

Appendix 1 d e s c r i b e s t e s t s made on the 

r e c o r d e r / P l a y b a c k System to d e t e r m i n e f r e q u e n c y response and 

dynamic r a n g e . U s u a l l y dynamic range i s d e f i n e d as the 

r a t i o (expressed i n d e c i b e l s ) between a s i g n a l w h i c h j u s t 

s a t u r a t e s a system and one which i s j u s t d e t e c t a b l e i n 

system n o i s e . A second d e f i n i t i o n i s i n t e n d e d to r e f l e c t 

the a c c u r a c y w i t h which s i g n a l s a re r e p r o d u c e d , and 

a c c o r d i n g l y i t i s d e f i n e d as the r a t i o between s i g n a l s i z e 

and the p r e c i s i o n w i t h wh ich i t i s r e p r o d u c e d . 

Appendix 1 measurements show t h a t a c c o r d i n g to the 

f i r s t d e f i n i t i o n , dynamic range ( w i t h the s e i s m i c a m p l i f i e r 

g a i n s se t as f o r DKSP) i s o n l y 35 dB. T h i s compares v e r y 

u n f a v o u r a b l y w i t h the f i g u r e o f over 50 dB c l a i m e d f o r the 

equipment ( L o n g , 1974 ) and w h i c h i s u s u a l l y r ega rded as 

a c c e p t a b l e f o r s e i smic w o r k . 

The s u b t r a c t i o n method o f f l u t t e r compensa t ion i s 

d i s c u s s e d i n Appendix 1 and i t i s shown t h a t t h i s method 

canno t c o m p l e t e l y compensate f o r speed v a r i a t i o n s i n the 

presence o f r e c o r d e d s i g n a l s . I t i s shown t h a t f o r the 
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Durham System, n o i s e equa l to 15% o f the i n s t a n t a n e o u s v a l u e 

o f the r eco rded s i g n a l i s added and t h a t t h i s c o r r e s p o n d s t o 

a dynamic r a n g e , u s i n g the second d e f i n i t i o n , o f o n l y 23 dB. 

T h e o r e t i c a l l y , comple t e f l u t t e r compensa t ion i n the 

presence o f r e c o r d e d s i g n a l s may o n l y be o b t a i n e d by a 

process i n v o l v i n g d i v i s i o n o f a f u n c t i o n o f the demodula ted 

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

Exper imen t s us ing the Modular 1 computer to p e r f o r m the 

d i v i s i o n were t r i e d , and a l t h o u g h r e s u l t s demons t r a t ed t h a t 

the p r i n c i p l e w o r k e d , r e d u c i n g f l u t t e r a t t he peaks o f t e s t 

s i g n a l s , the r e s i d u a l f l u t t e r i n the absence o f s i g n a l s was 

g r e a t e r than f o r e l e c t r o n i c s u b t r a c t i o n . 

T h i s m i g h t have been due to c r o s s f e e d w h i c h i s known to 

occur between the i n p u t c h a n n e l s o f the c o m p u t e r , o r more 

p r o b a b l y t o mismatch i n the 250 Hz demodu la to r f i l t e r s wh ich 

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

o f t he r e s i d u a l c a r r i e r . 

3.3 Var i a b l e Frequency F i l t e r s 

Dur ing the e a r l y s t ages o f p l a y i n g ou t o f se i smograms , 

the t h r e e KROHN-HITE model 335 v a r i a b l e f r e q u e n c y f i l t e r s 

o r i g i n a l l y i n use gave much t r o u b l e and were r e p l a c e d by 

t h r e e KEMO model VBK/8K f i l t e r u n i t s , k i n d l y l oaned by the 

Atomic Weapons Research E s t a b l i s h m e n t ' s Seismolog i c a l U n i t 

a t B l a c k n e s t . 

A c c o r d i n g to the m a n u f a c t u r e r ' s s p e c i f i c a t i o n s , t h e 

c h a r a c t e r i s t i c s o f the two types o f u n i t a r e s i m i l a r , h a v i n g 
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a 24 dB/Octave r o l l - o f f . 

The KEMO f i l t e r u n i t s each c o n s i s t o f two i d e n t i c a l 

s e c t i o n s w h i c h may be s w i t c h e d i n t o h i g h - or l o w - p a s s modes. 

The c o r n e r f r e q u e n c i e s a re v a r i a b l e , be ing s e t by means o f 

t h r e e decade s w i t c h e s and a range s w i t c h . The two s e c t i o n s 

may be used i n d e p e n d e n t l y o r s w i t c h e d i n p a r a l l e l , b u t 

i n v a r i a b l y d u r i n g t h i s s t u d y the two s e c t i o n s were used i n 

s e r i e s , g i v i n g e i t h e r a sha rp 48 dB/Octave low-pass 

c h a r a c t e r i s t i c or a band-pass c h a r a c t e r i s t i c . 

The KROHN-HITE f i l t e r u n i t s a l s o have two s e c t i o n s 

each , one h i g h - p a s s and one l o w - p a s s . The c o r n e r 

f r e q u e n c i e s a re v a r i a b l e by means o f range s w i t c h e s and 

d i a l s . E i t h e r s e c t i o n may be s w i t c h e d ou t g i v i n g a 

h i g h - p a s s or l o w pass c h a r a c t e r i s t i c , o r the two s e c t i o n s 

may be connected i n s e r i e s or p a r a l l e l . 

The n e c e s s i t y f o r and the e f f e c t o f ana logue f i t e r i n g 

i s d i s c u s s e d i n S e c t i o n 3 . 8 . 

3. 4 J e t pen Qsc i l l o g raph 

For the permanent d i s p l a y o f m u l t i c h a n n e l s e i s m i c d a t a , 

a 16 channel ELEMA-SC HONANDER J e t Pen o s c i l l o g r a p h i s 

a v a i l a b l e a t Durham. 

Paper i s drawn pas t 16 c a p i l l a r y i n k j e t s a t a 

c o n s t a n t , s e l e c t a b l e speed . A v a i l a b l e speeds range f rom 

0.25 t o 100 cm/sec . The j e t s are d i r e c t e d t owards t he 

paper and a re c o u p l e d to ga lvanomete r movements w h i c h a l t e r 

t h e i r d i r e c t i o n s i n a p lane p e r p e n d i c u l a r to the m o t i o n o f 
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the p a p e r . W h i l e the paper i s i n m o t i o n , a c o n s t a n t s t ream 

o f i n k f r o m each j e t t r a c e s a c u r v e wh ich r e p r o d u c e s the 

e l e c t r i c a l s i g n a l f e d to the c o r r e s p o n d i n g g a l v a n o m e t e r . 

The g a l v a n o m e t e r s a re m e c h a n i c a l l y damped to g i v e a c o n s t a n t 

a m p l i t u d e response to a t l e a s t 250 Hz, the h i g h e s t s e i s m i c 

f r e q u e n c y p r e s e n t e d to them. 

The i n p u t s i g n a l s are a m p l i f i e d b e f o r e be ing f e d to the 

g a l v a n o m e t e r s , and the g a i n o f each a m p l i f i e r i s v a r i a b l e . 

There i s a s w i t c h e d coarse g a i n c o n t r o l and a c o n t i n u o u s l y 

v a r i a b l e f i n e g a i n c o n t r o l , w h i c h may be r e t u r n e d to a 

p r e s e t a b l e p o s i t i o n . 

B e f o r e each s e s s i o n o f u s e , t h e o s c i l l o g r a p h was 

c h e c k e d , and i f necessa ry r e c a l i b r a t e d us ing the f o l l o w i n g 

method . 

Timecode f r o m the p l a y b a c k deck i s d i s p l a y e d on each 

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

c o n s t a n t a m p l i t u d e . W i t h the coa r se g a i n s a l l a t t he same 

s e t t i n g , t he f i n e g a i n s a re a d j u s t e d to g i v e the same t r a c e 

a m p l i t u d e on a l l c h a n n e l s . R e l a t i v e d i s p l a c e m e n t o f t he 

j e t s a long the d i r e c t i o n o f the t r a c e s (skew) i s checked f o r 

by d rawing a b e s t f i t t i n g s t r a i g h t l i n e t h r o u g h the l e a d i n g 

edge o f a common p u l s e ; any j e t more t han 0.2mm ou t o f 

a l i g n m e n t i s r e a l i g n e d by means o f the c o r r e s p o n d i n g screw 

a d j u s t m e n t p r o v i d e d f o r the p u r p o s e . 

The t imecode s i g n a l has s h a r p l e a d i n g and t r a i l i n g 

edges w h i c h a re u s e f u l f o r i n d i c a t i n g d e f i c i e n c i e s i n the 

damping . Underdamping shows up as damped o s c i l l a t i o n s 
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super imposed on each s t e p o f the w a v e f o r m , w h i l e overdamping 

i s i n d i c a t e d by c o m p a r a t i v e l y s l o w l y r i s i n g and f a l l i n g 

edges t o the p u l s e s . Such e f f e c t s were o f t e n n o t i c e d , b u t 

t h e i r e f f e c t on the more s l o w l y v a r y i n g s e i s m i c s i g n a l was 

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

When p r o p e r l y m a i n t a i n e d , the o s c i l l o g r a p h i s r e l i a b l e 

and produces v e r y c l e a n r e a d a b l e t r a c e s . However, the j e t s 

and ga lvanome te r movements have a l i m i t e d l i f e , and tended 

to break down f r e q u e n t l y . Replacement u n i t s were r a r e l y t o 

hand . 

3 . 5 Twelve Channel Osc i l l o s c o p e 

The t w e l v e channe l o s c i l l o s c o p e uses a medium 

p e s i s t e n c e t e l e v i s i o n tube to d i s p l a y m u l t i c h a n n e l 

i n f o r m a t i o n s i m u l t a n e o u s l y . Sweep r a t e and i n d i v i d u a l 

channel g a i n s and D.C. s h i f t s are v a r i a b l e . 

The u n i t i s used to d i s p l a y a l l s i g n a l s f r o m the 

p l a y b a c k deck w h i l e p e r f o r m i n g skew and f l u t t e r compensa t ion 

a d j u s t m e n t s . The d e v i c e i s i n v a l u a b l e as a g e n e r a l purpose 

m o n i t o r i n o b s e r v i n g the q u a l i t y o f the r e p l a y e d s i g n a l s and 

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

t a p e . A p r a c t i c e d user can use the d i s p l a y e d t imecode to 

read the r eco rded t i m e and f i n d h i s way about t a p e s . The 

o s c i l l o s c o p e was most u s e f u l f o r f i n d i n g GMT p i p s r e c o r d e d 

on the r a d i o c h a n n e l , and p e r m i t t e d r a p i d searches t o be 

made w i t h o u t u s ing e x o r b i t a n t amounts o f p a p e r . 
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3.6 Time Decoder and P i s p l a y 

O r i g i n a l l y , the r eco rded t imecode had to be decoded by 

e y e , w h i c h r e s u l t s i n e x t r a v a g e n t use o f paper when the j e t 

pen o s c i l l o g r a p h i s used , and i s n o t p a r t i c u l a r l y easy when 

d i s p l a y e d on the o s c i l l o s c o p e . At any r a t e , decod ing by eye 

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

f r u s t r a t i o n to the user who wishes t o p l a y o u t seismograms 

r a p i d l y . 

Since Durham U n i v e r s i t y was u n w i l l i n g to p r o v i d e a 

s u i t a b l e d e c o d e r , the a u t h o r des igned and b u i l t h i s own 

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

e a s i l y r e a d a b l e d e c i m a l f o r m a t , the t imecode m i n u t e s , h o u r s , 

days and years as r e p l a y e d . T h i s decoder i s a t p r e s e n t on 

l o a n to the U n i v e r s i t y , and the a u t h o r and o t h e r use r s have 

found i t i n v a l u a b l e f o r f i n d i n g t h e i r way t h r o u g h t a p e s . 

A d d i t i o n a l l y , the decoder d e t e c t s h o u r s and produces a 

r e c t a n g u l a r p u l s e , w h i c h can be super imposed on to the 

s i n g l e channe l t r a c e drawn by the drum o s c i l l o g r a p h , f o r 

subsequent t i m i n g o f d i s p l a y e d e v e n t s . 

A l t h o u g h t he decoder a u t o m a t i c a l l y compensates f o r 

s m a l l d i s t o r t i o n s i n the t imecode due to d rops i n r e c o r d i n g 

q u a l i t y , i t c a n n o t decode some v e r y p o o r l y r eco rded t a p e s . 

3 . 7 S i n g l e Channel Dr urn Osc i l l o g raph 

The HELICORDER s i n g l e channe l drum o s c i l l o g r a p h 

c o n s i s t s o f a c y l i n d r i c a l drum around wh ich hea t s e n s i t i v e 

paper i s a t t a c h e d by means o f c l a m p s . As t he drum r e v o l v e s , 
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a h o t w i r e s c r i b e r a t t a c h e d to a ga lvanome te r movement 

t r a c e s a d a r k l i n e ac ros s the p a p e r . The g a l v a n o m e t e r base 

moves s y n c h r o n o u s l y w i t h the drum and p a r a l l e l to i t s a x i s , 

so t h a t the l i n e drawn i s h e l i c a l . S i g n a l s a p p l i e d to the 

ga lvanomete r t h r o u g h the u n i t ' s a m p l i f i e r s a re t hus 

reproduced on the h e l i c a l t r a c e . 

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

f r o m tape i n a s u i t a b l y compact f o r m f o r c o n t i n u o u s 

m o n i t o r i n g o f s e i s m i c a c t i v i t y . The drum r e v o l v e s q u i t e 

s l o w l y , and about t h r e e and a h a l f days c o n t i n u o u s r e c o r d i n g 

can be d i s p l a y e d on a s i n g l e s h e e t . I t t a k e s about n i n e 

hours to r ep roduce t h i s much i n f o r m a t i o n and the d e n s i t y i s 

9 mm per r e c o r d e d m i n u t e . 

3 . 8 The Mod u l ar _l Computer 

The Modular 1 computer a ccep t s m u l t i c h a n n e l analogue 

s i g n a l s as i n p u t s , w h i c h i t d i g i t i z e s i n t e r n a l l y f o r 

subsequent c o m p u t a t i o n s . A d i g i t a l - t o - a n a l o g u e c o n v e r t e r 

can r e c o n v e r t i n t e r n a l numbers to m u l t i c h a n n e l analogue f o r m 

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

The computer i s programmed us ing a Durham w r i t t e n 

c o m p i l e r , SERAC. Th i s s p e c i a l i z e d c o m p i l e r enab l e s 

p s e u d o - i n f i n i t e l e n g t h t i m e s e r i e s c h a n n e l s t o be hand led i n 

much the same way as o r d i n a r y v a r i a b l e s a re i n o t h e r 

c o m p i l e r s . Using s i n g l e s t a t e m e n t s , a c t i o n s r a n g i n g i n 

c o m p l e x i t y f r o m a d d i t i o n and d e l a y i n g to bandpass f i l t e r i n g 

may be p e r f o r m e d on one or more t i m e s e r i e s c h a n n e l s . 
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The computer was used f o r e x p e r i m e n t s i n an a t t e m p t t o 

improve f l u t t e r compensa t ion f o r the p l a y b a c k e q u i p m e n t , as 

d e s c r i b e d i n S e c t i o n 3 . 2 . Dur ing these e x p e r i m e n t s , 

c o n s i d e r a b l e c r o s s f e e d was d i s c o v e r e d between analogue i n p u t 

c h a n n e l s . T h i s was f i r s t n o t i c e d as a s u p e r p o s i t i o n o f the 

h i g h a m p l i t u d e t imecode s i g n a l on to o t h e r c h a n n e l s . 

S e l e c t i o n o f a d i f f e r e n t computer i n p u t channe l f o r the 

t imecode reduced i t s e f f e c t on o t h e r c h a n n e l s , b u t t he 

c r o s s f e e d which must a l s o have e x i s t e d between the s e i s m i c 

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

compensa t ion e x p e r i m e n t s . 

The Modular 1 computer has a h a l f i n c h tape d r i v e and 

d i s k s t o r e . At one s tage i t was t h o u g h t t h a t i t m i g h t be 

w o r t h w h i l e r e r e c o r d i n g events i n d i g i t a l f o r m a t on tape f o r 

subsequent p r o c e s s i n g , e i t h e r on the Modular 1 computer o r 

on the N o r t h e r n U n i v e r s i t i e s M u l t i p l e Access Computer 

(NUMAC) sy s t em. The p r i m a r y o b j e c t i v e was t o enab le s i d e by 

s i d e d i s p l a y o f seismograms f o r the same even t r e c o r d e d a t 

d i f f e r e n t s t a t i o n s , wh ich would enab le compar i son o f 

wave fo rms , and f o r l o c a l even ts the t r a c i n g o f c o r r e s p o n d i n g 

phases . 

Exper imen t s showed t h a t the f i r s t d i g i t a l r e c o r d s were 

f a r f rom s a t i s f a c t o r y . A p a r t f r o m the c r o s s f e e d problem 

a l r e a d y d e s c r i b e d the sampl ing r a t e , r e f e r r e d to r e c o r d e r 

t i m e , v a r i e d f rom r e c o r d to r e c o r d and even s i g n i f i c a n t l y 

a long the l e n g t h o f some r e c o r d s . A d d i t i o n a l l y , w h i l e 

w r i t i n g d i g i t a l t a p e s , the Modular 1 would o c c a s i o n a l l y 
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d e t e c t p a r i t y e r r o r s and r e w r i t e the m i s r e c o r d e d b l o c k : i n 

the mean t ime samples would be l o s t , r e s u l t i n g i n gaps i n 

the d i g i t a l r e c o r d . 

These problems were e v e n t u a l l y overcome, and d i g i t a l 

seismograms c o u l d be r ep roduced on the NUMAC g raph p l o t t e r s , 

c o r r e c t e d f o r d i f f e r i n g sampl ing r a t e s , c l o c k e r r o r s , 

r e c o r d e r g a i n s and seismometer p o l a r i t i e s . The process 

i n v o l v e s the use o f two programs w r i t t e n i n FORTRAN by the 

au tho r f o r the NUMAC s y s t e m . The d i g i t a l t apes a re f i r s t 

examined by the program TAPES EE w h i c h measures the s ampl ing 

r a t e and the t i m e o f the f i r s t sample f o r each r e c o r d by 

examin ing the d i g i t i z e d t i i n e c o d e , and measures t he D.C. 

o f f s e t f o r each o f the s e i s m i c c h a n n e l s . T h i s i n f o r m a t i o n 

i s w r i t t e n i n t o a d i s k f i l e . TAPESEE d e t e c t s and i g n o r e s 

s p u r i o u s p u l s e s i n the t imecode and makes a l l o w a n c e s f o r 

those t h a t are sometimes m i s s i n g . However, g r o s s e r r o r s due 

to m i s s i n g samples and severe v a r i a t i o n s . i n s ampl ing r a t e , 

wh ich a re e a s i l y p i c k e d up by e x a m i n a t i o n o f t he p r o g r a m ' s 

p r i n t e d o u t p u t , canno t be a l l o w e d f o r , and f r e q u e n t l y 

n e c e s s i t a t e red ig i t i z a t i o n o f e v e n t s . 

Other i n f o r m a t i o n , such as s t a t i o n c o o r d i n a t e s , 

r e c o r d e r c l o c k e r r o r s and g a i n s and seismometer p o l a r i t i e s 

are appended to the d i s k f i l e i n f o r m a t i o n produced by 

TAPESEE. The d i s k f i l e i s t hen used by the main p l o t t i n g 

p r o g r a m , EPLOT, t o c o r r e c t the s e l e c t e d t r a c e s read o f f 

magne t i c t a p e , b e f o r e t h e y a re d r a w n . 

D i g i t a l r e c o r d i n g o f e v e n t s , c h e c k i n g o f t he r e s u l t a n t 
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d i g i t a l r e c o r d s and subsequent p l o t t i n g a l l take 

c o n s i d e r a b l e t i m e , b o t h the c o m p u t e r ' s and the u s e r ' s . 

M o r e o v e r , the use o f tape d r i v e s and g raph p l o t t e r s on NUMAC 

i n v o l v e d e l a y s , and i t t a k e s a minimum o f a week t o 

r ep roduce a seismogram f r o m the o r i g i n a l analogue tape 

t h r o u g h the s y s t e m . The seismograms p l o t t e d on NUMAC are 

n o t as c l e a r as those drawn on the j e t pen o s c i l l o g r a p h , and 

b e a r i n g i n mind t h a t the poor dynamic range o f t he o r i g i n a l 

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

s o p h i s t i c a t e d d i g i t a l waveform p r o c e s s i n g t e c h n i q u e s , the 

r o u t i n e d i g i t i z i n g o f even t s was abandonned. 

3.9 Cloc k C a l i b r a t i o n 

As e x p l a i n e d i n Chapter 2 , the t imecode r e c o r d e d on 

t a p e , wh ich i s d e r i v e d f rom the r e c o r d e r ' s i n t e r n a l c l o c k , 

i s s u b j e c t to an e r r o r wh ich may amount to s e v e r a l seconds . 

To o b t a i n a c c u r a t e t i m i n g o f se i smograms, t h i s c l o c k e r r o r 

must be measured and a l l o w e d f o r . Measurement o f t he c l o c k 

e r r o r i s made by compar i son o f t imecode w i t h GMT p u l s e s 

r eco rded a l o n g s i d e on the r a d i o t r a c k , as d e s c r i b e d i n 

Chapter 2 . 

The tapes a re searched f o r GMT p i p s r eco rded on the 

r a d i o t r a c k by examin ing the s i g n a l on the o s c i l l o s c o p e . 

When f o u n d , t h e y are p layed ou t on to paper a l o n g s i d e the 

t i m e c o d e , u s i n g the j e t pen o s c i l l o g r a p h , a t a r a t e o f 25 or 

50 m i l l i m e t e r s per r eco rded second . GMT p i p s known to be 

w e l l r eco rded d u r i n g v i s i t s to the s t a t i o n s are a l s o p l a y e d 
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ou t . 

Search ing tapes f o r GMT p i p s i s immensely t e d i o u s and 

t ime-consuming w o r k , bu t the t a sk can be s h o r t e n e d by n o t 

l o o k i n g f o r more se t s o f p i p s than are neces sa ry t o d e f i n e 

a c c u r a t e l y t he d r i f t c u r v e s , and r e l i a b l y d e t e c t 

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

se t o f p i p s f o r each day or two days i s u s u a l l y adequate f o r 

m o d e r a t e l y w e l l behaved c l o c k s . Only t he few seconds e i t h e r 

s i d e o f each hour need be examined , as p i p s a r e n o t 

t r a n s m i t t e d a t o t h e r t i m e s . E f f o r t i s c o n c e n t r a t e d on the 

d a y l i g h t h o u r s , as n i g h t - t i m e r e c e p t i o n i s v e r y p o o r . 

O f t e n t h e r e i s no a c t i v i t y on the r a d i o t r a c k f o r l o n g 

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

T h i s may be due to weak r a d i o b a t t e r i e s o r to too low a 

s e t t i n g o f the volume c o n t r o l or to m i s t u n i n g . An 

e x p e r i e n c e d o b s e r v e r can t e l l f rom the n a t u r e o f t he 

r e p l a y e d r a d i o s i g n a l s whether the r a d i o was p r o p e r l y 

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

s e m i - r e g u l a r pu l s e s o r e l e c t r i c a l n o i s e , w h i c h e i t h e r g i v e s 

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

c h a n n e l . D i u r n a l v a r i a t i o n s i n r e c e p t i o n q u a l i t y a re v e r y 

n o t i c e a b l e , and o f t e n w e l l r eco rded GMT p u l s e s a re found a t 

the same or nea rby hour s on s u c c e s s i v e d a y s . No d o u b t t h i s 

i s due to d i u r n a l d r i f t i n r a d i o t u n i n g w i t h t e m p e r a t u r e , 

combined w i t h s i m i l a r v a r i a t i o n s i n p r o p a g a t i o n c o n d i t i o n s , 

w h i c h r e s u l t i n optimum r e c e p t i o n c o n d i t i o n s o c c u r r i n g once 

or t w i c e each day a t about t he same t i m e . Once l o n g p e r i o d s 
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of q u i e t , o r d i u r n a l v a r i a t i o n s have been n o t e d , the sea rch 

can be c o n c e n t r a t e d on those s e c t i o n s o f tape most l i k e l y t o 

have s a t i s f a c t o r y r e c o r d i n g s o f p i p s . 

F r e q u e n t l y , however , r e c e p t i o n was poor f o r p e r i o d s 

r a n g i n g f r o m s e v e r a l days t o a few weeks . To o b t a i n 

s a t i s f a c t o r y c l o c k c a l i b r a t i o n f o r these p e r i o d s , t h e r e i s 

no a l t e r n a t i v e b u t t o search e v e r y hour and o b t a i n p l a y o u t s 

o f the f e w , i f a n y , p o o r l y r eco rded p i p s wh ich do e x i s t . 

Each s e t o f GMT p i p s t r a n s m i t t e d by t he B . B . C . 

c o n s i s t s o f s i x p u l s e s , the l e a d i n g edges o f w h i c h a re 

separa ted by p r e c i s e one second i n t e r v a l s . The f i r s t f i v e 

are s h o r t e r than the l a s t , t he l e a d i n g edge o f w h i c h 

i n d i c a t e s t h e i n s t a n t o f the h o u r . 

Due to no i s e and v a r i a b l e r e c e p t i o n c o n d i t i o n s , these 

pu l se s are r a r e l y r e c e i v e d und i s t o r t e d ; e x t r a p u l s e s a re 

added, and those t r a n s m i t t e d are o f t e n a b s e n t . The f i r s t 

s t e p i n making measurements on a s e t o f t i m e p i p s i s t o 

r e c o g n i z e the p u l s e s t h a t a re p r e s e n t , e s p e c i a l l y t h e i r 

l e a d i n g edges . The whole number component o f the c l o c k 

e r r o r i s read by n o t i n g the p o s i t i o n o f the f i n a l pu l s e 

a g a i n s t the t i m e c o d e . O r i g i n a l l y , the GMT p u l s e s were 

p layed ou t on to a t r a c e between two t imecode t r a c e s . The 

d e c i m a l p a r t o f the c l o c k e r r o r i s t hen d e t e r m i n e d by the 

f o l l o w i n g m e t h o d . L i n e s a re r u l e d between the c o r r e s p o n d i n g 

l e a d i n g edges o f the t imecode p u l s e s . For each GMT p u l s e , 

the f o l l o w i n g two measurements a re made: - a , t he d i s t a n c e 

between the p r eceed ing r u l e d l i n e and the l e a d i n g edge o f 
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the p u l s e , and b , the d i s t a n c e between the p r e c e e d i n g and 

succeeding r u l e d l i n e s . The r a t i o s a /b then g i v e e s t i m a t e s 

o f the f r a c t i o n a l p a r t o f the c l o c k e r r o r . L a t e r , the 

f o r m a t o f t he paper r e c o r d s was changed to a v o i d the 

n e c e s s i t y o f r u l i n g l i n e s . Using the second f o r m a t , t h e 

r a d i o t r a c e i s super imposed on the t imecode t r a c e , and the 

base l i n e s a re b r o u g h t v e r y near c o i n c i d e n c e . The 

measurements o f a ' s and b ' s can then be made a c c u r a t e l y 

a long the base l i n e s . To a i d i d e n t i f i c a t i o n o f t h e two 

t r a c e s , the a m p l i t u d e o f t he t imecode i s made l a r g e r . 

F i g u r e 3 .2 g i v e s examples o f b o t h f o r m a t s , a l o n g w i t h 

t y p i c a l measurements . 

Each pu l se g i v e s an e s t i m a t e o f t he f r a c t i o n a l p a r t o f 

the c l o c k e r r o r . The mean o f these e s t i m a t e s i s used i n 

subsequent c a l c u l a t i o n s , w h i l e the s t a n d a r d d e v i a t i o n g i v e s 

an e s t i m a t e o f i t s a c c u r a c y . N o r m a l l y a s t a n d a r d d e v i a t i o n 

o f about 0.03 seconds i s o b t a i n e d . High s t a n d a r d 

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

due to d i s t o r t i o n s . E x a m i n a t i o n o f the r e s i d u a l s l e a d s t o 

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

c o r r e s p o n d i n g measurements a re then o m i t t e d i n r e c a l c u l a t i n g 

the mean and s t a n d a r d d e v i a t i o n . 

The c l o c k e r r o r s t hus o b t a i n e d are smoothed us ing a 

computer program TERFIT w r i t t e n i n FORTRAN f o r NUMAC. The 

program uses a NAG Mk IV l i b r a r y s u b r o u t i n e E04ABF t o f i t a 

p o l y n o m i a l i n x , the t i m e i n days f r o m an a r b i t r a r y o r i g i n , 

to the c l o c k e r r o r measurements . The t i m e o r i g i n chosen was 
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m i d n i g h t on 31s t December 1975. Each c l o c k e r r o r 

measurement i s a s s igned a w e i g h t dependent on the number o f 

p i p s used and the c a l c u l a t e d s t a n d a r d d e v i a t i o n a c c o r d i n g to 

the f o l l o w i n g f o r m u l a 

w = 100n/ ( s+0 . 01) ( 3 . 1 ) 

where w i s the a s s igned w e i g h t , n i s t h e number o f p i p s used 

and s i s the s t a n d a r d d e v i a t i o n . 

There i s no r i g o r o u s s t a t i s t i c a l j u s t i f i c a t i o n f o r t h i s 

f o r m u l a . i t i s , however , i n t u i t i v e l y r e a s o n a b l e , g i v i n g 

added w e i g h t t o those measurements w i t h l o w s t a n d a r d 

d e v i a t i o n s and which use more p i p s , b u t w i t h o u t l e t t i n g the 

v e r y l o w v a l u e s o f s , wh ich sometimes occur by c h a n c e , t a k e 

o v e r r i d i n g i m p o r t a n c e . 

Using the d e r i v e d p o l y n o m i a l c o e f f i c i e n t s , a t a b l e o f 

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

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

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

r e s i d u a l s , i s p r i n t e d . 

For a c o n s t a n t c l o c k r a t e , the c l o c k e r r o r would d r i f t 

l i n e a r l y w i t h t i m e . I n prac t i c e , q u a r t z c r y s t a l o s c i l l a t o r s , 

such as those used to c o n t r o l the c l o c k r a t e s , t end to age 

i n such a way t h a t t h e i r f r e q u e n c y v a r i e s s l i g h t l y w i t h 

t i m e . T h i s change i s a p p r o x i m a t e l y l i n e a r , and g i v e s r i s e 

to a p a r a b o l i c d r i f t c u r v e . Thus q u a d r a t i c s a re n o r m a l l y 

used to f i t the measurements , a l t h o u g h l i n e a r f i t s a r e 

sometimes used when o n l y a few p o i n t s a re a v a i l a b l e . Higher 

o r d e r p o l y n o m i a l s would tend to f o l l o w the random 
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f l u c t u a t i o n s i n measurement , and canno t be j u s t i f i e d . 

Jumps i n the d r i f t c u r v e are e i t h e r o b v i o u s f r o m a 

c u r s o r y g l a n c e a t the c l o c k e r r o r measurements , or show up 

i n the p a t t e r n o f r e s i d u a l s a f t e r c u r v e f i t t i n g . In such 

cases the measurements a re s p l i t up i n t o b l o c k s i n such a 

way t h a t d r i f t w i t h i n each b l o c k i s t h o u g h t t o be 

c o n t i n u e us . 

Some i n d i v i d u a l measurements a l s o g i v e l a r g e r e s i d u a l s , 

o f t e n t r a c e d to i n c o r r e c t measurement o r m i s c a l c u l a t i o n . 

A f t e r r e c t i f i c a t i o n o f such e r r o r s , the r e v i s e d measurements 

are r e s u b m i t t e d to the c o m p u t e r . Sometimes the l a r g e 

r e s i d u a l s a re due to the use o f t i m e s i g n a l s f r o m o t h e r 

t r a n s m i s s i o n s . Radio Repub l i c o f South A f r i c a t r a n s m i t s s i x 

e q u a l l y spaced p u l s e s t o denote the hours and h a l f h o u r s , 

and these are e a s i l y m i s i d e n t i f i e d as B . B . C . GMT p i p s . 

Even the t ime s i g n a l s t r a n s m i t t e d by t he Vo ice o f Kenya, 

w h i c h c o n s i s t o f v a r i o u s numbers o f p i p s a t v a r i o u s t i m e s , 

can sometimes be m i s t a k e n f o r GMT p i p s . These s i g n a l s a r e 

n o t s y n c h r o n i z e d w i t h GMT and must be d i s c a r d e d . 

The i n t e r p o l a t e d c u r v e s gave good f i t s t o the d a t a . 

The R.M.S. r e s i d u a l s were o f t e n s m a l l e r than 0.02 seconds , 

and always l e s s t han 0.04 seconds . 

3.10 The E f f e c t o f F i 1 t e r ing on Seismic Sig n a l s 

F i l t e r i n g i s an i n v a l u a b l e t e c h n i q u e f o r r e d u c i n g the 

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

i d e n t i f i c a t i o n and t i m i n g . i n r e f l e c t i o n s e i s m o l o g y , 
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v a r i o u s f o r m s o f f i l t e r i n g us ing d i g i t a l t e c h n i q u e s can be 

used to enhance the r e q u i r e d s i g n a l r e l a t i v e to n o i s e w i t h 

the same s p e c t r a l c o m p o s i t i o n . Analagous t e c h n i q u e s i n 

ea r thquake s e i s m o l o g y can be used w i t h a r r a y s t a t i o n da t a t o 

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

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

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

S e c t i o n 3 . 3 . Th i s t y p e o f f i l t e r i n g can o n l y reduce no i s e 

i f i t has a d i f f e r e n t s p e c t r a l c o m p o s i t i o n t o the r e q u i r e d 

se i sm i c s i g n a l . 

T e l e s e i s m i c a r r i v a l s used i n t h i s s t u d y r a r e l y have a 

s i g n i f i c a n t f r e q u e n c y component above 2 Hz; u s u a l l y the 

dominan t f r e q u e n c y i s 1 Hz or b e l o w . Superimposed n o i s e , 

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

f r e q u e n c y o f 3 Hz or above . Thus 2 Hz, 48 dB/Octave 

low-pass f i l t e r i n g was adopted as s t a n d a r d when p l a y i n g ou t 

t e l e s e i s m i c a r r i v a l s on to p a p e r . 

For l o c a l e a r thquakes w i t h dominan t f r e q u e n c i e s above 

2 Hz, a h i g h e r c u t - o f f f r e q u e n c y must be used . I n t e r f e r i n g 

no i se i n the fo rm o f r e s i d u a l f l u t t e r , and l o c a l g round 

d i s t u r b a n c e s has a wide r a n g i n g f r e q u e n c y c o n t e n t , w h i c h 

o f t e n o v e r l a p s the f r e q u e n c y range o f the d e s i r e d s i g n a l s . 

However, 10 Hz, 48 dB/Octave low-pass f i l t e r i n g u s u a l l y 

g i v e s the b e s t compromise between no i s e r e j e c t i o n and s i g n a l 

r e t e n t i o n and was adopted as s t a n d a r d when p l a y i n g o u t l o c a l 

even t s on to p a p e r . 

These s t a n d a r d f i l t e r s e t t i n g s were used whenever 
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p r a c t i c a b l e when p l a y i n g even t s o u t on to pape r , t o p r e s e r v e 

as c o n s t a n t a p r o c e s s i n g t e c n i q u e as p o s s i b l e . However, the 

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

use o f a l t e r n a t i v e f i l t e r s e t t i n g s . For e x a m p l e , h i g h 

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

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

s i g n a l s . I n t r o d u c i n g a h i g h - p a s s s e c t i o n w i t h 0.05 Hz 

c u t - o f f f r e q u e n c y removes t h i s source o f i n t e r f e r e n c e . 

Spikes a re sometimes i n t r o d u c e d on to the waveform when 

r e p l a y i n g p o o r l y r eco rded t a p e s , or by j e r k y tape m o t i o n 

d u r i n g r e c o r d i n g . Low-pass f i l t e r i n g broadens these l a r g e 

a m p l i t u d e s p i k e s t o g i v e humps wh ich are o f t e n more 

c o n f u s i n g to the eye t han the o r i g i n a l i n t e r f e r e n c e . I n 

such cases no f i l t e r i n g , or a v e r y h i g h c u t - o f f f r e q u e n c y , 

i s p r e f e r a b l e . 

E l e c t r o n i c f i l t e r i n g i n e v i t a b l y l e a d s t o some 

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

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

p r e s e n t . To d e t e r m i n e i n a q u a l i t a t i v e way the e f f e c t o f 

f i l t e r i n g on the shape o f a w a v e f o r m , and i n a q u a n t i t a t i v e 

way the e f f e c t on t i m i n g , f i l t e r e d and u n f i l t e r e d 

c a l i b r a t i o n p u l s e s were p layed ou t s i d e by s i d e . 

C a l i b r a t i o n p u l s e s were chosen as t e s t s i g n a l s as t h e y are 

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

sedate components o f m o t i o n , r e p r e s e n t i n g the f u l l b a n d w i d t h 

o f the s e i s m o m e t e r - r e c o r d e r - p l a y b a c k s y s t e m . In p a r t i c u l a r 

the e f f e c t s o f l ow-pass and h i g h - p a s s f i l t e r i n g a t 
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48 dB/Octave were examined . The e f f e c t o f such f i l t e r i n g 

f o r a range o f c o r n e r f r e q u e n c i e s i s demons t r a t ed i n F i g u r e 

3 . 3 , where the t i m e s h i f t s a re p r e s e r v e d . 

From F i g u r e 3 .3 i t can be seen t h a t the e f f e c t s o f 

l ow-pass f i l t e r i n g are to round o f f the sha rp c o r n e r s o f the 

s i g n a l , t o broaden the pu l se and to d e l a y i t . These e f f e c t s 

i n c r e a s e w i t h d e c r e a s i n g c u t - o f f f r e q u e n c y , b u t marked 

d i s t o r t i o n o f the pu l se shape o n l y o c c u r s be low about 2 Hz. 

However, t h e r e i s s i g n i f i c a n t d e l a y o f the waveform f o r a l l 

f r e q u e n c y s e t t i n g s . 

High-pass f i l t e r i n g does n o t a l t e r the t i m i n g or 

sharpness o f the i n i t i a l o n s e t , b u t reduces the w i d t h o f the 

pu l se and i n c r e a s e s the a m p l i t u d e o f the " o v e r s h o o t " 

f o l l o w i n g i t . The e f f e c t i s t o advance the waveform i n t i m e 

o v e r a l l , as i n d i c a t e d by the c o r r e s p o n d i n g n e g a t i v e d e l a y 

measurements , d e s c r i b e d l a t e r i n t h i s s e c t i o n . D i s t o r t i o n 

o f the waveform i s n o t marked u n t i l the c u t - o f f f r e q u e n c y 

i n c r e a s e s beyond 0.05 Hz; beyond t h i s f r e q u e n c y the 

waveform i s i n c r e a s i n g l y d i s t o r t e d and reduced i n a m p l i t u d e 

u n t i l 0 . 2 Hz, when the o r i g i n a l shape i s e n t i r e l y l o s t . 

To measure the d e l a y s i n t r o d u c e d by f i l t e r i n g a 

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

Chapter 4 , i s u s e d . The u n f i l t e r e d waveform i s t r a c e d and 

an a r b i t r a r y p o i n t on the zero l i n e p r e c e d i n g the waveform 

s e l e c t e d . T h i s p o i n t i s marked us ing a f i n e n e e d l e , making 

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

pa pe r reco rd . 



FIGURE 3.3 

THE EFFECT OF FILTERING ON CALIBRATION PULSES 

87 

ORIGINAL ORIGINAL 

20 Hz 0.001Hz 

0.002 Hz 

0.005 Hz 

0.01 Hz 

0.02 Hz 

0.05 H 

0.1Hz 

02 Hz 

1.5 Hz 0.5 Hz 

1.0 Hz 

0.7 Hz 2.0 Hz 

0.5 Hz 5.0 Hz 

i I I I ' ' I i i i i I i i i i I i i i i I i 

Time (seconds) 
The Effect of Low-Pag $ (48dB/0ct.) 
Filtering, at Various Frequencies, 
on a Calibration Pulse. 

Time (seconds) 
The Effect of Hjafc^EflSi (A8dB/0ct.) 
Filtering, at Various Frequencies, 
on a Calibration Pulse. 



88 

The t r a c e d waveform i s t hen p laced over the f i l t e r e d 

waveform and moved about u n t i l the optimum match i s 

o b t a i n e d . The s e l e c t e d p o i n t i s t hen t r a n s f e r r e d to the 

f i l t e r e d t r a c e by p r i c k i n g i t t h r o u g h the o r i g i n a l h o l e . 

The c o r r e s p o n d i n g marks on the two paper waveforms a re then 

measured r e l a t i v e to the t ime code u s i n j the same me thod , 

d e s c r i b e d i n S e c t i o n 3 . 9 , as f o r GMT p i p s . The d i f f e r e n c e 

between the two t i m e s i s t aken as the f i l t e r d e l a y . A s e t 

o f f o u r c a l i b r a t i o n p u l s e s i s used f o r each f i l t e r s e t t i n g , 

g i v i n g f o u r measurements o f each d e l a y . The mean and 

s t a n d a r d d e v i a t i o n s f o r a s e r i e s o f such d e t e r m i n a t i o n s , f o r 

l ow-pas s and h i g h - p a s s 48 dB/Octave f i l t e r i n g a t v a r i o u s 

c u t - o f f f r e q u e n c i e s , a re g i v e n i n Table 3 . 1 . The l o w 

s t a n d a r d d e v i a t i o n s i n d i c a t e the r e p e a t a b i l i t y and p r e c i s i o n 

o f these measurements . The v a r i a t i o n o f d e l a y s w i t h c u t - o f f 

f r e q u e n c y i s shown g r a p h i c a l l y i n F i g u r e 3 . 4 . 

A l t e r n a t i v e t e c h n i q u e s f o r d e t e r m i n i n g r e l a t i v e onse t 

t i m e s o f s i m i l a r waveforms are d e s c r i b e d i n Chapter 4 where 

the use o f waveform ma tch ing i s j u s t i f i e d f o r the s i m i l a r 

t i m i n g o f o n s e t s o f t e l e s e i s m i c a r r i v a l s . The same method 

was used f o r f i l t e r d e l a y s because o f i t s r e p e a t a b i l i t y , and 

to be c o n s i s t e n t w i t h the t e l e s e i s m i c d e l a y measurements . 

Waveform ma tch ing canno t be used w i t h a r r i v a l s f r o m 

l o c a l even ts s i n c e the s i g n a l s v a r y enormous ly i n c h a r a c t e r 

f rom s t a t i o n to s t a t i o n . I n t h i s case i t i s n e c e s s a r y t o 

measure the o n s e t , or f i r s t d e p a r t u r e o f the a r r i v a l f rom 

the zero l i n e . Measurements on the c a l i b r a t i o n p u l s e s 
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TABLE 3 . 1 

MEASURED FILTER DELAYS 

Delays due to LOW-PASS f i l t e r i n g us ing KEMO f i l t e r s a t 
4 8 dB./Octave 

CORNER FILTER STANDARD 
FREQUENCY DELAY DEVIATION 

(HZ) (Second s) (Second s) 

20 .0 0 . 055 0 . 014 
15 .0 0 . 071 0. 008 
10 .0 0 . 089 0 . 018 

7 . 0 0 . 143 0. 006 
5.0 0 . 186 0 . 006 
4 .0 0 . 230 0 . 019 
3 .0 0 . 293 0. 020 
2 . 0 0 . 425 0 . 009 
1 . 5 0. 531 0. 009 
1 . 0 0. 834 0 . 020 
0 . 7 1 . 203 0. 034 

Delays due to HIGH-PASS f i l t e r i n g us ing KEMO f i l t e r s a t 48 
dB/Octave 

CORNER FILTER STANDARD 
FREQUENCY DELAY DEVIATION 

(Hz) (Second s) (Second s) 

0 . 001 - 0 . 0 0 2 0. 005 
0 . 002 - 0 . 0 1 2 0o 016 
0 . 005 - 0 . 0 0 1 0.019 
0 . 01 - 0 . 0 0 5 0 . 018 
0 . 02 - 0 . 0 3 4 0 . 00 7 
0 . 05 - 0 . 0 9 7 0 . 025 
0 . 1 - 0 . 1 4 6 0 . 031 
0. 2 - 0 . 2 4 5 0 . 015 
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FIGURE 3.4 

VARIATION IN FILTER DELAY WITH CORNER FREQUENCY 
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i n d i c a t e t h a t f o r l ow-pass f i l t e r i n g down to 4 Hz (be low 

t h i s the onse t i s n o t w e l l d e f i n e d ) the d e l a y s u f f e r e d by 

the onse t p o i n t i s p r e c i s e l y the same as f o r the waveform as 

a w h o l e . For h i g h - p a s s f i l t e r i n g however , the onse t t i m e i s 

u n a f f e c t e d . Thus , when c o r r e c t i n g the measured onse t o f 

l o c a l a r r i v a l s f o r f i l t e r d e l a y , o n l y t h a t due to l ow-pas s 

f i l t e r i n g shou ld be t aken i n t o a c c o u n t . 

As p r e v i o u s l y s t a t e d , the f i g u r e s g i v e n i n Tab le 3 . 1 

a re f o r 48 d B / O c t a v e , r o l l - o f f c h a r a c t e r i s t i c s . 

Measurements u s ing s i n g l e s e c t i o n KEMO f i l t e r s and 

KROHN-HITE f i l t e r s , where the r o l l - o f f r a t e i s 24 d B / O c t a v e , 

showed t h a t the c o r r e s p o n d i n g d e l a y s are h a l f those f o r 

48 d B / O c t a v e . Moreover i t was found t h a t the d e l a y due to 

band-pass f i l t e r i n g i s equa l to the sum o f the d e l a y s due to 

the h i g h - p a s s and low-pass s e c t i o n s . Using these e m p i r i c a l 

r e l a t i o n s h i p s t he e f f e c t o f any type o f f i l t e r i n g may be 

c a l c u l a t e d . 

Measurements on f i l t e r e d and u n f i l t e r e d seismograms o f 

s e l e c t e d l o c a l and t e l e s e i s m i c even t s showed t h a t the d e l a y 

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

e n t i r e l y adequate f o r c o r r e c t i n g onse t t i m e s . 

3 .11 E r r o r s i n Seismograin Timing 



92 

3 . 1 1 . 1 T iming Method 

A c c u r a t e t i m i n g o f seismograms i s v i t a l to t h i s s t u d y . 

T iming o f a p a r t i c u l a r even t d i v i d e s n a t u r a l l y i n t o two 

p a r t s : f i r s t l y , t he r e q u i r e d p o i n t on the d i s p l a y e d waveform 

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

t i m e c o r r e s p o n d i n g to the s e l e c t e d p o i n t must be d e t e r m i n e d . 

T h i s s e c t i o n o n l y d e a l s w i t h the l a t t e r p a r t , and d i s c u s s e s 

e r r o r s which may be i n t r o d u c e d . 

Timecode i s i n v a r i a b l y d i s p l a y e d e i t h e r s i d e o f the 

o t h e r wave fo rms , and t i m i n g o f the s e l e c t e d p o i n t i s made by 

measur ing the p o i n t ' s p o s i t i o n i n r e l a t i o n to l i n e s r u l e d 

between c o r r e s p o n d i n g l e a d i n g edges on the two t imecode 

t r a c e s . The t i m e o f the p r e c e d i n g second i s d e t e r m i n e d by 

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

f r a c t i o n a l p a r t o f the second i s o b t a i n e d f r o m measurements 

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

s i d e and the d i s t a n c e between the r u l e d l i n e s , as f o r GMT 

p i ps . 

The t i m e measured i n t h i s way i s t hen c o r r e c t e d f o r 

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

measurement . E r r o r s i n t h i s measurement may a r i s e f rom a 

number o f sources which w i l l be c o n s i d e r e d one by o n e . 

3 . 1 1 . 2 I n s t r umental T iming E r r o r s 

The t imecode i s c a l i b r a t e d r e l a t i v e to GMT p i p s 

r eco rded a l o n g s i d e on t a p e , as d e s c r i b e d i n S e c t i o n 3 . 9 . 

Delay due to the p r o p a g a t i o n o f the r a d i o s i g n a l s f r o m 
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London to Kenya, a g r e a t c i r c l e d i s t a n c e o f about 7 ,000 km, 

i s a p p r o x i m a t e l y 0.025 seconds . The d i s t a n c e ac ros s the 

n e t w o r k , f r o m S t a t i o n 50 to 30 , i s a p p r o x i m a t e l y 700 km, 

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

n o t more than 0 . 0025 seconds . E l e c t r o n i c d e l a y s w i t h i n the 

r a d i o r e c i e v e r s and r e c o r d e r s a re n e g l i g i b l e . 

Delays o f the r a d i o s i g n a l s r e l a t i v e to t imecode w i t h i n 

the p l a y b a c k s y s t e m , w h i c h may e x i s t , f o r example , due to 

the f r e q u e n c y d e t e c t i o n c i r c u i t , and head m i s a l i g n m e n t , 

i n t r o d u c e no e r r o r , as the c a l i b r a t i o n p rocess a u t o m a t i c a l l y 

t a k e s them i n t o a c c o u n t . The same i s n o t t r u e however , o f 

the s i g n a l s r eco rded on the s e i s m i c c h a n n e l s , w h i c h undergo 

somewhat d i f f e r e n t p r o c e s s i n g to the t i m e c o d e and r a d i o 

s i g n a l s . S i g n i f i c a n t d e l a y s i n the s e i s m i c c h a n n e l s can be 

d e t e c t e d however , s i n c e the c a l i b r a t i o n p u l s e s a re 

s y n c h r o n i s e d to the t e n second p u l s e s o f t he t i m e c o d e . The 

sha rp onse t s o f the u n f i l t e r e d c a l i b r a t i o n p u l s e s are n o t 

measu rab ly d i s p l a c e d f rom the l e a d i n g edges o f t h e i r 

c o r r e s p o n d i n g t imecode p u l s e s , so t h i s source o f e r r o r , i f 

i t e x i s t s , i s n e g l i g i b l e . 

Another p o t e n t i a l source o f i n s t r u m e n t a l t i m i n g e r r o r s 

i s due to f l u t t e r . Tape speed v a r i a t i o n s cause the r e c o r d e d 

i n f o r m a t i o n to be w r i t t e n on to paper a t a n o n - u n i f o r m r a t e 

wh ich g i v e s r i s e to random e r r o r s i n t i m i n g . The magn i tude 

o f t h i s e f f e c t can e a s i l y be d e t e r m i n e d . Suppose the tape 

runs w i t h an average speed , V a , and t h a t the i n s t a n t a n e o u s 

speed d i f f e r s f r o m t h i s amount by V ( t ) . A f t e r a t i m e t , t he 
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tape w i l l have moved a d i s t a n c e d , whereas i n the absence o f 

speed v a r i a t i o n s the d i s t a n c e would have been d a , these 

d i s t a n c e s be ing g i v e n by the e q u a t i o n s : 

d = J^(Va + V (*) ) dr ( 3 . 2 ) 

The d i f f e r e n c e i n these two d i s t a n c e s c o r r e s p o n d s to the 

t ime e r r o r , t e , w h i c h i s g i v e n by 

t e = ( d - d a ) / V a = j 0 f ( r ) d r ( 3 . 4 ) 

where f ( t ) i s the i n s t a n t a n e o u s f r a c t i o n a l change i n speed . 

Assuming f o r the moment t h a t f ( t ) i s s i n u s o i d a l , w i t h 

a m p l i t u d e f Q , and angu l a r f r e q u e n c y w, we have 

f ( t ) - f Q s i n ( w t ) ( 3 . 5 ) 

wh e n c e 

t e = f G J 0Sin ( wt) dt = -( f 0 / w ) Cos( wt) ( 3 . 6 ) 

Thus lower f r e q u e n c y components i n t r o d u c e r e l a t i v e l y l a r g e r 

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

Shor t s e c t i o n s o f f l u t t e r are a p p r o x i m t e l y s i n u s o i d a l 

w i t h a f r e q u e n c y o f about 1.5 Hz. The h i g h e r f r e q u e n c y 

components a re o f s m a l l e r a m p l i t u d e and may be i g n o r e d . 

T o t a l tape speed v a r i a t i o n s a re 15%, so t h a t f Q i n our case 

i s 0. 075 . w = 1.5X2TT = 9 .5 r a d i a n s per second , g i v i n g a 

maximum t ime e r r o r o f about 0. 008 seconds . 

The f r e q u e n c y m o d u l a t i o n - d e m o d u l a t i o n p rocess l i m i t s 

t i m e r e s o l u t i o n , s i n c e f r e q u e n c y can o n l y be d e t e r m i n e d over 

one or more c y c l e s o f the w a v e f o r m . I n p r a c t i c e about 2 

c y c l e s a r e r e q u i r e d , and s i n c e the l o w e s t c a r r i e r f r e q u e n c y 
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i s about 50 Hz, t i m e r e s o l u t i o n b e t t e r than about 0.040 

seconds c a n n o t be e x p e c t e d . Since a r r i v a l s a re e q u a l l y 

l i k e l y to be measured l a t e as e a r l y , t h i s g i v e s an e f f e c t i v e 

t ime e r r o r o f 1/50 = 0.02 s econds . 

3 .11.3 Measurement E r r o r s 

Skew between t r a c e s on the j e t pen o s c i l l o g r a p h i s 

reduced to l e s s t han 0.2 mm as d e s c r i b e d i n S e c t i o n 3 . 4 . 

Measurements made by r u l e r are a l s o a c c u r a t e to about 

0.2 mm, so assuming t h a t these e r r o r s add r a n d o m l y , a t o t a l 

measurement a c c u r a c y o f about 0.3 mm may be assumed. 

For most measurements , waveforms are d i s p l a y e d a t a 

speed o f 25 mm/sec o r g r e a t e r , g i v i n g an a c c u r a c y o f abou t 

0.010 seconds . Sometimes however , s i g n a l s a re too weak and 

d e e p l y immersed i n n o i s e to be e a s i l y r e c o g n i s e d i n the 

expanded p l a y o u t s a t 25 mm/ sec . Measurements a re then made 

on r e c o r d s p l a y e d out a t 10 mm/sec; i n the l a t t e r case t i m e 

e r r o r s a re expec ted to be about 0. 025 seconds . 

3 .11 .4 E r r o r s i n Cloc k C a l i b r a t i o n 

At l e a s t t e n measurements o f c l o c k e r r o r are u s u a l l y 

used to d e r i v e each segment o f a d r i f t c u r v e . The R.M.S. 

r e s i d u a l s a f t e r p o l y n o m i a l f i t t i n g are around 0 .02 s e c . , 

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

o f about 0 .02/ /T0 1 = 0. 006 seconds . 
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3 . 1 1 . 5 E r r o r s i n Pete rm i n a t i o n o f F i 1 t e r Del ays 

The s t a n d a r d d e v i a t i o n s g i v e n i n Table 3 . 1 r e p r e s e n t 

the e r r o r s i n the d e t e r m i n a t i o n o f f i l t e r d e l a y s . The mean 

o f these s t a n d a r d d e v i a t i o n s i s 0.015 s e c . 

Since the m a j o r i t y o f seismograms are p l ayed ou t w i t h 

s t a n d a r d f i l t e r s e t t i n g s , the same f i g u r e s a re used t i m e and 

t ime a g a i n . Thus the e r r o r i n t r o d u c e d i s s y s t e m a t i c , 

a l t h o u g h those seismograms p l ayed ou t w i t h a l t e r n a t i v e 

s e t t i n g s a re e f f e c t i v e l y s u b j e c t t o an a d d i t i o n a l random 

e r r o r o f about 0.020 seconds . 

3 .11 .6 C o m b i n a t i o n o f E r ro r sand C o n c l u s i o n 

S y s t e m a t i c e r r o r s a r i s e f rom e r r o r i n the d e t e r m i n a t i o n 

o f the s t a n d a r d f i l t e r d e l a y and the d e l a y due to 

p r o p a g a t i o n o f r a d i o waves f r o m London to Kenya. Combining 

these two sources o f e r r o r , we c o n c l u d e t h a t e v e n t s a re 

t imed l a t e r than t hey s h o u l d be by about 0.025 + / - 0 .015 

seconds . Such s y s t e m a t i c e r r o r s a re o n l y i m p o r t a n t when 

coin pa r i s i o n s are made w i t h r e c o r d i n g s a t o t h e r s t a t i o n s . 

T a c i t compar i son i s made w i t h the WWSSN s t a t i o n s i n us ing 

p u b l i s h e d ea r thquake onse t t i m e s d e t e r m i n e d us ing these 

s t a t i o n s . S ince c l o c k e r r o r s a t these s t a t i o n s are a l s o 

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

c o r r e c t i o n s are n o t a p p l i e d to these measurements ( K i m a n o , 

NAI WWSSN, Pe r s . Cornrns,) an e q u i v a l e n t d e l a y i s t h e r e f o r e 

i n t r o d u c e d w h i c h w i l l t end to c a n c e l . At any r a t e p u b l i s h e d 

onse t t i m e s are o n l y quoted to 0 . 1 seconds , so the 
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s y s t e m a t i c d e l a y can s a f e l y be i g n o r e d . 

Random e r r o r s a r i s i n g f rom v a r i o u s sou rce s as d e s c r i b e d 

above are l i s t e d i n Table 3 . 2 . 

Combining these e r r o r s i n the usua l way, assuming no 

c o r r e l a t i o n , we o b t a i n t y p i c a l t o t a l e r r o r s o f 

0.025 seconds . The w o r s t case e r r o r , when measurement i s 

made on a 10 mm/sec p l a y o u t , and n o n - s t a n d a r d f i l t e r 

s e t t i n g s are u sed , i s 0.040 seconds . 
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TABLE 3 .2 
MAGNITUDE OF RANDOM TIMING ERRORS 

SOURCE MAGNITUDE 

T r a n s i t t i m e o f r a d i o s i g s . a c r o s s n e t w o r k 0.002 sec 

F l u t t e r 0.008 sec 

M o d u l a t i o n 0.020 sec 

Measurement 0 . 0 1 0 - 0 . 0 2 5 sec 

Clock C a l i b r a t i o n 0.006 sec 

Non-s t andard F i l t e r S e t t i n g s 0. 0 - 0 . 020 sec 



99 

CHAPTER 4 

TELESEISMIC DELAY MEASUREMENTS 

4 . 1 I n t r o d u c t i o n 

T h i s c h a p t e r d e s c r i b e s the measurements o f d e l a y t i m e s 

made f rom r e c o r d i n g s o f t e l e s e i s m i c a r r i v a l s a t the 24 DKSP 

s t a t i o n s . The method o f r e l a t i v e d e l a y s , a m o d i f i e d fo rm o f 

which i s used i n t h i s s t u d y , i s d i s c u s s e d , and the magn i tude 

o f e r r o r s c a l c u l a t e d . The raw d e l a y t i m e measurements a re 

sepa ra ted i n t o source and s t a t i o n components , p r e s e r v i n g the 

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

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

t a b l e s used , and the a c c u r a c y o f the b a s e l i n e d e t e r m i n a t i o n 

d i s c ussed . 

4 . 2 Selec t i o n o f Events and Pi ayo ut p rocedure 

P o s s i b l e t e l e s e i s m i c a r r i v a l s r eco rded on tape were 

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

made on the drum o s c i l l o g r a p h . The o n s e t s were t i m e d to the 

nea re s t m i n u t e , so t h a t t h e y c o u l d be compared d i r e c t l y w i t h 

p r e d i c t e d onse t t i m e s o f l i s t e d e v e n t s . The l i s t i n g s o f 

p r e d i c t e d onse t t i m e s , f o r the d u r a t i o n o f DKSP, a t a 

h y p o t h e t i c a l s t a t i o n w i t h i n the Gregory r i f t , were made 

a v a i l a b l e by the Atomic Weapons Research E s t a b l i s h m e n t 

(AWRE) Se i smology U n i t . The l i s t i n g s a re i n the fo rm o f 

p r i n t o u t produced by the U n i t ' s computer p r o g r a m , GEDESS 
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(Young and G i b b s , 1 9 6 8 ) , w h i c h u t i l i z e s t h e 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 (PDE) l i s t i n g s o f t h e U n i t e d 

S t a t e s Coas t and G e o d e t i c S u r v e y (USCGS) t o p r e d i c t o n s e t 

t i m e s a t s e l e c t e d s t a t i o n s . These l i s t i n g s a r e s e n t 

r o u t i n e l y t o Durham U n i v e r s i t y , t o a i d p r e l i m i n a r y a n a l y s i s 

o f se i smog ram s r e c o r d e d a t t h e U n i v e r s i t y ' s own p e r m a n e n t 

s e i s m i c s t a t i o n (DUR) , and i n c l u d e p r e d i c t e d o n s e t t i m e s f o r 

t h i s s t a t i o n , a m o n g s t o t h e r s . 

Many o f t h e s u s p e c t e d t e l e s e i s m s d e t e c t e d on t h e 

h e l i c o r d e r p l a y o u t s c o u l d n o t be c o r r e l a t e d w i t h t h e GEDESS 

l i s t i n g s . Some o f t h e s e were p l a y e d o u t i n g r e a t e r d e t a i l 

u s i n g t h e j e t pen o s c i l l o g r a p h . The more d e t a i l e d p l a y o u t s 

r e v e a l e d a l l t h e s e " t e l e s e i s m s " t o be n o i s e , o r l o w 

f r e q u e n c y p h a s e s f r o m l<- . ra l e v e n t s . The GEDESS l i s t i n g s 

were t h e r e f o r e q u i t e c o m p l e t e as r e g a r d s t h e l i s t i n g o f 

e v e n t s w i t h s u f f i c i e n t m a g n i t u d e t o be d e t e c t a b l e . A l l 

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

u s e f u l had l i s t e d m a g n i t u d e s o f 5 . 0 o r g r e a t e r . 

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

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

j e t pen o s c i l l o g r a p h . P l a y o u t s w e r e u s u a l l y made a t t h e 

f o l l o w i n g s p e e d s : 5 m m / s e c , 10 mm/sec and 2 5 mm/sec , 

r e l a t i v e t o r e c o r d e r t i m e . The s t a n d a r d f o r m a t g i v e n i n 

T a b l e 4 . 1 was used w h e n e v e r p o s s i b l e . T h i s f o r m a t was 

m o d i f i e d when j e t pen c h a n n e l s b r o k e d o w n , b u t c e r t a i n 

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

e x a m p l e , t i m e c o d e was a l w a y s d i s p l a y e d on t h e two o u t e r 



101 

TABLE 4 . 1 

STANDARD PLAYOUT FORMAT FOR JET PEN OSCILLOGRAPH 

. J E T - P E N SIGNAL TAPE RELATIVE PROCESSING 
CHANNEL DISPLAYED TRACK JET PEN 
NUMBER GAIN 

1 T i m e c o d e 8 1 
2 Rad i o 7 1 
3 Re f e r e n c e 6 4 
4 H o r i z o n t a l S e i s m i c ( 1 ) 5 4 ) 
5 V e r t i c a l S e i s m i c 3 4 ) (Jnf i l t e r e d 
<S H o r i z o n t a l S e i s m i c ( 2 ) 1 4 ) 
7 T i m e c o d e 8 1 
8 H o r i z o n t a l S e i s m i c ( 2 ) 5 4 ) 
9 V e r t i c a l S e i s m i c 3 4 S F i l t e r e d 

10 H o r i z o n t a l S e i s m i c ( 2 ) 1 4 ) 
11 H o r i z o n t a l S e i s m i c ( 1 ) 5 10 ) 
12 V e r t i c a l S e i s m i c 3 10 SFH t e r e d 
13 H o r i z o n t a l S e i s m i c ( 2 ) 1 10 ) 
14 T i m e c o d e 8 1 
15 V e r t i c a l S e i s m i c 3 40 F i l t e r e d 
16 T i m e c o d e 8 1 

P l a y o u t s a r e u s u a l l y made a t t h e t h r e e f o l l o w i n g s p e e d s : 
5, 1 0 , and 25 mm/sec ( r e l a t i v e t o r e c o r d e r t i m e ) . 
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t r a c k s so t h a t t i m i n g l i n e s p e r p e n d i c u l a r t o t h e d i r e c t i o n 

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

d i s p l a y e d , b o t h f i l t e r e d and u n f i l t e r e d . The w a v e f o r m f r o m 

t h e v e r t i c a l s e i s m o m e t e r i s e s p e c i a l l y i m p o r t a n t as a l l 

o n s e t t i m i n g i s made f r o m t h i s s i g n a l . C o n s e q u e n t l y , t h e 

f i l t e r e d v e r t i c a l s e i s m o m e t e r w a v e f o r m was a l w a y s d i s p l a y e d 

a t a v a r i e t y o f g a i n s . 

As e x p l a i n e d i n C h a p t e r 2 , s t a n d a r d f i l t e r s e t t i n g s o f 

2 Hz l o w - p a s s , 48 d B / O c t a v e r o l l - o f f were used w h e n e v e r 

p o s s i b l e when p l a y i n g o u t t e l e s e i s m s . O c c a s i o n a l l y h o w e v e r , 

n o n - s t a n d a r d f i l t e r s e t t i n g s had t o be u s e d , and a c a r e f u l 

a c c o u n t o f t h e s e was k e p t . 

4 . 3 M e a s u r e m e n t o f Onse t T i m e s : W a v e f o r m M a t c h i n g 

As i s e x p l a i n e d i n t h e s e c t i o n f o l l o w i n g , i t i s v i t a l 

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

p r e s e r v e t h e i r r e l a t i v e t i m i n g as a c c u r a t e l y a s p o s s i b l e . 

To t h i s e n d , a w a v e f o r m m a t c h i n g t e c h n i q u e was used t o 

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

m e t h o d p r o c e e d s as f o l l o w s : -

The v e r t i c a l s e i s m o m e t e r w a v e f o r m s r e c o r d e d a t e a c h 

s t a t i o n a r e c o m p a r e d . A r e p r e s e n t a t i v e " a v e r a g e " w a v e f o r m 

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

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

( v e r t i c a l s e i s m i c c h a n n e l o n l y ) , and t h e e s t i m a t e d p o s i t i o n 

o f t h e f i r s t b r e a k m a r k e d . The t r a c i n g i s t h e n l a i d o v e r 

t h e v e r t i c a l c h a n n e l o f e a c h o f t h e o t h e r s e i s m o g r a m s i n 
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t u r n , and moved a b o u t u n t i l a good f i t i s o b t a i n e d . The 

f i r s t b r e a k m a r k e d on t h e t r a c i n g p a p e r r a n t h e n be c o m p a r e d 

w i t h t h a t w h i c h w o u l d have been p i c k e d f r o m t h e u n d e r l y i n g 

s e i s m o g r a m . S o m e t i m e s w h a t i s a t f i r s t t a k e n as n o i s e 

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

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

a r r i v a l . A l t e r n a t i v e l y w h a t seems t o be t h e f i r s t c y c l e o f 

t h e p -wave a r r i v a l c a n n o t be c o r r e l a t e d a t t h e o t h e r 

s t a t i o n s , i m p l y i n g t h a t i t i s m e r e l y n o i s e . By m a k i n g t h e s e 

c o m p a r i s o n s , a c o n s e n s u s as t o t h e t r u e p o s i t i o n o f t h e 

f i r s t b r e a k i s o b t a i n e d , and i s m a r k e d u s i n g a f i n e p o i n t , 

m a k i n g a h o l e i n t h e t r a c i n g . 

The c o r r e s p o n d i n g p o i n t i s t r a n s f e r r e d t o e a c h o f t h e 

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

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

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

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

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

S e c t i o n 3 . 1 1 , and c o r r e c t e d f o r f i l t e r d e l a y and c l o c k 

e r r o r . 

I n m a k i n g t h e a b o v e c o m p a r i s o n s b e t w e e n p a p e r r e c o r d s , 

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

p o l a r i t i e s m u s t be m a i n t a i n e d . Some o f t h e w a v e f o r m s a r e 

i n v e r t e d due t o t h e use o f s e i s m o m e t e r s w i t h c o i l s wound i n 

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

The r e l a t i v e s e i s m o m e t e r p o l a r i t i e s a r e known f r o m t i l t i n g 

e x p e r i m e n t s p e r f o r m e d a t t h e t i m e o f s e i s m o m e t e r 
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i n s t a l l a t i o n , and n o t e d on f i e l d l o g s h e e t s . S u r h i n v e r s i o n 

o f t h e w a v e f o r m i s e a s i l y t a k e n r a r e o f b y i n v e r t i n g t h e 

t r a c i n g pape r b e f o r e l a y i n g i t on t h e pape r r e c o r d . 

M i s t a k e s were s o m e t i m e s made i n k e e p i n g t r a c k o f t h e 

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

r e n d e r e d s u c h m i s t a k e s o b v i o u s , b u t i n o t h e r c a s e s t h e y w e n t 

u n n o t i c e d u n t i l l a t e r a n a l y s i s . Such m i s t a k e s g i v e e r r o r s 

o f h a l f a p e r i o d o f t h e d o m i n a n t f r e q u e n c y , u s u a l l y a b o u t 1 

s e c , i n t h e r e s u l t i n g d e l a y t i m e and a r e d e t e c t e d as 

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

s e p a r a t i o n i n t o s o u r c e and s t a t i o n c o m p o n e n t s ( s e e 

S e c t i o n 4 . 6 ) . S i m i l a r e r r o r s a r i s e f r o m m i s i d e n t i f i c a t i o n 

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

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

t y p i c a l 1 y 2 s e c . 

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

d e t e c t e d and c o r r e c t e d , as t h e r e s i d u a l s f o r m e d when t h e 

d e l a y s were s e p a r a t e d i n t o s o u r c e and s t a t i o n c o m p o n e n t s 

were s m a l 1 . 

N a t u r a l l y , t h e a b o v e m e t h o d r e l i e s h e a v i l y o n s i m i l a r 

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

The w a v e f o r m s r e c o r d e d a t d i f f e r e n t s t a t i o n s w e r e , on t h e 

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

m a g n i t u d e e v e n t s . F i g u r e s 4 . 1 , 4 . 2 and 4 . 3 i l l u s t r a t e 

t h e v e r t i c a l s e i s m o m e t e r w a v e f o r m s f o r t y p i c a l l a r g e , 

m o d e r a t e and s m a l l a m p l i t u d e a r r i v a l s as r e c o r d e d a t s e v e r a l 

s t a t i o n s . To a i d c o m p a r i s o n , t h e w a v e f o r m s h a v e b e e n 
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FIGURE 4 . 1 

VERTICAL SEISMOMETER SIGNALS FOR A TYPICAL 

WELL RECORDED EVENT 
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FIGURE 4 . 2 

VERTICAL SEISMOMETER SIGNALS FOR A TYPICAL 

MODERATELY WELL RECORDED EVENT 

Event number 47/19/50/11 ((Event weight code=4) 
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FIGURE 4 . 3 

VERTICAL SEISMOMETER SIGNALS FOR A TYPICAL 

POORLY RECORDED EVENT 
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a l i g n e d a n d , w h e r e n e c e s s a r y , i n v e r t e d . The s t r o n g o v e r a l l 

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

s u r p r i s i n g t h a t w a v e f o r m u n i f o r m i t y e x t e n d e d as f a r as 

S t a t i o n 5 0 , w h i c h f o r m s t h e n o r t h w e s t l i m i t o f t h e n e t w o r k 

and i s a b o u t 300 km f r o m t h e f a r t h e s t s i m u l t a n e o u s l y 

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

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

a m p l i t u d e a r r i v a l s , a r e d i s c u s s e d f u r t h e r i n C h a p t e r 7 . 

The q u a l i t y o f t h e r e c o r d i n g s , and hence t h e w a v e f o r m 

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

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

A m b i e n t s e i s m i c n o i s e has a s i m i l a r f r e q u e n c y c o n t e n t t o 

P - a r r i v a l s , and i s p a r t i c u l a r l y t r o u b l e s o m e when a t t e m p t i n g 

t o m a t c h s m a l l s i g n a l s . N o i s e due t o p o o r r e c o r d i n g u s u a l l y 

o c c u r s as s h a r p , h i g h a m p l i t u d e s p i k e s . D e s p i t e t h e h i g h 

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

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

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

To d e m o n s t r a t e t h i s , t h e n o i s y w a v e f o r m s o b t a i n e d a t two 

s t a t i o n s h a v e been h a n d - s m o o t h e d i n F i g u r e 4 . 3 . 

Two w e i g h t i n g c o d e s were i n t r o d u c e d , e a c h c o n s i s t i n g o f 

a s i n g l e d i g i t n u m b e r . 

The f i r s t , c a l l e d t h e e v e n t w e i g h t c o d e o r EWC, 

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

b r e a k i s i d e n t i f i e d , one b e i n g a s s i g n e d t o e a c h e v e n t . 

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

u n a m b i g u o u s l y p i c k e d a r e a s s i g n e d h i g h EWC's , s a y 5 o r f> , 
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w h i l e l o w a m p l i t u d e e m e r g e n t o n s e t s a r e a s s i g n e d EWC's o f 2 

o r 3 . 

The s e c o n d t y p e o f w e i g h t i n g i s c h a r a c t e r i s e d b y t h e 

o n s e t w e i g h t c o d e o r OWC. The OWC's c o r r e p o n d t o t h e 

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

d e t e r m i n e d . W h i l e m a t c h i n g t h e t r a c i n g t o t h e r e l e v a n t 

p a p e r r e c o r d , an e s t i m a t e o f t h e c l o s e n e s s o f f i t c a n be 

o b t a i n e d b y s l i d i n g t h e t r a c i n g b a c k and f o r t h . The 

d i s t a n c e t h a t t h e t r a c i n g c a n be moved f r o m t h e j u d g e d 

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

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

c o d e s a r e t h e n a s s i g n e d on t h e f o l l o w i n g b a s i s : -

E s t i m a t e d A c c u r a c y ( s e e s ) 0 . 0 5 0 . 1 0 . 2 0 . 3 0 . 4 

O n s e t w e i g h t c o d e 6 5 4 3 2 

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

s e i s m o g r a m t r a c e d , s i n c e t h e " m a t c h " . i n t h i s c a s e i s 

p e r f e c t . To r e t a i n a d e g r e e o f c o n s i s t e n c y , t h e o n s e t t i m e 

f o r t h e t r a c e d r e c o r d i s a s s i g n e d an OWC e q u a l t o t h e 

h i g h e s t OWC a s s i g n e d t o a n y o t h e r o n s e t c o r r e s p o n d i n g t o t h e 

same e v e n t . T h i s i s l o g i c a l , s i n c e t h e c l o s e s t m a t c h i n g 

w a v e f o r m s a r e a s s i g n e d t h e same h i g h e s t w e i g h t , p r e s e r v i n g 

t h e s y m m e t r y . 

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

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

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

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

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

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

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

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

d a t a ( C o r b i s h l e y , 1 9 6 9 ) . 

O t h e r w a v e f o r m c o m p a r i s o n t e c h n i q u e s m i g h t h a v e been 

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

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

I y e r ( 1 9 7 6 ) have used f i r s t p e a k s o r t r o u g h s i n t h e 

w a v e f o r m , and a l s o f i r s t o r s e c o n d z e r o c r o s s i n g s . They 

f o u n d t h a t u s i n g z e r o c r o s s i n g s g a v e more c o n s i s t e n t 

r e s u l t s , as n o i s e t e n d e d t o a l t e r t h e p o s i t i o n s o f t h e z e r o 

g r a d i e n t po i n t s . 

I n t h i s s t u d y , m e a s u r e m e n t s on peaks and t r o u g h s w o u l d 

have been i m p r a c t i c a l , as t h e y a r e o f t e n c l i p p e d due t o 

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

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

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

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

r e s u l t e d i n l a r g e e r r o r s due t o s u p e r i m p o s e d n o i s e . O n l y 

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

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

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

p o i n t s . C o r b i s h l e y ( 1 9 6 9 ) has shown t h a t w a v e f o r m m a t c h i n g 

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

m e t h o d s used b y S t e e p l e s and I y e r . 

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

have been used i n t h i s s t u d y . These w o u l d be l e s s 

s u b j e c t i v e b u t n o t n e c e s s a r i l y more a c c u r a t e , s i n c e 

c o m p a r i s o n s b y eye c a n i g n o r e n o i s e , e s p e c i a l l y i n s t r u m e n t a l 

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

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

d i g i t i s e l a r g e n u m b e r s o f a r r i v a l s . I n v i e w o f a l l o f t h e s e 

c o n s i d e r a t i o n s , t h i s a p p r o a c h was n o t p u r s u e d . 

A . 4 C a l c u l a t i o n o f p r e d i c t e d A r r i v a l and Raw D e l ay T i m e s 

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

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

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

c o o r d i n a t e s and r e c o g n i s e d t r a v e l t i m e s t a b l e s . I f t h e 

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

and i f e a r l i e r , n e g a t i v e . T h i s s e c t i o n d e s c r i b e s t h e 

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

raw d e l a y t i m e s d e r i v e d f r o m them and f r o m t h e o n s e t t i m e 

m e a s u r e m e n t s . 

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

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

t a b l e s . C o r r e c t i o n s a r e a p p l i e d f o r t h e e a r t h ' s 

e l l i p t i c i t y , and f o r t h e s t a t i o n ' s h e i g h t a b o v e d a t u m (mean 

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

a u t h o r ' s p r o g r a m MANETA, w r i t t e n i n FORTRAN f o r t h e NUMAC 

s y s t e m . The p r o g r a m i s l i s t e d i n A p p e n d i x 2 , a l o n g w i t h a 

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

s u b - s e c t i o n s . 

4 . 4 . 1 C a l c u l a t i o n o f E p i c e n t r a l D i s t a n c e s 

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

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

t r i g o n o m e t r y . A c o m p l e t e s e t o f f o r m u l a e i s g i v e n b y B u l l e n 

( 1 9 6 3 ) f o r c a l c u l a t i n g e p i c e n t r a l d i s t a n c e s and t h e r e l a t i v e 

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

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

d i s t a n c e a n d , i f u s i n g f o u r f i g u r e t a b l e s , one s h o u l d be 

c a r e f u l t o s e l e c t t h e o p t i m u m f o r e a c h c a s e ( B u l l e n , 1 9 6 3 ) . 

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

( o n NUMAC a t l e a s t ) c a l c u l a t i o n s a r e a c c u r a t e t o a b o u t 1 

p a r t i n 1 0 1 5 . R o u n d i n g e r r o r s c a n r e a s o n a b l y be i g n o r e d 

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

B u l l e n we d e f i n e t h e f o l l o w i n g q u a n t i t i e s : -

A = S i n e Cos/) B = S i n G S i n / ) C = CosG 

D = S i nO E =-CosjO ( 4 . 1 ) 

G = CosG Cosjd H = C o s e Sin£> K = S i n e 

w h e r e e and jb a r e t h e c o l a t ' v t u d e and l o n g i t u d e r e s p e c t i v e l y o f 

t h e e p i c e n t r e . U s i n g p r i m e s t o i n d i c a t e e q u i v a l e n t 

q u a n t i t i e s f o r t h e s t a t i o n we use 

£> = C o s - l ( A ' A + B ' B + C 'C) ( 4 . 2 ) 

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

O t h e r u s e f u l q u a n t i t i e s w h i c h a r e c a l c u l a t e d b y MANETA 

a r e t h e r e l a t i v e d i r e c t i o n s o f t h e e v e n t and s t a t i o n . The 
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t e r m " a z i m u t h " i s u sed i n t h i s s t u d y t o d e n o t e t h e e a s t w a r d 

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

s h o r t e r s egment o f t h e g r e a t c i r c l e t h r o u g h b o t h t h e 

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

t h e s t a t i o n i s t e r m e d t h e b a c k - b e a r i n g . R e p r e s e n t i n g t h e s e 

two a n g l e s b y ix and p r e s p e c t i v e l y we h a v e , f r o m B u l l e n : 

SiniX = [ ( A ' - D ) 2 + ( B ' - E ) 2 + c ' 2 - 2 ] / 2 S i n £ > 

Cos<* = [ ( A ' - G ) 2 + ( B ' - H ) 2 + ( c ' - K ) 2 - 2 ] /?. S i n&. ( 4 . 3 ) 

S i n / S = t ( A - D ' ) 2 + ( B - E ' ) 2 + C 2 - 2 ] / 2 S i n A 

Cosy3= [ ( A - G ' ) 2 + ( B - H ' ) 2 + ( C - K ' )
 2 - 2 ] / 2 S i n & 

H a v i n g e v a l u a t e d t h e s e e x p r e s s i o n s f o r S i n K, CosW, S i n ^ 

and C o s ^ ( oc and yS may be o b t a i n e d u n a m b i g u o u s l y t h r o u g h o u t 

t h e f u l l a n g u l a r r a n g e f r o m - 1 8 0 t o +180 d e g r e e s . 

These f o r m u l a e r e q u i r e t h e use o f g e o c e n t r i c 

c o o r d i n a t e s . The e p i c e n t r a l and s t a t i o n c o o r d i n a t e s a r e 

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

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

e q u a l , b u t t h e l a t i t u d e s d i f f e r s l i g h t l y . D e n o t i n g t h e 

g e o c e n t r i c and g e o g r a p h i c l a t i t u d e s b y -^rc and 

r e s p e c t i v e l y we h a v e 

Tany- C = ( 1 - 6 ) 2 T a n ^ g ( 4 . 4 ) 

(Young & G i b b s , 1968) , w h e r e € i s t h e e a r t h ' s e l l i p t i c i t y 

f ac t o r . 
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4 . 4 . 2 Use o_f T r a v e l T ime Tab 1 es 

The t r a v e l t i m e t a b l e s used i n t h i s s t u d y a r e t h o s e due 

t o H e r r i n e t a l ( 1968 ) . The t r a v e l t i m e s f o r P a r e g i v e n i n 

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

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 . The t r a v e l t i m e s f o r 

PKIKP a r e g i v e n i n t h e f o r m o f a o n e - d i m e n s i o n a l t a b l e 

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

a s e p a r a t e t w o - d i m e n s i o n a l t a b l e . These a r e c o n v e r t e d i n t o 

a s i n g l e t w o - d i m e n s i o n a l t a b l e s i m i l a r t o t h a t f o r P. The 

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

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

t a b l e s . 

To p e r f o r m t h e i n t e r p o l a t i o n , a s m a l l s e c t i o n o f t h e 

c o m p l e t e t a b l e s u r r o u n d i n g t h e r e q u i r e d p o i n t i s t a k e n . 

T h i s s u b - t a b l e c o n s i s t s o f t h e s i x t e e n t r a v e l t i m e s 

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

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

i s c a r r i e d o u t u s i n g t h e NAG s u b r o u t i n e E01ACF w h i c h i s 

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

s p l i n e s . 

The a p p a r e n t s u r f a c e v e l o c i t y , V s , i s o f i n t e r e s t and 

i s needed t o c a l c u l a t e t h e s t a t i o n h e i g h t c o r r e c t i o n . To 

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

e p i c e n t r a l d i s t a n c e s o f A + k and A - k , w h e r e k i s a s m a l l 

a n g l e . The v e l o c i t y , i n d e g r e e s p e r s e c o n d , i s t h e n g i v e n 

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

dA ^ 2k ( 4 . 5 ) 
dT t ( A + k ) - t ( A - k ) 
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w h i c h may t h e n be c o n v e r t e d t o k i l o m e t e r s p e r s e c o n d : -

v s = ( i r r o / 1 8 0 ) ( c W d t ) ( 4 . 6 ) 

whe re r Q i s t h e e a r t h ' s mean r a d i u s . 

The v a l u e used f o r k i n t h i s s t u d y i s 0 . 5 ° . T h i s i s 

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

I n d e e d , i t may a t f i r s t s i g h t seem r a t h e r t o o l a r g e a v a l u e 

t o use c o n s i d e r i n g t h a t t h e f o r m u l a i s an a p p r o x i m a t i o n , b u t 

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

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

( 1 9 6 8 ) . 

4 . 4 . 3 C o r r e c t i o n s f o r t h e E a r t h ' s E l l i p t i c i t y 

The t r a v e l t i m e s c a l c u l a t e d t h u s f a r r e f e r t o a 

s p h e r i c a l e a r t h w i t h a r a d i u s e q u a l t o t h e e a r t h ' s mean 

r a d i u s . A c o r r e c t i o n m u s t be a p p l i e d f o r t h e e a r t h ' s 

a s p h e r i c a l s h a p e . 

The c h o s e n m e t h o d i s t h a t due t o D z i e w o n s k i and G i l b e r t 

( 1 9 7 6 ) . They use F e r m a t ' s p r i n c i p l e o f s t a t i o n a r y t i m e t o 

c a l c u l a t e t h e c o r r e c t i o n , t e , a s s u m i n g t h a t t h e e a r t h ' s 

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

p r i n c i p l e , and g i v e t h e f o l l o w i n g f o r m u l a : -

t e = ( 1 / 4 ) ( l + 3 C o s 2 8 ) + ( / T / 2 ) Sin29Cos<X tj_ 

+ («/7/2) S i n 2 9 C o s a p c t 2 ( 4 . 7 ) 

whe re T 0 f t\ and £ 2

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

h , and a r e c a l c u l a t e d f r o m r e a l e a r t h m o d e l s . D z i e w o n s k i 

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

p r o v i d i n g i t i s an a c c e p t a b l e f i t t o g r o s s e a r t h d a t a . T h e y 
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t a b u l a t e v a l u e s o f f 0 f X \ and t 2 f o r e i g h t phases , i n c l u d i n g 

P and PKIKP. They a l s o found t h a t the e f f e c t o f f o c a l dep th 

i s s i g n i f i c a n t and t h a t e r r o r s o f up to 0 .27 sec can occur 

f o r a f o c a l dep th o f 650 km i f the e f f e c t i s n e g l e c t e d . 

The v a l u e s o f t 0 , Z 1 and are t a b u l a t e d a t e p i c e n t r a l 

d i s t a n c e i n t e r v a l s o f 5° and a t f o c a l dep ths o f 0, 300 and 

650 km. Two-d imens iona l l i n e a r i n t e r p o l a t i o n i s used to 

d e t e r m i n e i n t e r m e d i a t e v a l u e s , as the c u r v a t u r e s are v e r y 

smal1 . 

Other methods o f c a l c u l a t i n g the e l l i p t i c i t y c o r r e c t i o n 

are a v a i l a b l e . The f o r m u l a 

t e = (H+H') f ( A ) ( 4 . 8 ) 

where H and H' are the v e r t i c a l d e v i a t i o n s o f the e a r t h ' s 

f i g u r e f rom the mean sphere a t t he e p i c e n t r e and s t a t i o n , 

and f ( A ) i s a f u n c t i o n o f the e p i c e n t r a l d i s t a n c e a l o n e , i s 

g i v e n by B u l l e n ( 1 9 6 3 ) . Tab le s o f f ( A ) are a v a i l a b l e ( e . g . 

J e f f r e y s and B u l l e n , 1 9 6 7 ) , and t h i s f o r m u l a has o f t e n been 

used i n o t h e r s t u d i e s . However t h i s f o r m u l a i s a p p r o x i m a t e 

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

Dz iewonsk i and G i l b e r t . 

A c c u r a t e t a b l e s o f e l l i p t i c i t y c o r r e c t i o n a g a i n s t 9, A 

and (X are a v a i l a b l e ( e . g . B u l l e n 1 9 3 7 ) , b u t o n l y f o r a 

l i m i t e d range o f l a t i t u d e s , and o n l y f o r s u r f a c e f o c i . 

These t a b u l a t e d v a l u e s agree w i t h those c a l c u l a t e d f r o m 

Equa t ion 4 .7 to w i t h i n 0 . 1 s e c . Thus Dz iewonsk i and 

G i l b e r t ' s f o r m u l a p r o v i d e s a s i m p l e and a c c u r a t e method o f 

d e t e r m i n i n g the c o r r e c t i o n due t o the e a r t h ' s e l l i p t i c i t y , 
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e n t i r e l y s u i t a b l e f o r a s t u d y such as t h i s . 

4 . 4 . 4 C o r r e c t i o n s f o r the S t a t i o n ' s He i g h t above Datum 

A c o r r e c t i o n must a l s o be a p p l i e d f o r the s t a t i o n ' s 

h e i g h t above the e a r t h ' s e l l i p s o i d a l datum s u r f a c e , w h i c h 

may be t aken as mean sea l e v e l . I n making t h i s c o r r e c t i o n , 

accoun t must be t aken o f the s l a n t o f the r ay w h i c h a r r i v e s 

a t the s t a t i o n . 

R e f e r r i n g to F i g u r e 4 . 4 , we see t h a t the c a l c u l a t i o n s 

so f a r have g i v e n the t r a v e l t i m e t o S 1 , t he f i n a l s e c t i o n 

o f the r a y pa th be ing a long O ' S ' . The r a y w h i c h a c t u a l l y 

a r r i v e s a t the s t a t i o n , S, passes the datum l e v e l a t p o i n t 

A, nea re r the e p i c e n t r e , and t h e r e f o r e e a r l i e r . The 

d i s t a n c e S'B i s s m a l l , so the two r a y segments O 'S ' and OA 

are e f f e c t i v e l y p a r a l l e l . Drawing S'B p e r p e n d i c u l a r to AS, 

we t h e r e f o r e r e c o n s t r u c t a w a v e f r o n t i n the medium above 

da tum, w h i c h we w i l l assume has a u n i f o r m v e l o c i t y V G . 

The a r r i v a l t imes a t B and S' are t h e r e f o r e t he same, 

and the h e i g h t c o r r e c t i o n , t Z t t o be a p p l i e d to the t r a v e l 

t i m e , c o r r e s p o n d s to the t r a v e l t i m e over BS. Thus 

t z = z Cos( i ) / V 0 ( 4 . 9 ) 

The a n g l e o f i n c i d e n c e , i , can be d e t e r m i n e d f rom a 

c o n s i d e r a t i o n o f the a p p a r e n t s u r f a c e v e l o c i t y , V s . The 

d i f f e r e n c e i n a r r i v a l t i m e a t A and S' (o r B) , u , i s g i v e n 

by 

u = A S ' / V S = AB/Vo ( 4 . 1 0 ) 

wh e n c e 
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FIGURE 4 .4 

DIAGRAM ILLUSTRATING THE CALCULATION OF THE 

STATION HEIGHT CORRECTION 
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S i n ( i ) = AB/AS' = V G / v s ( 4 . 1 1 ) 

Using the t r i g o n o m e t r i c a l i d e n t i t y 

C o s ( i ) = (1 -S in2 ( i ) ) 1/2 ( 4 . 1 2 ) 

we o b t a i n f rom Equa t i ons 4 .9 and 4 . 1 1 

t z = z ( ( l / V 0 ) 2 - ( l / V s ) 2 ) l / 2 ( 4 . 1 3 ) 

Using the upper c r u s t a l v e l o c i t y o f 5.8 km/sec d e r i v e d 

by Maguire and Long (1976) a t K a p t a g a t , and the a p p a r e n t 

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

each a r r i v a l u s ing Equa t ion 4 . 1 3 . 

4 . 4 . 5 The Formation o_f Raw Del ay Times 

The program MAN ETA c a l c u l a t e s the t r a v e l t i m e s , 

e l l i p t i c i t y c o r r e c t i o n s and s t a t i o n h e i g h t c o r r e c t i o n s as 

d e s c r i b e d above , and adds these t o the g i v e n o r i g i n t i m e s to 

g i v e the p r e d i c t e d a r r i v a l t i m e s , w h i c h are o u t p u t . To fo rm 

the raw d e l a y t i m e s used i n subsequent c a l c u l a t i o n s , these 

p r e d i c t e d a r r i v a l t imes are s u b t r a c t e d f r o m the 

c o r r e s p o n d i n g measured onse t t i m e s . The h y p o c e n t r a l 

c o o r d i n a t e s o f the even t s u s e d , and the raw (measured) d e l a y 

t i m e s a re g i v e n i n the fo rm o f o u t p u t f r o m the program S E P D 

(see S e c t i o n 4 . 6 ) i n Appendix 4 . F i g u r e 4 . 5 shows a map 

o f the w o r l d us ing an a z i m u t h a l e q u i d i s t a n t p r o j e c t i o n 

c e n t r e d on N a i r o b i , w i t h the e p i c e n t r e s o f the e v e n t s used 

ind i c a t e d . 

(The e v e n t numbers r e f e r r e d to i n the l i s t , and 

e l sewhere i n t h i s w o r k , each c o n s i s t o f f o u r 2 - d i g i t 

numbers , r e p r e s e n t i n g the n e a r e s t c l o c k m i n u t e , h o u r , day 
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FIGURE 4 .5 

DISTRIBUTION OF EVENTS USED IN THIS STUDY 
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and "year" o f the f i r s t o n s e t . Since ea r thquake a r r i v a l s 

r a r e l y occur i n the same m i n u t e , t h i s system o f number ing i s 

l a r g e l y unambiguous . When two even t s do a r r i v e i n the same 

m i n u t e , t he e a r l i e r i s a s s igned a number c o r r e s p o n d i n g to 

the p r e v i o u s m i n u t e , t h u s r e s o l v i n g the a m b i g u i t y . ) 

4 .5 The Method o f R e l a t i v e Delays 

A s i n g l e raw d e l a y t i m e measurement i s a l m o s t w o r t h l e s s 

s i n c e the v a l u e o b t a i n e d , wh ich s h o u l d o n l y r e f l e c t 

anomal i e s i n the v e l o c i t y s t r u c t u r e i m m e d i a t e l y beneath t he 

s t a t i o n , w i l l be c o n t a m i n a t e d by o t h e r e f f e c t s . V e l o c i t y 

anomal i e s anywhere a long the ray pa th w i l l have an e f f e c t , 

as w i l l e r r o r s i n the h y p o c e n t r a l l o c a t i o n , o r i g i n t i m e , 

t r a v e l t i m e t a b l e s and onse t t i m e measurements . 

The e f f e c t o f random e r r o r s and o f v e l o c i t y 

i n h o m o g e n e i t i e s f a r f r o m the s t a t i o n may be reduced by 

t a k i n g the mean o f many s i n g l e measurements . The e r r o r s 

a r i s i n g f rom these sources w i l l tend to f l u c t u a t e around 

z e r o , and c a n c e l . However, t h i s mean w i l l s t i l l be 

c o n t a m i n a t e d by s y s t e m a t i c e r r o r s , w h i c h may o c c u r , f o r 

example , because o f non-random t i m i n g e r r o r s o r e r r o r s i n 

the t r a v e l t ime t a b l e s . These s y s t e m a t i c e r r o r s a re 

d i f f i c u l t to e l i m i n a t e . 

A more s a t i s f a c t o r y method o f r e d u c i n g e r r o r s i s t o 

measure r e l a t i v e d e l a y s between s t a t i o n s . Long and M i t c h e l l 

(1970) d i s c u s s the method o f r e l a t i v e d e l a y s i n some d e t a i l , 

e x p r e s s i n g each raw d e l a y t i m e as a sum o f s i x t e r m s : -
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T = S + T Q + T e + T t + T i + E ( 4 . 1 4 ) 

where 

S i s the r e q u i r e d d e l a y t i m e a r i s i n g f rom the e f f e c t o f 

m a t e r i a l w i t h anomalous v e l o c i t y beneath the s t a t i o n , 

T 0 a r i s e s f rom e r r o r s i n the assumed ea r thquake f o c a l 

da ta , 

T e a r i s e s f rom m a t e r i a l w i t h anomalous v e l o c i t i e s beneath 

the source , 

T t i s the e r r o r due to i n a c c u r a c i e s i n the t r a v e l t ime 

t a b l e s and c a l c u l a t i o n s , 

T i i s the i n s t r u m e n t a l d e l a y f o r which c o r r e c t i o n may be 

made , and 

E i s the e r r o r due to m i s r e a d i n g and poor t i m i n g o f the 

se i smog ram . 

A r e l a t i v e d e l a y measurement between two s t a t i o n s 

c o n s i s t s o f the d i f f e r e n c e , T - T ' , between two such 

i n d i v i d u a l measurements u s ing the same source e v e n t . 

Under these c i r c u m s t a n c e s the e r r o r te rms T 0 - T 0 ' , 

T t - T t ' , T i - T i ' and E - E 1 , w i l l tend to c a n c e l . Thus the 

r e m a i n i n g d i f f e r e n c e t e r m , S-S' , i s b e t t e r d e t e r m i n e d than 

by us ing independen t s e t s o f d e l a y t i m e measurements a t the 

two s t a t i o n s . 

The e f f i c a c y o f t h i s method depends on the s t a t i o n 

d i s t r i b u t i o n and the t r a v e l t ime t a b l e s u sed . i n 

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

s t a t i o n s be s m a l l i n compar i son w i t h the e p i c e n t r a l 

d i s t a n c e , so t h a t the rays f o l l o w s u b s t a n t i a l l y t h e same 
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p a t h , excep t near the s t a t i o n s . 

E r r o r s a r i s e f rom non-ze ro v a l u e s o f the d i f f e r e n c e 

te rms T 0 - T 0 ' , T e - T e ' , T t - T t ' , T i - T i 1 and E - E ' . F o l l o w i n g 

Long and M i t c h e l l , we c o n s i d e r each d i f f e r e n c e te rm 

s e p a r a t e l y . 

(1) E r r o r s i n h y p o c e n t r a l l o c a t i o n l ead to non-ze ro 

v a l u e s o f the term T 0 - T 0 ' . An e r r o r i n the o r i g i n t i m e w i l l 

have no e f f e c t , s i n c e i t w i l l e x a c t l y c a n c e l . However 

e r r o r s i n the e p i c e n t r a l l o c a t i o n do n o t e x a c t l y c a n c e l , 

because o f the c u r v a t u r e o f the t r a v e l t i m e c u r v e . We may 

c a l c u l a t e the a p p r o x i m a t e magn i tude o f the e r r o r a r i s i n g 

f rom t h i s ca use . 

Suppose t h a t the t r u e e p i c e n t r a l d i s t a n c e s to the two 

s t a t i o n s are A and A 1 , and t h a t the t r a v e l t i m e as a 

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

t ( A , h ) . Suppose a l s o t h a t the e p i c e n t r a l d i s t a n c e s are 

s u b j e c t to an e r r o r i n r n i s l o c a t i o n wh ich i n c r e a s e s each by 

an amount S A . Then 

T 0 = t ( A + 5 A ) - t ( A ) at (*>t /dA ) t t Sa ( 4 . 1 5 ) 

T ' 0 = t ( A ' + S A ) - t ( A ' ) (3t/2»A) w 6& ( 4 . 1 6 ) 

The r e s u l t a n t e r r o r w i l l be 

S T 0 = ( ( d t / d A ) & - ( d t / d A ) A , ) & A 

= ( A - A ' ) .&A . ( a 2 t / d * 2 ) ( 4 . 1 7 ) 

The e f f e c t o f e r r o r s i n the f o c a l dep th i s a l s o to 

i n t r o d u c e e r r o r s i n t o r e l a t i v e d e l a y measurements . The 

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

6 T G = ( A - A' ) .%h . ( ^ 2 t / d A d h ) ( 4 . 1 8 ) 
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where h i s the e r r o r i n f o c a l d e p t h , i s e n t i r e l y ana logous 

to t h a t f o r Equa t ion 4 . 1 7 . 

These f o r m u l a e are d e r i v e d assuming t h a t the s t a t i o n 

p a i r s and m i s l o c a t i o n e r r o r s a l i g n w i t h the g r e a t c i r c l e 

path between the even t and the s t a t i o n s . I n p r a c t i c e , these 

d i r e c t i o n s are random, or n e a r l y s o , and the average e r r o r s 

w i l l be l e s s t han those g i v e n by E q u a t i o n s 4.17 and 4 . 1 8 . 

Each m i s o r i e n t a t i o n w i l l i n t r o d u c e a s epa ra t e c o s i n e te rm 

i n t o the e q u a t i o n , wh ich when averaged i n an R.M.S. sense 

w i l l g i v e a f a c t o r o f 1//T 1 . For E q u a t i o n 4 . 1 7 , t h e r e a r e 

two such te rms which combine to g i v e a t o t a l c o r r e c t i o n 

f a c t o r o f 0 . 5 , w h i l e f o r E q u a t i o n 4 .18 t h e r e i s o n l y o n e , 

c o r r e s p o n d i n g to a f a c t o r o f a p p r o x i m a t e l y 0 . 7 . 

Va lues o f ^ 2 t / 3 A 2 f o r p were o b t a i n e d f rom the v a l u e s 

o f a p p a r e n t v e l o c i t y g i v e n i n H e r r i n ' s t a b l e s , u s i n g a 

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

the e p i c e n t r a l d i s t a n c e range 3 0 ° - 1 0 0 ° i s 0.085 sec d e g - 2 , 

o c c u r r i n g a t about 8 5 ° . Beyond 1 0 5 ° , where PKIKP i s u sed , 

v a l u e s o f ^t/dc^2 o b t a i n e d f rom t r a v e l t i m e s were 

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

s t u d y are those g i v e n i n the USCGS PDE l i s t i n g s , w h i c h a re 

n o r m a l l y t aken to have e r r o r s o f about 0 . 2 5 ° ( P . M a r s h a l l , 

AW RE Se i smology U n i t , pers .comms.) . A l l bu t one o f the DKSP 

s t a t i o n s are w i t h i n 3 ° o f each o t h e r , a l t h o u g h the 

l e a p - f r o g g i n g o f equipment f r o m s i t e to s i t e dec reases the 

maximum d i s t a n c e between s i m u l t a n e o u s l y r e c o r d i n g s t a t i o n s 

to 2 n . The one e x c e p t i o n i s s t a t i o n 50 w h i c h i s 5° f r o m the 
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f a r t h e s t s i m u l t a n e o u s l y r e c o r d i n g s t a t i o n . Thus we may use 

the f o l l o w i n g v a l u e s , A - A ' = 2 ° , SA= 0 . 2 5 ° and 

^ 2 t / 3 ^ 2 = 0 . 085 sec d e g - 2 f i n E q u a t i o n 4 .17 and d i v i d e by 2 

( f o r random o r i e n t a t i o n s ) to o b t a i n an e s t i m a t e o f the 

e r r o r s due to m i s l o c a t i o n . The e r r o r thus c a l c u l a t e d i s 

0.020 s e c . 

Values o f ^t/bc^bh were o b t a i n e d i n the same way. The 

l a r g e s t v a l u e o b t a i n e d was - 0 . 0 0 0 6 sec d e g _ l k m ~ l , i n the 

e p i c e n t r a l d i s t a n c e range 3 0 ° - 1 0 0 ° , w i t h an average v a l u e 

about one h a l f o f t h i s . At e p i c e n t r a l d i s t a n c e s above 1 0 5 ° , 

the S 2 t / d A ^ h v a l u e s o b t a i n e d ( f o r PKIKP) were z e r o . 

Foca l dep ths are n o t o r i o u s l y d i f f i c u l t to e s t i m a t e f r o m 

onset t i m e s a l o n e , and the l i s t e d v a l u e s o f 33 km i n d i c a t e 

t h a t the i t e r a t i v e l o c a t i o n t e c h n i q u e used by t h e U S C G S , 

canno t improve upon t h i s i n i t i a l g u e s s . pP-P measurements 

however o f t e n g i v e r e l i a b l e measurements f o r the deeper 

e v e n t s , f o r wh ich d 2 t / 3 & d h i s l a r g e r . N e v e r t h e l e s s we may 

assume t h a t t he dep ths are a c c u r a t e t o about 40 km 

( P . M a r s h a l l , AW RE Se ismology U n i t , pers .comms.) . Using 

= 2 0 , B 2 t / a * a h = 0.0004 sec deg-1 km~l and Sh = 40 km 

i n Equa t i on 4 . 1 8 , and m u l t i p l y i n g by t he random o r i e n t a t i o n 

f a c t o r 0 . 7 , we o b t a i n the v a l u e 0 .022 sec f o r the e r r o r i n 

r e l a t i v e d e l a y due to i n a c c u r a c y i n f o c a l dep th e s t i m a t e s . 

The above v a l u e s , wh ich i g n o r e t he l a r g e r d i s t a n c e o f 

S t a t i o n 50 , a re too l a r g e due t o the use o f maximum v a l u e s 

i n Equa t i ons 4 .17 and 4 . 1 8 , and an average v a l u e s h o u l d 

t h e r e f o r e be s m a l l e r . I n c l u s i o n o f the r e l a t i v e l y f ew 
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a r r i v a l s f r o m S t a t i o n 50 , w h i c h w i l l have e r r o r s 

a p p r o x i m a t e l y 5/2 t i m e s as l a r g e as e s t i m a t e d above , w i l l 

tend to i n c r e a s e the average e r r o r . Assuming t h a t t h e two 

e f f e c t s c a n c e l , we may r e a s o n a b l y s e t t l e on the above v a l u e s 

as r e p r e s e n t i n g the average e r r o r . Combining two o f these 

i n the usua l way f o r random e r r o r s , t he t o t a l e r r o r in 

r e l a t i v e d e l a y due to i n a c c u r a c i e s i n h y p o c e n t r a l d a t a , i s 

e s t i m a t e d as 0.030 s e c . 

(2) De lays due t o m a t e r i a l w i t h anomalous v e l o c i t i e s 

near the source and a long the pa ths i n the m a n t l e and core 

w i l l to a g r e a t e x t e n t c a n c e l , e s p e c i a l l y i f l a t e r a l 

v a r i a t i o n s a re n o t r a p i d . Rapid l a t e r a l changes i n v e l o c i t y 

are known to occur around s u b d u c t i o n zones , w h i c h are major 

sources o f e v e n t s f o r t h i s s t u d y . However, even i n these 

cases the f i r s t phase t o a r r i v e a t each s t a t i o n w i l l take 

a lmos t the same pa th near the s o u r c e , even i f i t i s one 

r e f r a c t e d t h r o u g h a h i g h l y anomalous r e g i o n such as a 

down-going l i t h o s p h e r i c s l a b . Davies and MacKenzie (1969) 

quote examples where t h i s e f f e c t g i v e s r i s e t o r e l a t i v e 

s t a t i o n r e s i d u a l s o f as much as 5 s e c . However, these 

anomalous t r a v e l t i m e s are c o n f i n e d to a s m a l l range of 

e p i c e n t r a l d i s t a n c e ( ~ 1 0 ° ) , and c o n f i n e d to the range 0 ° - 4 0 ° 

( f o r s l a b s d i p p i n g a t 45°) . Since o n l y 5 of t he 112 e v e n t s 

used are i n t h i s r a n g e , and i n a l l p r o b a b i l i t y w i l l not l i e 

i n the c r i t i c a l ranges o f a z i m u t h s and d i s t a n c e , t h i s sou rce 

o f e r r o r may s a f e l y be i g n o r e d . 

(3) E r r o r s i n the t r a v e l t ime t a b l e s and c a l c u l a t i o n s 
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made f rom them may g i v e r i s e to non -ze ro v a l u e s o f T ^ - T t " , 

and thus i n t r o d u c e e r r o r s . Long and M i t c h e l l (1970) used 

j e f f r e y s - B u l l e n (1940) t a b l e s , and those due t o H e r r i n e t a l 

( 1 9 6 8 ) , to measure r e l a t i v e d e l a y s between s t a t i o n s i n 

I c e l a n d and o t h e r s i n G r e e n l a n d , Sweden and S c o t l a n d . They 

observed a s c a t t e r i n the r e l a t i v e d e l a y s a g a i n s t d i s t a n c e 

when J e f f r e y s - B u l l e n t a b l e s were used , w h i c h " v a n i s h e d " when 

H e r r i n 1 s t a b l e s were used . Consequen t ly H e r r i n ' s t a b l e s a re 

used t h r o u g h o u t t h i s s t u d y . 

Long and M i t c h e l l (1970) noted t h a t o t h e r t r a v e l t i m e 

t a b l e s c o m p i l e d i n the p r e v i o u s few y e a r s , f o r example those 

due to C l e a r y and Hales ( 1 9 6 6 ) , had v e r y s i m i l a r shapes to 

H e r r i n ' s , d i f f e r i n g o n l y i n a base l i n e s h i f t , w h i c h c a n c e l s 

when r e l a t i v e d e l a y s are used . They c o n s i d e r e d t h a t f o r the 

I c e l a n d e x p e r i m e n t , where i n t e r - s t a t i o n d i s t a n c e s were up t o 

1 5 ° , e r r o r s due to i n a c c u r a c i e s i n the g r a d i e n t s o f H e r r i n ' s 

t a b l e s were n e g l i g i b l e . For DKSP where i n t e r - s t a t i o n 

d i s t a n c e s a re l e s s than one s i x t h o f t h i s , i t i s r e a s o n a b l e 

to c o n c l u d e t h a t these e r r o r s are n e g l i g i b l e . 

I n t e r p o l a t i o n w i l l g i v e r i s e to maximum e r r o r s wh ich 

are o f the o r d e r o f t w i c e t he a c c u r a c y w i t h w h i c h the t r a v e l 

t imes are q u o t e d , or about 0. 020 s e c . 

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

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

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

r e l a t i v e d e l a y measurements . 

(4) Any i n s t r u m e n t a l d e l a y s w h i c h e x i s t are v e r y s m a l l , 
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p r o b a b l y l e s s than 0.020 sec (see S e c t i o n 3 .11) and are 

a p p r o x i m a t e l y equa l a t each s t a t i o n . As such t h e y w i l l 

c a n c e l to g i v e a zero v a l u e f o r T ^ - T i 1 . 

(5) The term (E-E*) r e p r e s e n t s the e r r o r due t o 

m i s i d e n t i f i c a t i o n and m i s t i m i n g o f the r e l a t i v e o n s e t s . The 

e r r o r due to m i s i d e n t i f i c a t i o n c o r r e s p o n d s to the e s t i m a t e d 

e r r o r i n a l i g n i n g the t r a c e d waveform w i t h t he paper 

seismograms and hence to the a s s igned onse t w e i g h t codes as 

d e s c r i b e d i n S e c t i o n 4 . 3 . The e r r o r i n t i m i n g r e s u l t s f r o m 

a l l the random e r r o r s i n h e r e n t i n p l a y b a c k , f i l t e r i n g and 

measurement as d e s c r i b e d i n Chapter 3 . 

The m i s i d e n t i f i c a t i o n e r r o r v a r i e s w i d e l y f r o m one 

s t a t i o n p a i r to ano the r and i s the l a r g e s t s i n g l e f a c t o r i n 

the c o r r e s p o n d i n g r e l a t i v e d e l a y measurement . For example , 

combin ing the e r r o r s f o r two o n s e t s , w i t h o n s e t w e i g h t codes 

o f 2 and 3, g i v e s a c o r r e s p o n d i n g e r r o r i n r e l a t i v e d e l a y o f 

( 0 . 4 2 + 0 . 3 2 ) 1 / 2 = 0 . 5 s e c . I f the two codes a re 6 , t h e 

c o r r e s p o n d i n g e r r o r w i l l be o n l y ( 0 . 0 5 2 + 0 . 0 5 2 ) 1 / 2 

= 0.07 sec . 

T y p i c a l t i m i n g e r r o r s as c a l c u l a t e d i n Chapter 3 amount 

to about 0.025 s e c , w i t h a " w o r s t case" e r r o r o f 0.040 s e c . 

We may adopt an "average" v a l u e o f about 0. 030 s e c , w h i c h 

must be i n c l u d e d t w i c e , one f o r each o n s e t , t o g i v e a t o t a l 

e r r o r o f 0.040 s e c . 

Having d i s c u s s e d the v a r i o u s sources o f e r r o r i n 

r e l a t i v e d e l a y measurements , i t i s now d e s i r a b l e t o combine 

these t o g i v e an average f i g u r e w h i c h may be compared w i t h 
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r e s i d u a l s formed i n subsequent q u a n t i t a t i v e i n t e r p r e t a t i o n s . 

Since s i m p l e r e l a t i v e d e l a y s o f the s o r t T - T ' a re n o t 

e x p l i c i t l y formed i n t h i s s t u d y , c o r r e s p o n d i n g e r r o r s f o r 

p a i r s o f measurements a re n o t p a r t i c u l a r l y u s e f u l . 

For reasons d i s c u s s e d i n the s e c t i o n f o l l o w i n g , 

i n d i v i d u a l d e l a y measurements r e t a i n t h e i r i d e n t i t y u n t i l 

q u i t e l a t e i n i n t e r p r e t a t i o n . Hence i t i s advantageous t o 

a s s i g n a c o r r e s p o n d i n g p r o b a b l e e r r o r to each raw d e l a y 

t i m e . These e r r o r s must be a s s igned i n such a way t h a t i f 

two are c o m b i n e d , the t o t a l e r r o r e q u a l s the e r r o r i n t he 

c o r r e s p o n d i n g r e l a t i v e d e l a y . An e s t i m a t e o f the e r r o r i n 

r e l a t i v e d e l a y would be c a l c u l a t e d us ing the f o r m u l a 

6 r 2 = 6 T 0 2 + &T e 2 + £ T t 2 + f)Ti2 

+ G c 2 + GG» 2 + 2T m 2 ( 4 . 1 9 ) 

where S T G , &T e , &Tt and &Ti a re the e r r o r s c o r r e s p o n d i n g to 

the d i f f e r e n c e t e r m s , as d i s c u s s e d p r e v i o u s l y , and € c and 

€ c ' r e p r e s e n t the expec ted e r r o r s i n i d e n t i f i c a t i o n , 

c o r r e s p o n d i n g to the two onse t w e i g h t c o d e s , and T m i s a 

s i n g l e t i m i n g e r r o r . 

I f we e s t i m a t e i n d i v i d u a l e r r o r s u s ing the f o r m u l a 

€2 = 0 . 5 ( S T O 2 + & T e 2 + & T t 2 + S T i 2 ) 

+ GG2 + T m 2 ( 4 . 2 0 ) 

the c o m b i n a t i o n a l r e q u i r e m e n t i s f u l f i l l e d , and E q u a t i o n 

4 .19 i s p r o p e r l y d i v i d e d u p . 

The magn i tude o f each term has been e s t i m a t e d , and a 

c o r r e s p o n d i n g t o t a l e r r o r e s t i m a t e may be a s s igned to each 

onse t w e i g h t c o d e . A c o r r e s p o n d i n g w e i g h t i n g f a c t o ^ w, may 
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be c a l c u l a t e d us ing the r e l a t i o n 

w = a/62 ( 4 . 2 1 ) 

where a i s an a r b i t r a r y c o n s t a n t o f p r o p o r t i o n a l i t y , he re 

chosen to be 0 . 0 1 . 

Es t ima ted t o t a l e r r o r s , and c o r r e s p o n d i n g a s s igned 

w e i g h t s , are g i v e n f o r each OWC i n Tab le 4 . 2 Al so g i v e n i n 

the t a b l e i s t he number o f o c c u r r e n c e s o f each onse t w e i g h t 

cod e . 

Using these f i g u r e s we may c a l c u l a t e an unweigh ted 

R.M.S. e r r o r us ing the f o r m u l a 

e u = ( £ r i 2 / m ) l / 2 ( 4 . 2 2 ) 

and a c o r r e s p o n d i n g we igh ted v a l u e 

e w = ( I w i r i 2 / £ w i ) 1/2 ( 4 . 2 3 ) 

The v a l u e s o b t a i n e d f o r E u and E w a re 0 .196 and 

0.114 sec r e s p e c t i v e l y . The f i g u r e f o r E w w i l l be examined 

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

d i s c ussed . 

4 .6 The C a l c u l a t i o n o f S t a t i o n Del ays 

Having o b t a i n e d i n d i v i d u a l d e l a y measurements , and 

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

the problem o f the bes t method o f r e d u c i n g these t o g i v e 

s t a t i o n d e l a y s . 

U s u a l l y i n a s t u d y o f t h i s s o r t , one s t a t i o n i s chosen 

as s t a n d a r d , and d e l a y s are c a l c u l a t e d i n r e l a t i o n t o i t . 

G e n e r a l l y , s e v e r a l measurements o f each s t a t i o n d e l a y 

r e l a t i v e to the s t a n d a r d s t a t i o n a re a v a i l a b l e , one f o r each 



TABLE 4 . 2 

TOTAL ERROR AND NUMBER OF OCCURRENCES 

FOR EACH ONSET WEIGHT CODE 

ONSET 
WEIGHT 
CODE 

ESTIMATED 
ONSET 
ERROR 
(sec) 

ESTIMATED 
TOTAL 
ERROR 
(sec) 

ASSIGNED 
WEIGHT 

NUMBER 
OF 

PICKS 

6 0. 05 0 . 064 2 . 47 74 

5 0 . 1 0. 107 0 . 86 135 

4 0 . 2 0 . 204 0 . 24 146 

3 0 . 3 0 . 30 3 0 . 1 1 77 

2 0 .4 0. 402 0 . 06 12 

T o t a l number o f measurements , k = 4 4 

Unweighted R.M.S. e r r o r , E u = 0 .195 sec . 

Weighted R.M.S. e r r o r , E w = 0 .113 s e c . 
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event s imul taneous ly recorded at both s i t e s . The mean o f 

these several measurements i s taken as the best es t imate o f 

the r e l a t i v e d e l a y , whi l e an est imate o f the e r r o r can be 

deduced from the s c a t t e r . This i s e s s e n t i a l l y the method 

used by Long and M i t c h e l l (1970) and by Steeples and Iye r 

(1976) . 

Steeples and Iyer comment tha t the standard s t a t i o n 

shou ld , p r e f e r a b l y , be removed from the i n f l u e n c e s o f the 

s t r u c t u r e under i n v e s t i g a t i o n ( b u t , o f course , s u f f i c i e n t l y 

close f o r the method of r e l a t i v e delays to be e f f e c t i v e ) . 

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

known from other i n v e s t i g a t i o n s , t h i s procedure s i m p l i f i e s 

i n t e r p r e t a t i o n o f the r e l a t i v e d e l a y s . The use of a 

standard s t a t i o n i s p a r t i c u l a r l y advantageous when i t can be 

assumed tha t the l a y e r i n g under i t i s l a t e r a l l y homogeneous. 

Under these circumstances the rays received at the standard 

s t a t i o n are not sub jec t to p e r t u r b a t i o n s dependent on the 

back-bearing o f the event , and any such dependence at the 

other s t a t i o n s may be recognised more e a s i l y . 

The use o f a standard s t a t i o n f o r t h i s s tudy i s 

i m p r a c t i c a l because no s i n g l e DKSP s t a t i o n recorded 

s imul taneous ly w i t h a l l the o t h e r s . The permanent WWSSN 

s t a t i o n at NAI s a t i s f i e s t h i s requi rement , but the 

seismograms from NAI are i n such a compressed format t h a t 

waveform matching w i t h the DKSP p layouts would have been 

i m p r a c t i c a l . Thus the advantage o f accurate r e l a t i v e onset 

t im ing would have been l o s t . Moreover, the l a r g e delay time 
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at N a i r o b i , both abso lu t e , and r e l a t i v e to BUL, and which 

seems to have a cons iderable back-bearing dependence ( e . g . 

L i l w a l l and Douglas, 1970), i n d i c a t e s t ha t i t l i e s on 

anomalous m a t e r i a l and tha t h o r i z o n t a l s t r a t i f i c a t i o n i s 

u n l i k e l y to e x i s t beneath i t . In f a c t there i s no a p r i o r i 

reason to be l i eve t h a t h o r i z o n t a l l a y e r i n g e x i s t s beneath 

any o f the DKSP s t a t i o n s . 

We may however use an a l t e r n a t i v e t echn ique , which does 

not consider any one s t a t i o n to be s t andard , but which 

preserves the r e l a t i v e de l ays . This technique r e l i e s on two 

assumptions, i m p l i c i t i n the method o f r e l a t i v e d e l a y s . 

The f i r s t assumption i s t h a t i n d i v i d u a l delay 

measurements c o n s i s t o f the sum of two terms thus : 

T i j = Sj + Ei (4.24) 

where T^j is the delay measured at the j t n s t a t i o n using the 

i t n event , Sj i s the s t a t i o n de l ay , and Ej i s the event 

r e s i d u a l . The second i s t ha t the terms Sj are independent 

of event p o s i t i o n . Comparison w i t h Equation 4.15 shows 

tha t the event r e s i d u a l i s i n f a c t the sum of the terms T 0 , 

Te / T t , Ti and E. 

L e t t i n g k be the number o f raw de lay measurements, n be 

the number o f s t a t i o n s , and m be the number o f even ts , i t 

may be seen tha t k , the number o f equa t ions , cons ide rab ly 

exceeds n+m, the number of unknowns. Hence we may at tempt 

to solve f o r each o f the unknowns, and i n p a r t i c u l a r f o r the 

However i t i s easy to see t h a t no mat ter how l a rge k i s 
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r e l a t i v e to n+m, the set o f Equations 4.24 cannot be solved 

unambiguously, f o r they are not a f f e c t e d i f we add an 

a r b i t r a r y constant to each o f the p r o v i d i n g we s u b t r a c t 

the same constant from each of the S j . m o ther words we 

need to f i x a basel ine f o r the s t a t i o n delays i n p r e c i s e l y 

the same way as we would by using a standard s t a t i o n . This 

base l i n e may be f i x e d by adding one f u r t h e r equat ion to the 

s e t . 

There i s a wide range of equat ions which w i l l perform 

the requi red f u n c t i o n . We could f o l l o w the standard s t a t i o n 

method and f i x one o f the s t a t i o n delays to some a r b i t r a r y 

v a l u e . However, i t i s more l o g i c a l to at tempt to f i x the 

basel ine i n an absolute sense, by making use o f the f a c t 

tha t the onsets are measured a b s o l u t e l y . This may be done 

by f o r m u l a t i n g the a d d i t i o n a l equation as 

0 = l E i (4.25) 

We now have to solve k+1 equations i n n+m unknowns. We 

may r e w r i t e them in ma t r ix n o t a t i o n 

T = CU (4.26) 

where 

T i s a k+1 element v e c t o r , the f i r s t element o f which i s 

zero , corresponding to the l e f t hand side of 

Equation 4 .25 , and the remaining k elements are the 

l e f t hand sides o f the Equations 4.24, 

U i s the n+m element vec tor o f the unknown Ei and Sj 

corresponding to the r i g h t hand sides o f Equations 4.24 

and 4 .25, and 
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C i s a ( k + l ) by (n+m) mat r ix o f zeros and ones l i n k i n g 

the knowns to the unknowns according to the Equations 

4.24 and 4 .25 . 

Since the ma t r ix C i s not i n general square, 

Equation 4.26 cannot be e x a c t l y s o l v e d . We must so lve i t 

i n a " l ea s t squares" sense by i n t r o d u c i n g a k+l element 

vec tor o f r e s i d u a l s , jr , and r e w r i t i n g the equat ion 

T + £ = CU (4 . 27) 

The l ea s t squares s o l u t i o n i s the one which minimizes 

the " o b j e c t i v e f u n c t i o n " , F, g iven by 

F = 1/k X r i z (4.28) 
c 

Standard techniques are a v a i l a b l e f o r f i n d i n g U such 

tha t t h i s c r i t e r i o n i s f u l f i l l e d . Using ma t r ix algebra i t 

i s easy to show t h a t _U i s then g iven by 

U = ( CT c ) ~ l C T (4.29) 

No account has yet been taken o f the v a r i a b l e q u a l i t y 

of the measurements. Each o f the Equations 4.24 has been 

g iven equal we igh t , which i s not j u s t i f i e d i n view o f the 

wide range i n expected e r ro r between the i n d i v i d u a l T j . 

Since the r e s i d u a l s , r i f are i n e f f e c t the d i f f e r e n c e s 

between the measured va lues , Tj . , and the t h e o r e t i c a l values 

formed by CU, they are equ iva len t to the e r r o r s i n the T i j . 

Thus the idea l weight ing method would , on average, g i v e 

r e s idua l s p r o p o r t i o n a l to the expected e r r o r s . This i s 

achieved by min imiz ing the o b j e c t i v e f u n c t i o n 
Art tt-M 

F w = ( £ w i r i 2 ) / ( £ W i ) (4.30) 

I t can e a s i l y be seen tha t t h i s f u n c t i o n i s minimised 



136 

i f each Equation 4.24 i s m u l t i p l i e d by the square roo t o f 

i t s corresponding we igh t . 

We may also take account o f the v a r i a b l e q u a l i t y o f the 

absolute onset de te rmina t ions represented by the event 

weight codes, V j . We assign a corresponding event weight v j 

using the formula 

Vj = 2 (V - 5 ) , Vj5^0 

v j = 0, Vj=0 (4.31) 

and replace Equation 4.25 by 

0 = f_ V j E j (4.32) 

Since p i ck ing e r r o r s i n the absolute onset t imes cannot 

e a s i l y be es t ima ted , and other e r r o r s are imposs ib le to 

q u a n t i f y , no s t a t i s t i c a l l y r igo rous scheme o f weigh t ing can 

be in t roduced f o r event we igh t s . Never the less , the above 

scheme i s i n t u i t i v e l y reasonable. 

In t roduc ing weights according to the above scheme 

a l t e r s the elements o f T and C, but not the form or 

e s s e n t i a l charac ter o f Equation 4 .26 . 

Ca l cu l a t i o n s f o r forming the vec tor and the ma t r ix C 

and so lv ing fo r U are a l l performed using the computer 

program SEPD w r i t t e n i n FORTRAN f o r the NUMAC system. The 

program is l i s t e d in Appendix 4, where a b r i e f d e s c r i p t i o n 

of input formats i s g i v e n . The s o l u t i o n o f the ma t r ix 

equat ion i s performed by the NAG subrout ine F04AMF, designed 

f o r accurate l e a s t squares i n v e r s i o n . 

Having c a l c u l a t e d U, the program c a l c u l a t e s t h e o r e t i c a l 

values o f the i n d i v i d u a l delay t imes by eva lua t ing CU, and 
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d i v i d i n g each term by the corresponding w e i g h t . The 

r e s idua l s are also c a l c u l a t e d and the value o f the o b j e c t i v e 

f u n c t i o n , F w , determined using Equation 4 .30 . This q u a n t i t y 

i s , i n f a c t , the weighted R.M.S. o f r e s i d u a l s . 

The approximate e r ro r i n each . unknown may also be 

c a l c u l a t e d . The formula 

e i 2 = l & i j w i r i 2 ' (4.33) 
( t / i j w i ) ( £ ' 6 i j - i ) 

i s used, where i s the Kroneker d e l t a f u n c t i o n de f ined by 

S± j = 1 , j = i (4 .34) 

& i j = 0, j ^ i 

and merely se lec t s the weights and r e s i d u a l s a p p l i c a b l e to 

the unknown. This formula i s based on one g i v e n by Berry 

and West (1966) fo r e s t ima t ing e r r o r s i n t ime term a n a l y s i s , 

which uses very s i m i l a r mathematical techniques to those 

described here . Their formula does not i n v o l v e we igh t s , and 

the m o d i f i c a t i o n i s merely to inc lude these . 

The output produced by SEPD i s g iven i n Appendix 4, and 

includes a l l the t h e o r e t i c a l and measured delays together 

wi th the r e s i d u a l s . The event delays are also g iven w i t h 

corresponding e r ro r e s t ima tes , and r e l evan t hypocent ra l 

d a t a . The s t a t i o n delays are also l i s t e d , w i t h t h e i r 

corresponding e r ro r e s t ima te s . 

The s t a t i o n delays are g iven i n Table 4 . 3 . The 

weighted RMS r e s i d u a l , F w , i s 0.127 sec, i n good agreement 

w i t h the es t imate f o r the weighted RMS e r r o r , E w , o f 0.114 

sec c a l c u l a t e d in Section 4 . 5 . This c lose agreement between 
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TABLE 4.3 

STATION DELAYS 

STN . STATION DELAY NO. OF ERROR 
NO. NAME TIME 

(sec) 
EVENTS 

(sec) 

08 MOLO 3.604 15 0. 054 
09 LONDIANI 3. 58 6 15 0. 057 
10 EGERTON 3. 866 19 0. 019 
11 NAKURU 3.404 37 0. 023 
12 GREENSTEDS 3. 417 29 0. 021 
13 OL KALOU 3.687 21 0. 032 
14 NJORO 3.917 8 0. 032 
15 ELMENTEITA 3. 484 4 0. 024 
16 ILKEK 3.649 8 0. 034 
17 NAIVASHA 3. 313 3 0. 033 
18 LONGONOT 3. 209 30 0. 025 
19 KIJABE 2.906 9 0. 039 
21 UPLANDS 3. 291 9 0. 058 
22 NAIROBI 3. 016 9 0. 038 
23 ISINYA 2. 770 25 0. 026 
24 ULU 2. 524 8 0. 049 
25 KESIKAU 2. 599 31 0. 015 
26 SULTAN HAMUD 2.648 13 0. 045 
27 MAKINDU 2.631 48 0. 013 
28 KIBWEZ I 2. 542 27 0. 021 
29 MTITO ANDEI 2. 269 26 0. 020 
30 TSAVO 2. 260 26 0.021 
31 OLOITOKITOK 2.969 2 0. 121 
50 LODWAR 3. 168 22 0.057 
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the two f i g u r e s i n d i c a t e s t h a t the basic assumption behind 
the method o f r e l a t i v e d e l a y s , t h a t the r e l a t i v e de lay 
between two s t a t i o n s i s independent o f the event used, seems 
to hold f o r t h i s exper iment . The s t a t i o n delays have 
average r e l a t i v e e r r o r s o f about 0.03 sec. 

4.7 Accuracy o f the Basel ine Determ i n a t i o n 

Absolute t im ing o f the onsets has enabled the s t a t i o n 

delays to be f i x e d as a group i n an absolute sense, as w e l l 

as w i t h g rea t r e l a t i v e accuracy. We may es t imate the random 

e r ro r i n the basel ine f i x by cons ider ing the spread o f the 

event r e s i d u a l s . The standard e r r o r i n the mean o f these , 

y., i s est imated using the formula 

X = [ ( £ v i E i ) / ( ( m - l ) f v i ) ] 1/2 (4.35) 

Using t h i s equat ion a value of 0.089 sec i s o b t a i n e d . 

A l l the delays presented here are l a r g e r than the 

l a r g e s t s t a t i o n r e s idua l ( f o r AAE) obtained by L i l w a l l and 

Douglas (1970) . Thus i t seems t h a t there must be a l a rge 

systematic e r r o r i n the raw de lay t ime measurements which 

g ives r i s e to an o v e r a l l base l ine s h i f t i n the s t a t i o n 

d e l a y s . Such a systematic e r r o r can a r i s e f o r two reasons. 

F i r s t l y i t may a r i s e as a r e s u l t o f systematic l a t e p i ck ing 

of onset t imes and secondly i t may a r i s e as a r e s u l t o f a 

base l ine e r r o r i n the t r a v e l t ime t ab les used. 

Systematic l a t e p i c k i n g of onset t imes might be 

expected f o r smaller ampl i tude events , where the f i r s t 

a r r i v a l could be hidden i n n o i s e . This would not however be 
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the case w i t h the l a r g e r ampli tude events . Any such 

tendency would be revealed as a c o r r e l a t i o n between event 

r e s idua l and event weight code, s ince l a t e p i c k i n g o f the 

onset i s taken up as a l a r g e r event r e s idua l and the event 

weight code i s a s u b j e c t i v e es t imate o f the q u a l i t y o f the 

a r r i v a l . F i t t i n g a s t r a i g h t l i n e between these q u a n t i t i e s 

using l i n e a r regress ion g ives a g r a d i e n t o f 0.076*0. 096 and 

a c o r r e l a t i o n c o e f f i c i e n t o f between -0.039 and 0.152 

(both a t 65% confidence l i m i t s ) . These es t imates are 

e n t i r e l y cons i s t en t w i th there being no such c o r r e l a t i o n . 

Thus we can be c o n f i d e n t t ha t there i s no tendency to p ick 

poor onsets l a t e r than the b e t t e r ones and, assuming tha t 

the b e t t e r ones are r e l i a b l y p i c k e d , t h a t there i s no 

systematic tendency to p ick l a t e . 

This ana lys i s does not r u l e out the p o s s i b i l i t y o f some 

ins t rumen ta l delay i n t r o d u c i n g a systematic e r r o r . I t has 

a l ready been shown, i n Chapter 3, t h a t the method o f t iming 

employed i n t h i s study in t roduces a n e g l i g i b l e systematic 

delay i n measuring impuls ive onse ts . However, t e l e se i smic 

a r r i v a l s are never t r u l y i m p u l s i v e , and some ambigu i ty must 

occur i n i d e n t i f y i n g onsets , which i s a somewhat s u b j e c t i v e 

e x e r c i s e . Since o r i g i n t imes are determined from 

observat ions made by o thers from s u b s t a n t i a l l y d i f f e r e n t 

ins t ruments employing a v a s t l y reduced d i s p l a y s c a l e , i t i s 

more l i k e l y than not t ha t some s o r t o f systematic e r r o r , 

r e s u l t i n g in an o v e r a l l base l ine s h i f t , i s p resen t . There 

i s no easy method of detemining the magnitude o f t h i s e r r o r , 
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but i t i s u n l i k e l y to amount to more than one second. 

That a s i g n i f i c a n t base l ine s h i f t would a r i s e through 

the use o f a l t e r n a t i v e t r a v e l time t ab les can e a s i l y be 

deduced by look ing at Figure 4 . 6 . Here the d i f f e r e n c e s 

between the t r a v e l time t ab les used i n t h i s s tudy ( H e r r i n e t 

a l , 1968) and four o thers ( j e f f r e y s - B u l l e n , 1967; L i l w a l l 

and Douglas, 1970; Cleary and Hales 1966; Carder , Gordon and 

Jordan, 1966) are i nd i ca t ed f o r P, over the e p i c e n t r a l 

d is tance range 3 0 ° - 1 0 0 ° . Figure 4.7 i n d i c a t e s the 

corresponding d i f f e r e n c e s f o r PKIKP ( f o r J e f f r e y s - B u l l e n 

o n l y , as the o thers do not g i v e t r a v e l times o ther than f o r 

P ) . Since these d i f f e r e n c e s are a l l p o s i t i v e over the 

e n t i r e e p i c e n t r a l d i s tance range, the use o f any o ther 

t ab les would have resu l t ed i n s y s t e m a t i c a l l y l a t e r p red ic ted 

a r r i v a l t imes and hence smaller d e l a y s . The r e l a t i v e delays 

would not be s u b s t a n t i a l l y a f f e c t e d , s ince the d i f f e r e n c e 

curves are on ly s l o w l y va ry ing f u n c t i o n s o f d i s t a n c e . Thus 

the major e f f e c t o f using a l t e r n a t i v e t ab les would be to 

s h i f t the b a s e l i n e . 

The basel ine s h i f t , Q, r e s u l t i n g from the use o f 

a l t e r n a t i v e t ab l e s may be c a l c u l a t e d using the formula 

Q = X v i R i (4 .36) 

Where Rj i s the d i f f e r e n c e between the two g iven t r a v e l 

times corresponding to the e p i c e n t r a l d i s tance o f the i t n 

event . This formula corresponds e x a c t l y w i t h Equation 4 .32 , 

which f i x e s the basel ine i n the f i r s t i n s t ance . Q i s to be 

subtracted from each o f the s t a t i o n delays to g i v e the 
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a l t e r n a t i v e v a l u e s . 

Values o f Q have been c a l c u l a t e d , using P o n l y , f o r 

each o f the t r a v e l time t ab les represented i n Figure 4 . 6 . A 

f i f t h value has also been c a l c u l a t e d corresponding to 

j e f f r e y s - B u l l e n P and PKIKP t r a v e l t imes combined. The 

corresponding s t a t i o n delays f o r each value o f Q are l i s t e d 

in Table 4 . 4 , along wi th the values o f Q themselves. 

The base l ine s h i f t s c a l c u l a t e d i n t h i s way va ry from 

0.405 to 2.336 sec. We must consider which v a l u e , i f any, 

best f i x e s the b a s e l i n e . 

D i f f e r e n c e s i n basel ines f o r the d i f f e r e n t t r a v e l t ime 

t ab les i l l u s t r a t e the main problem inheren t i n the c l a s s i c a l 

approach to de te rmining t r a v e l t imes , which uses earthquakes 

o n l y as sources . The problem is s imply t h a t the hypocent ra l 

coordina tes o f the events used must a l l be determined 

p r e c i s e l y dur ing the process. This i s r e l a t i v e l y easy f o r 

the e p i c e n t r a l c o o r d i n a t e s , where even approximate t ab les 

w i l l g i v e q u i t e good es t imates , p r o v i d i n g tha t the s t a t i o n s 

are reasonably w e l l d i s t r i b u t e d ( B u l l e n , 1963). Even f o c a l 

depths can be estimated a c c u r a t e l y f o r some events i f , f o r 

example, phases such as pp are p i c k a b l e . However, o r i g i n 

times are d i f f i c u l t to e s t i m a t e , and these are o b v i o u s l y 

c r u c i a l to the base l ine d e t e r m i n a t i o n . 

Nuclear e x p l o s i o n s , f o r which accurate o r i g i n t imes are 

known, can be used to f i x the b a s e l i n e , but the number o f 

such events i s small and r e s t r i c t e d to a v e r y few 

geographical areas which may not have c r u s t a l and upper 
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TABLE 4.7 

STATION DELAYS CORRECTED FOR BASELINE SHIFTS BETWEEN 

HERRIN S AND OTHER TRAVEL TIME TABLES 

STN. UNCORR. J-B J-B LILWALL CLEARY CARDER 
NO. DELAY P ONLY WITH AND AND GORDON 

PKIKP DOUGLAS HALES JORDON 

08 3 . 604 1. 268 1 . 514 2. 923 2. 619 3. 199 
09 3.586 1. 250 1. 496 2. 905 2.601 3. 181 
10 3.866 1 . 530 1.776 3. 185 2. 881 3. 461 
11 3. 404 1. 068 1 . 314 2.723 2. 419 2.999 
12 3. 417 1. 081 1. 327 2.736 2. 432 3. 012 
13 3.68 7 1. 351 1 . 597 3. 006 2. 702 3. 282 
14 3. 917 1. 581 1.827 3. 236 2.932 3. 512 
15 3. 484 1. 148 1 . 394 2. 803 2.499 3.079 
l f i 3. 649 1. 313 1. 559 2.968 2. 664 3. 244 
17 3. 313 0. 977 1 . 223 2.632 2. 328 2. 908 
18 3. 209 0 . 873 1.119 2. 528 2. 224 2.804 
19 2. 906 0. 570 0. 816 2. 225 1.921 2. 501 
21 3. 291 0.955 1 . 201 2. 610 2.306 2.886 
22 3. 016 0. 680 0. 926 2 . 335 2.031 2. 611 
23 2. 770 0. 434 0.680 2. 089 1.785 2. 365 
24 2. 524 0. 188 0. 434 1.843 1. 539 2.119 
25 2. 599 0. 263 0 . 509 1.918 1.614 2. 194 
26 2. 648 0.312 0. 558 1.967 1.663 2. 24 3 
27 2. 631 0. 295 0. 541 1 . 950 1. 646 2. 226 
28 2. 542 0. 206 0. 452 1.861 1. 557 2. 137 
29 2. 269 -0.067 0. 179 1 . 588 1. 284 1.864 
30 2. 260 -0.076 0. 170 1. 579 1. 275 1.855 
31 2. 969 -0.067 0 . 879 2. 288 1.984 2. 564 
50 3. 168 0. 832 1. 078 2. 487 2. 183 2.763 

CORRECTION Q= 2. 336 2. 090 0.680 0. 985 0. 405 
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mantle s t r u c t u r e s r ep re sen t a t i ve o f the g l o b a l average. 

Although the use o f man made sources can help to reduce the 

e r r o r s i n the base l ine f i x , an accurate g l o b a l average 

cannot be o b t a i n e d . 

The main e f f e c t o f e r r o r s i n the basel ine of the t r a v e l 

time t a b l e s , when they are used to loca te events , i s to 

in t roduce e r r o r s i n t o the es t imates o f f o c a l depth and/or 

o r i g i n t i m e . I f o ther t ab les are then used to measure de lay 

times using these hypocent ra l c o o r d i n a t e s , these e r r o r s w i l l 

show up as a systematic de l ay . Only i f the same t ab les are 

used to measure the delays as are used to loca te the events 

w i l l the systematic e r r o r be e l i m i n a t e d . 

Since Jef f r e y s - B u l l e n tab les were used, by the USCGS, to 

loca te the events i n space and time (Engdahl and Gunst, 

1966) these t ab les should be used to f i x the b a s e l i n e . 

Consequently, the J e f f r e y s - B u l l e n c o r r e c t i o n ( i n c l u d i n g the 

PKIKP measurement, s ince these are used i n f i x i n g the 

basel ine i n i t i a l l y ) i s used. The s t a t i o n delays thus 

cor rec ted are used i n a l l subsequent i n t e r p r e t a t i o n . 

I t might be argued tha t J e f f r e y s - B u l 1 en tab les should 

have been used throughout t h i s s t udy . However, H e r r i n ' s 

t ab les were p r e f e r r e d as the g r a d i e n t s , c r i t i c a l to accurate 

r e l a t i v e delay measurements, are b e t t e r determined than i n 

J e f f r e y s - B u l l e n tab les (Long and M i t c h e l l , 1970). 

The co r rec ted d e l a y s , which range from 0.170 to 1.827 

sec, compare w e l l w i t h the range of values obtained i n o ther 

s tudies o f the r i f t zones o f A f r i c a . However, the 
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systematic e r ro r i n the basel ine o f the s t a t i o n delays has 

probably not been e n t i r e l y e l i m i n a t e d , f o r the reasons 

discussed above. Thus i n t e r p r e t a t i v e techniques should 

concentra te on the r e l a t i v e s t a t i o n delays which are 

determined w i t h an accuracy o f about 0.03 sec. 
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CHAPTER 5 

INTERPRETATION OF STATION DELAYS 

5. 1 I n t r o d u c t i o n 

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

d i s c u s s e d , and s i m p l i f i e d i n t e r p r e t a t i o n s based on assumed 

h o r i z o n t a l l a y e r i n g b e n e a t h each s t a t i o n p r e s e n t e d . A s m a l l 

c o r r e c t i o n i s made f o r t h e e f f e c t s o f e p i c e n t r a l d i s t a n c e . 

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

Bouguer a n o m a l y a r e d e m o n s t r a t e d and r e a s o n s f o r t h e s e 

d i s c u s s e d . F i n a l l y , t h e a s s u m p t i o n o f h o r i z o n t a l l a y e r i n g 

i s c o n s i d e r e d . 

5. 2 D e l a y s d ue t o H o r i z o n t a l l y La ye r e d S t r u c t u r e s 

T h r o u g h o u t t h i s c h a p t e r i t i s assumed t h a t t h e v e l o c i t y 

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

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

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

v e l o c i t y p r o f i l e , and w h i c h w i l l n o t depend on e p i c e n t r a l 

bac k-bear i n g . 

To d e r i v e such an e x p r e s s i o n we d i v i d e t h e E a r t h ' s 

o u t e r r e g i o n s i n t o n c o n c e n t r i c l a y e r s s uch t h a t w i t h i n t h e 

i t h l a y e r t h e v e l o c i t i e s V i and V " i * , c o r r e s p o n d i n g t o n o r m a l 

and anomalous m a t e r i a l r e s p e c t i v e l y , a r e u n i f o r m , a s shown 

i n F i g u r e 5 . 1 . We t h e n t r a c e r a y s f r o m t h e base o f t h e n t n 

l a y e r ( b e l o w w h i c h t h e s t r u c t u r e i s n o r m a l ) , t h r o u g h b o t h 
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FIGURE 5.1 

DIAGRAM ILLUSTRATING THE DERIVATION OF THE DELAY TIME 

EQUATION FOR HORIZONTAL LAYERING 
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t h e n o r m a l and anomalous v e l o c i t y s t r u c t u r e s . 

The n o r m a l r a y f o l l o w s t h e p a t h OP...BAS, and t h e r a y 

t h r o u g h t h e anomalous m a t e r i a l O'P'...B'A'S. Assuming now 

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

compared w i t h t h e E a r t h ' s r a d i u s , and t h e r e f o r e t h a t t h e 

l a y e r s a r e p a r a l l e l s i d e d , i t i s a p p a r e n t t h a t t h e d i s t a n c e 

PP' i s s m a l l compared w i t h t h e e p i c e n t r a l d i s t a n c e , and t h a t 

t h e r a y s OP and O'P* a r e e f f e c t i v e l y p a r a l l e l . 

L e t t h e l a y e r t h i c k n e s s e s be Z j _ , z 2 . . . z n . L e t a l s o t n e 

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

o( i , and t h e h o r i z o n t a l d i s t a n c e w h i c h i t t r a v e l s i n l a y e r i 
b e x i . L e t p r i m e s i n d i c a t e t h e e q u i v a l e n t q u a n t i t i e s f o r 

t h e r a y t h r o u g h t h e anomalous m a t e r i a l . 

The t r a v e l t i m e s , t ^ and t i ' , f o r t h e two r a y s i n t h e 

i t n l a y e r a r e t h e n 

ti = z i 
V i Cost*i 

( 5 . 1 ) 
t i ' = Z j 

V i ' Cos«i • 

The h o r i z o n t a l d i s t a n c e s c o v e r e d i n t h e i t n l a y e r a r e 

X i = z i T a n o ( i 
( 5 . 2 ) 

X i ' = z i ' T a n K i ' 

S n e l l ' s l a w o f r e f r a c t i o n t h e n g i v e s us 

Sin o q = s i n t X j ' = 1 _ ( a l l i , j ) ( 5 . 3 ) 
V i V j V s 

where V s i s t h e a p p a r e n t h o r i z o n t a l v e l o c i t y w i t h i n t h e ea c h 

l a y e r . The v a l u e o f V s depends on 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 . 

The t o t a l t r a v e l t i m e s , T and T', a r e t h e n g i v e n by t h e 
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e q u a t i o n s 

T = £ t i = ^ z i / t V i C o s ^ i ) 
fr, ( 5 . 4 ) 

T' = J t i - = £ z i / ( V i ' C o s ^ ' ) 

and t h e t o t a l h o r i z o n t a l d i s t a n c e s , X and X', by 

( 5 . 5 ) 
X = = T z i T a n o q 

X 1 = Z x i ' = X z i T a n 0 ( i , 

The d e l a y t i m e , d , however i s n o t j u s t t h e d i f f e r e n c e 

b etween T and T', s i n c e P and P* a r e a t d i f f e r e n t d i s t a n c e s 

f r o m t h e e p i c e n t r e and t h e r a y s a r r i v e a t t h e base o f t h e 

n t h l a y e r a t d i f f e r e n t t i m e s . The r a y a r r i v e s a t P l a t e r 

t h a n a t p' by an amount T, where 

T = ( X ' - X ) / V s ( 5 . 6 ) 

T h e r e f o r e d i s g i v e n by 

d = T' - T -T ( 5 . 7 ) 

U s i n g E q u a t i o n 5.3, t h i s can be w r i t t e n 
«. 

d = X _ z i { d / V ' i 2 - l / V s 2 ) l / 2 _ ( i / V i 2 - l / V s 2 ) 1/2} ( 5 . 8 ) 
i-\ 

For r a y s a r r i v i n g v e r t i c a l l y , f o r w h i c h t h e a n g l e s o f 

i n c i d e n c e a r e z e r o , t h e v e r t i c a l d e l a y t i m e , d v , i s g i v e n by 
d v = 7 z i ( l / V i ' - 1/Vi) ( 5 . 9 ) 

1=7 
From t h e f o r m o f E q u a t i o n s 5.8 i t can be seen t h a t 

each l a y e r c o n t r i b u t e s i t s own t e r m t o t h e t o t a l d e l a y t i m e , 

i n d e p e n d e n t l y o f t h e o t h e r s . I t i s a l s o a p p a r e n t t h a t d e l a y 

t i m e i s a f u n c t i o n o f V s and hence o f 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 . 

S i n c e t h e measured s t a t i o n d e l a y s r e p r e s e n t a v e r a g e s 

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

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

From E q u a t i o n s 5.8 and 5.9 t h e r a t i o , g , b e t w e e n a 

t r u e d e l a y t i m e , d , and t h e v e r t i c a l d e l a y t i m e , d v , i s 

g i v e n by 

g = d = ( l / V ' a - l / V s * ) ' / a - ( l / V x - l / V s ^ 2 ( 5 . 1 0 ) 

3^ l / v ' - l / v 

f o r a one l a y e r c a s e . 

V a l u e s o f V s a r e e a s i l y o b t a i n e d f r o m H e r r i n ' s t a b l e s 

and t h e s e a r e used t o c a l c u l a t e v a l u e s o f g f o r a r a n g e o f 

e p i c e n t r a l d i s t a n c e s and anomalous v e l o c i t i e s . T a b l e 5.1 

g i v e s v a l u e s o f g f o r V = 8.1 km/sec , w h i c h i s t y p i c a l o f 

n o r m a l upper m a n t l e b e n e a t h A f r i c a (Gumper and Pomeroy, 

1 9 7 0 ) . A l t h o u g h t h e i n d i v i d u a l v a l u e s v a r y q u i t e w i d e l y , 

e s p e c i a l l y w i t h e p i c e n t r a l d i s t a n c e , f r o m 1.0 t o 1.3, t h e 

a v e r a g e s o v e r e p i c e n t r a l d i s t a n c e s ( w h i c h a r e a l s o 

t a b u l a t e d ) a r e a l l a r o u n d 1.090 and v a r y by l e s s t h a n 1.5% 

f r o m t h i s v a l u e . D i v i d i n g t h e s t a t i o n d e l a y s by t h i s f i g u r e 

g i v e s a good e s t i m a t e o f t h e v e r t i c a l d e l a y t i m e s , and i t i s 

t h e s e w h i c h w i l l be used i n i n t e r p r e t a t i o n s p r e s e n t e d i n 

t h i s c h a p t e r . 

The v e r t i c a l d e l a y t i m e s a r e g i v e n i n T a b l e 5.2, a l o n g 

w i t h o t h e r s t a t i o n i n f o r m a t i o n . 

5. 3 M a g n i t u d e o f t h e Ve r t i c a 1 Del ay Times 

The v e r t i c a l d e l a y t i m e s v a r y f r o m 0.164 sec ( S t a t i o n 

30) t o 1.674 sec ( S t a t i o n 1 4 ) , a s u b s t a n t i a l v a r i a t i o n o f 

more t h a n 1.5 sec i n l e s s t h a n 400 k i l o m e t r e s h o r i z o n t a l 

d i s t a n c e . The l a r g e r v a l u e s a r e a s s o c i a t e d w i t h t h e 
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TABLE 5.1 

RATIO BETWEEN SLANT AND VERTICAL DELAY TIMES 

EPIC ENTRA L APPARENT NO. RATIO, g / FOR SEVERAL 
DISTANCE SURFACE OF VALUES OF ANOMALOUS 

( d e g r e e s ) VELOCITY EVENTS P-WAVE VELOCITY ( d e g r e e s ) 
(km/sec) 7 . 8 7. 5 7 . 0 6.5 6 . 0 

30 12. 5 4 1 . 296 1 . 279 1 . 254 1. 230 1 . 20 2 
40 13.4 7 1 . 242 1 . 230 1 , 210 1 . 191 1 . 178 
50 14.7 14 1. 189 1 . 180 1 . 165 1.151 1 . 137 
60 16.2 13 1. 148 1.141 1. 130 1. 119 1 . 108 
70 18.0 9 1 . 115 1 . 109 1 . 101 1 . 093 1 . 085 
80 20.6 11 1 . 084 1 . 080 1 . 074 1. 069 1 . 063 
90 23.7 28 1 . 061 1 . 059 1 . 055 1 . 051 1 . 046 

100 24 . 4 4 1. 058 1.055 1 . 051 1 . 047 1 . 044 
110-160 60 22 1. 009 1 . 009 1 . 008 1 . 007 1 . 007 

MEANS 1. 103 1 . 098 1 . 090 1 . 086 1 . 075 
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TABLE 5.2 

TELF.SEISMIC DELAY AGAINST GRAVITY, HEIGHT 

AND PROFILE DISTANCES 

STA. HEIGHT CORRECTED BOUGUER DISTANCE DISTANCE DISTANCE 
NO. DELAY ANOMALY ALONG FROM FROM 

TIME FLANK 
PROFILE 

FLANK 
PROFILE 

RIFT 
AXIS 

(m) ( sec) (mg a l ) (km) (km) (km) 

08 2745 1 . 389 -22 4 -164.5 -17.0 -44 
0 9 1919 1 . 372 -215 -164.5 5.6 -22 
10 22 5 5 1. 629 -232 -141.7 -0. 5 -23 
11 1888 1 . 206 -198 -135.4 19.3 -2 
12 192 2 1. 217 -200 -123.3 21.2 2 
13 2360 1. 465 -228 -110.0 37. 3 21 
14 2163 1. 676 -228 -142.4 2.9 -20 
15 1834 1. 279 -216 -114.9 4 . 0 -13 
.16 1940 1.430 -199 -88 . 4 16.8 6 
17 ] 900 1.12 2 -194 -79 . 0 -5.5 -5 
18 169 5 1. 027 -184 -44 . 3 -5 . 0 20 
.19 2188 0 . 749 -192 -4 5.7 7.5 28 
21 2 30 6 1. 102 -202 -25.9 6.5 42 
22 1691 0. 850 -188 0.0 0.0 
23 1640 0. 624 -148 36.0 -2 7.1 
24 1660 0 . 398 -112 72 . 8 -12.0 NOT 
25 1321 0. 467 -100 94 . 1 -4 . 5 USED 
26 1178 0. 5.12 -92 121 . 3 -1 8 . 1 IN 
27 978 0 . 496 -86 156. 9 3.9 RIFT 
28 867 0.415 -83 178 . 8 14. 3 PROFILE 
29 797 0. 164 -81 212.1 1.9 
30 618 0 . 156 -62 254 . 4 0.0 
31 399 0 . 806 -104 179 . 7 - 6 0 . 1 
50 564 0 . 989 -7 0 -445.2 24 3 . 0 
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c u l m i n a t i o n o f t h e Kenya dome and t h e G r e g o r y r i f t . Thus 

t h e d e l a y s measured i n t h i s s t u d y seem t o be i n t i m a t e l y 

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

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

l a r g e d e l a y t i m e s . 

5.3.1 C r u s t a l V a r i a t i o n s and Del ay Times 

F i g u r e 5.2 i l l u s t r a t e s a c o n j e c t u r a l model where 

u n i f o r m c r u s t a l t h i c k e n i n g , by a f a c t o r k, g i v e s r i s e t o t h e 

h i g h e r d e l a y t i m e s o b s e r v e d o v e r t h e r i f t zone. We may 

r e a d i l y use E q u a t i o n 5.9 t o d e r i v e t h e f o l l o w i n g e x p r e s s i o n 

f o r t h e r e l a t i v e v e r t i c a l d e l a y t i m e , d v , between t h i c k e n e d 

and n o r m a l c r u s t 

d v = ( k - l ) ( Z ! / V i + Z 2/V 2 - Zi/Vm - Z 2/V m) ( 5 . 1 1 ) 

where Z2 and Z 2 a r e t h e t h i c k n e s s e s o f t h e upper and l o w e r 

n o r m a l c r u s t a l l a y e r s r e s p e c t i v e l y , V^ and V 2 a r e t h e 

c o r r e s p o n d i n g v e l o c i t i e s , and V m i s t h e upper m a n t l e 

v e l o c i t y . 

U s ing H e r r i n ' s (1968) model t o r e p r e s e n t t y p i c a l 

c o n t i n e n t a l c r u s t and assuming a t y p i c a l upper m a n t l e 

v e l o c i t y we have 

z l = 15 km Z 2 = 25 km 

v"i = 6.0 km/sec V 2 = 6-75 km./sec v m = 8.1 km./sec 

whence 

d v = 1 . 2 6 5 ( k - 1 ) sec ( 5 . 1 2 ) 

Using t h e maximum r e l a t i v e v e r t i c a l d e l a y t i m e 

( S t n 14 - S t n 30) o f 1 . 520 s e c , g i v e s a c o r r e s p o n d i n g v a l u e 
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o f 2.2 f o r k. I f n o r m a l , 35 km t h i c k c r u s t e x i s t s away 

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

70 km under i t . The e x i s t e n c e o f such a p r o n o u n c e d c r u s t a l 

t h i c k e n i n g , by a f a c t o r o f a b o u t 2, under t h e r i f t zone i s 

i m p l a u s i b l e f o r a number o f r e a s o n s . 

F i r s t l y , c r u s t a l t h i c k n e s s d e t e r m i n a t i o n s a t K a p t a g a t 

( M a g u i r e and Long, 1976) and N a i r o b i ( B o n j e r , Fuchs and 

Wohlenberg , 1 9 7 0 ) , where s t a t i o n d e l a y s a r e s u b s t a n t i a l , 

i n d i c a t e a n o r m a l t h i c k n e s s o f a b o u t 40-44 km. 

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

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

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

( B o t t , 1 9 6 9 ) . There i s no e v i d e n c e f o r f o l d i n g h a v i n g 

o c c u r r e d s i n c e t h e e a r l y P a l a e o z o i c ( B a k e r e t a l , 1 9 7 1 ) , and 

f a u l t p l a n e s o l u t i o n s o f s t r o n g e a r t h q u a k e s i n t h e r e g i o n 

i m p l y a t e n s i o n a l s t r e s s p a t t e r n ( F a i r h e a d and G i r d l e r , 

1972) . 

T h i r d l y , t h e e x p e c t e d Bouguer a n o m a l y due t o c r u s t a l 

t h i c k e n i n g may be c a l c u l a t e d , and t h e r e s u l t a n t f i g u r e s a r e 

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

a n o m a l y , g , w o u l d be 

g = -2-nyoG ( k - l ) ( Z 1 + z 2 ) ( 5 . 1 3 ) 

where jo i s t h e d e n s i t y c o n t r a s t b e t w e e n c r u s t and upper 

m a n t l e , and G i s t h e u n i v e r s a l c o n s t a n t o f g r a v i t a t i o n . 

Woodard (1966) has s t u d i e d r e g i o n a l i s o s t a t i c r e l a t i o n s , and 

deduced a v a l u e o f 0.39 g/cm3 f o r p. Using a v a l u e o f 40 km 

f o r T-i + 22 we o b t a i n 
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g = - 6 5 4 ( k - l ) m gals ( 5 . 1 4 ) 

Bouguer a n o m a l y d i f f e r e n c e s o f a b o u t 790 m g a l s w o u l d 

t h e r e f o r e be e x p e c t e d f o r c r u s t t h i c k e n e d by a f a c t o r o f 

2.2. 

Anomaly v a l u e s have been o b t a i n e d f r o m t h e Bouguer 

Anomaly Map o f Kenya, c o m p i l e d a t L e i c e s t e r U n i v e r s i t y 

( Swain and Khan, 1 9 7 8 ) , and v a l u e s a r e l i s t e d i n T a b l e 5.2. 

The l a r g e s t d i f f e r e n c e o b t a i n e d , b e t w e e n S t a t i o n s 10 ( s i t e d 

o n l y 3.5 km f r o m S t a t i o n 14) and 30, i s 170 m g a l s . The 

f a c t o r o f 4.6 d i f f e r e n c e b e t w e e n o b s e r v e d and t h e o r e t i c a l 

g r a v i t y v a l u e s c a n n o t be e x p l a i n e d by r e d u c t i o n o f t h e 2tr 

g e o m e t r i c f a c t o r i n E q u a t i o n 5.13, so t h a t g r a v i t y 

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

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

Thus we must r e j e c t c r u s t a l t h i c k e n i n g as a h y p o t h e s i s 

t o e x p l a i n t h e measured d e l a y s . 

Suppose now t h a t we have l a t e r a l v e l o c i t y v a r i a t i o n s 

w i t h i n t h e c r u s t , r e d u c i n g t h e s e by a f a c t o r k under t h e 

r i f t zone. Then, f r o m E q u a t i o n 5.9, 

d v = ( k - 1 ) ( Z i / V i + Z 2 / V 2 ) ( 5 . 15) 

U s i n g t h e same v a l u e s f o r Z l f z2, V\ and M2 as p r e v i o u s l y , 

dv = 4 . 1 0 ( k - l ) sec ( 5 . 1 6 ) 

g i v i n g a maximum v a l u e o f 1.41 f o r k. The c r u s t a l 

v e l o c i t i e s f o r t h e upper and l o w e r l a y e r s w o u l d t h e n be 4.3 

and 4.9 km/sec i n t h e i m m e d i a t e v i c i n i t y o f t h e G r e g o r y 

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

T h i s c o n t r a d i c t s t h e r e s u l t s o f s e i s m i c e x p e r i m e n t s 
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w h i c h have been c a r r i e d o u t w i t h i n and near t h e r i f t . To 

t h e n o r t h o f t h e DKSP r i f t v a l l e y s t a t i o n s , G r i f f i t h s e t a l 

( 1971) showed t h a t c r u s t a l s e i s m i c v e l o c i t i e s a l o n g t h e a x i s 

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

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

i s t h a t 6.4 km/sec m a t e r i a l o v e r l i e s 7.5 km/sec m a t e r i a l , 

t h e i n t e r f a c e b e i n g a t a b o u t 20 km d e p t h . G r e a t c o n f i d e n c e 

c a n n o t be p l a c e d on t h i s i n t e r p r e t a t i o n s i n c e each v e l o c i t y 

was o b s e r v e d o n l y i n one d i r e c t i o n . N e v e r t h e l e s s , t h e 

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

h i g h e r , r a t h e r t h a n l o w e r , t h a n n o r m a l a r e p r e s e n t . 

S t u d i e s o f l o c a l e a r t h q u a k e r e c o r d i n g s made 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 , j u s t t o t h e west o f t h e G r e g o r y r i f t 

( M a g u i r e and Long, 1 9 7 6 ) , and i n t h e So.uthern G r e g o r y r i f t 

a t n e t w o r k s o f i n d e p e n d e n t s t a t i o n s (Rykounov e t a l , 1972) , 

i n d i c a t e n o r m a l upper and l o w e r c r u s t a l v e l o c i t i e s , t h a t i s 

5.8 km/ sec m a t e r i a l o v e r l y i n g 6,4 km/sec m a t e r i a l . 

V e l o c i t i e s as l o w as 5.0 km/sec t h r o u g h o u t t h e 

t h i c k n e s s o f t h e c r u s t a r e v e r y u n l i k e l y . There i s no 

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

c r u s t a l r o c k s a r e a b n o r m a l e i t h e r i n c o m p o s i t i o n o r i n t h e i r 

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

r i f t a x i s . 

I f l a t e r a l v a r i a t i o n s were r e s t r i c t e d t o a p a r t i c u l a r 

f r a c t i o n o f t h e c r u s t ' s t h i c k n e s s , t h e v e l o c i t y d e c r e a s e 

w o u l d have t o be even l a r g e r . V e r y l o w s e i s m i c v e l o c i t i e s 

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

s i g n i f i c a n t l y t o t h e d e l a y t i m e s o f some s t a t i o n s . However, 

S t a t i o n s 24, 25, 26, 27, 28, 29 and 30 a r e a l l e i t h e r 

s i t u a t e d on basement o u t c r o p s , o r on t h e r e d - b r o w n s o i l 

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

( P a r k i n s o n , 1945; B a k e r , 1954; S e a r l e , 1954; W a l s h , 1 9 6 3 ) , 

and so t h e s i g n i f i c a n t d e l a y s ( u p t o 0.512 sec) , f o r t h e s e 

s t a t i o n s a t l e a s t , c a n n o t be due t o l o w v e l o c i t y s u p e r f i c i a l 

d e p o s i t s . Even w i t h i n t h e t r o u g h o f t h e r i f t v a l l e y , 

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

l o w e r t h a n 3 km/sec, and t h e t o t a l t h i c k n e s s i s p r o b a b l y 

o n l y 2 km ( B a k e r e t a l , 1 9 7 1 ) , w h i c h w o u l d g i v e a maximum 

v e r t i c a l d e l a y t i m e o f 0.42 s e c , o n l y one t h i r d o f t h a t 

t y p i c a l o f t h e a r e a . 

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

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

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

w i t h i n t h e v o l c a n i c o v e r b u r d e n may n o t be i n s i g n i f i c a n t . 

5.3.2 V e l o c i t y A n o m a l i e s wi t h i n t h e Uppe r M a n t l e 

I n t h e p r e c e d i n g s u b s e c t i o n i t has been shown t h a t t h e 

measured s t a t i o n d e l a y s a r e t o o l a r g e t o be a c c o u n t e d f o r by 

c r u s t a l v a r i a t i o n s a l o n e , and t h a t o t h e r e v i d e n c e makas 

t h e s e h y p o t h e s e s u n t e n a b l e 0 The m a j o r p o r t i o n o f t h e s e 

d e l a y s must t h e r e f o r e be due t o t h e e x i s t e n c e o f m a t e r i a l 

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

wave v e l o c i t y The v e l o c i t y a n o m a l i e s may o c c u r anywhere 
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w i t h i n t h e upper m a n t l e , t h a t i s above a b o u t 400 km d e p t h . 

A l l o w i n g 350 km t h i c k n e s s f o r t h e assumed anoma l o u s 

m a t e r i a l , t h e v e l o c i t y need o n l y be l o w e r e d t o 7.8 km/sec i n 

o r d e r t o a c c o u n t f o r a 1.68 sec d e l a y . 

B e n e a t h s h i e l d r e g i o n s , s t u d i e s have g e n e r a l l y 

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

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

400 km d e p t h (Gumper and Pomeroy, 1970; Brune and Dorman, 

1 9 6 3 ) . S t u d i e s i n o t h e r a r e a s have d e m o n s t r a t e d beyond 

r e a s o n a b l e d o u b t t h a t l o w v e l o c i t y zones e x i s t i n t h e upper 

m a n t l e ( G u t e n b e r g , 1959; T o k s o z , C h i n n e r y and 

A n d e r s o n , 1967) , and t h a t s u c h l o w v e l o c i t y l a y e r s c a n v a r y 

l a t e r a l l y i n i n t e n s i t y q u i t e r a p i d l y (Lehmann , 1964) . 

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

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

t i m e d a t a a l o n e . However, B r o o k s (1962) has used a method 

due t o G u t e n b e r g t o e s t i m a t e s e i s m i c v e l o c i t i e s a t t h e f o c i 

o f i n t e r m e d i a t e and deep e a r t h q u a k e s i n t h e 

New Guinea-Solomon I s l a n d s r e g i o n and t h u s o b t a i n d i r e c t 

m easurements o f upper m a n t l e P-wave v e l o c i t i e s f o r t h a t 

a r e a . These i n d i c a t e a sub-Moho v e l o c i t y o f 7.9 km/sec 

d e c r e a s i n g t o a minimum o f 7.5 km/sec a t 115 km d e p t h . The 

l a r g e d e l a y t i m e s o b s e r v e d i n I c e l a n d have been l i n k e d 

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

upper m a n t l e b e n e a t h t h e r e g i o n . ( T r y g g v a s e n , 1964; Long 

and M i t c h e l l , 1 9 7 0 ) . V e l o c i t i e s as l o w as 7.4 km/sec 

t h r o u g h o u t a d e p t h r a n g e b e t w e e n 160 km and 240 km have been 
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s u g g e s t e d . These i n t e r p r e t a t i o n s assume t h a t v e l o c i t i e s do 

n o t d e c r e a s e b e n e a t h t h e 7.4 km/sec sub-Moho v e l o c i t y 

d e t e c t e d by Bath (1960) b u t , as Long and M i t c h e l l ( 1 9 7 0 ) 

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

r e l a t i v e l y c o o l t o p o f a r a t h e r t h i n n e r l a y e r w i t h 

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

C o n s i d e r a b l e l a t e r a l v a r i a t i o n s i n upper m a n t l e s e i s m i c 

v e l o c i t i e s o c c u r , and may r e a d i l y be i n v o k e d t o e x p l a i n t h e 

d e l a y t i m e s d e r i v e d i n t h i s s t u d y . 

5.4 I n t e r p r e t a t i o n o f t h e F l a n k p r o f i l e 

F i g u r e 5.3 shows t h e DKSP s t a t i o n s l o c a t e d on a 

Bouguer Anomaly map ( S w a i n and Khan, 1978) o f t h e a r e a . 

Most o f t h e s t a t i o n s l i e c l o s e t o t h e s t r a i g h t l i n e AB, 

drawn on t h i s map, w h i c h p a s s e s t h r o u g h S t a t i o n s 22 and 3 f l . 

Between S t a t i o n s 21 and 30, t h i s l i n e i n t e r s e c t s t h e Bougu^r 

anomaly c o n t o u r s a t r i g h t a n g l e s . I t a l s o c u t s t h e 

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

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

anomalous s t r u c t u r e s . We t h e r e f o r e t a k e t h i s l i n e as 

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

a t S t a t i o n s 2 1 , 22, 23, 24, 25, 26, 27, 28, 29 and 33. 

These f o r m t h e f l a n k g r o u p . The o t h e r s t a t i o n s a r e t o o 

c l o s e t o o r w i t h i n t h e G r e g o r y r i f t , where s t r i k e s o f t h e 

main t o p o g r a p h i c f e a t u r e s and Bouguer a n o m a l y c o n t o u r s c r o s s 

a t a c u t e a n g l e s , o r ( S t a t i o n s 31 and 50) a r e s i t u a t e d t o o 

f a r f r o m t h e p r o f i l e t o be r e p r e s e n t a t i v e . 
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FIGURE 5.3 

BOUGUER ANOMALY MAP OF THE GREGORY RIFT 

AND SOUTH-EAST FLANK OF THE KENYA DOME 

(Swain and Khan, 1978) 
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D i s t a n c e s a l o n g t h e p r o f i l e a r e measured f r o m S t a t i o n 

22, and g i v e n i n T a b l e 5.2. The p o s i t i v e v a l u e s i n d i c a t e 

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

p l o t t e d as a f u n c t i o n o f p r o f i l e d i s t a n c e i n F i g u r e 5.4. 

The v e r t i c a l d e l a y s p l o t t e d i n F i g u r e 5.4 have been 

j o i n e d w i t h a smooth s o l i d c u r v e , w h i c h i s composed o f two 

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

v e r t i c a l d e l a y t i m e f r o m a v a l u e o f 0.156 s e c , a t 

S t a t i o n 30, t o 1.102 sec a t S t a t i o n 2 1 , t h e i n c r e a s e 

becoming d i s t i n c t l y more r a p i d n e a r e r t h e r i f t . 

S u p erimposed on t h i s i s a "hump" between S t a t i o n s 24 and 29, 

w h i c h has a maximum a m p l i t u d e o f a b o u t 0.32 s e c . T h i s hump 

seems t o be a s s o c i a t e d w i t h Mt. K i l i m a n j a r o , as i t peaks a t 

t h e p o i n t on t h e p r o f i l e n e a r e s t t o t h e v o l c a n o . T h i s 

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

a t S t a t i o n 3 1 , w h i c h i s s t i l l c l o s e r t o t h e v o l c a n o . 

We must now c o n s i d e r t h e p o s s i b l e v e l o c i t y s t r u c t u r e s 

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

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

d e l a y t i m e , t h a t t h e r e i s an i n f i n i t y o f p o s s i b l e 

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

e n t i r e l y as a v a r i a b l e t h i c k n e s s o f anomalous m a t e r i a l w i t h 

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

w i t h i n a u n i f o r m l y t h i c k l a y e r . M o r e o v e r , w i t h i n t h e l i m i t s 

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

i n f i n i t e l y v a r i a b l e . O t h e r c o n s i d e r a t i o n s must be used t o 

choose b e t w e e n p o s s i b l e m o d e l s . 
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L e t us f i r s t c o n s i d e r m o d e l s w i t h a nomalous r e g i o n s o f 

u n i f o r m v e l o c i t y , V 1. The anomalous zone c o n s i s t s o f a 

l a y e r o f v a r i a b l e t h i c k n e s s , Z, d e t e r m i n e d by t h e e q u a t i o n 

Z = d v ( l / V - 1/Vm)" 1 ( 5 . 1 7 ) 

where d v i s t h e measured v e r t i c a l d e l a y t i m e and V m t h e 

n o r m a l upper m a n t l e v e l o c i t y . F i g u r e 5.5 i l l u s t r a t e s 

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

f o r s e v e r a l v a l u e s o f V 1. Assuming a v a l u e o f 7.5 km/sec 

f o r V 1, f o u r p o s s i b l e m o d e l s have been drawn i n F i g u r e 5.6. 

These m o d e l s d i f f e r i n t h e r e l a t i v e f l a t n e s s o f t h e t o p 

and b o t t o m s u r f a c e s . Model A can be r e j e c t e d i m m e d i a t e l y 

f o r s e v e r a l r e a s o n s . F i r s t l y , i f t h e t o p s u r f a c e were f l a t , 

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

S e c o n d l y , as w i l l be a r g u e d i n t h e n e x t s e c t i o n , t h e r e i s 

good r e a s o n t o b e l i e v e t h a t t h e r e g i o n o f anomalous upper 

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

a x i s o f t h e r i f t , w h i l e away f r o m t h e Kenya dome i t must 

merge w i t h t h e a s t h e n o s p h e r e a t a d e p t h o f 90 km o r more. 

T h i r d l y , i f , as seems l i k e l y , t h e anoma l o u s m a t e r i a l i s 

fo r m e d by a t h e r m a l p e r t u r b a t i o n o f t h e u n s t a b l e 

a s t h e n o s p h e r e - 1 i t h o s p h e r e b o u n d a r y , t h e d i s t u r b a n c e w o u l d 

t e n d t o d e v e l o p upwards r a t h e r t h a n d o w n w a r d s , s i n c e t h i s i s 

t h e d i r e c t i o n i n w h i c h h o t t e r , l i g h t e r and l e s s v i s c o u s , 

f u s e d m a t e r i a l w o u l d m i g r a t e ( G a s s , 1 9 7 2 ) . 

The t h i r d c o n s i d e r a t i o n f a v o u r s model C o v e r B, 

a l t h o u g h an a b s o l u t e l y f l a t h o r i z o n t a l b o t t o m i n t e r f a c e i s 

a l s o i m p r o b a b l e . Of t h e s e f o u r m o d e l s , D p r o b a b l y 
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FIGURE 5.5 

GRAPH OF ANOMALOUS MANTLE MATERIAL THICKNESS 

AGAINST DISTANCE ALONG FLANK PROFILE 
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FIGURE 5.6 

UPPER MANTLE MODELS FOR THE FLANK PROFILE 
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r e p r e s e n t s t h e c l o s e s t a p p r o a c h t o t h e r e a l v e l o c i t y 

s t r u c t u r e a l o n g t h e f l a n k p r o f i l e . 

However, none o f t h e s e u n i f o r m v e l o c i t y m o d e l s 

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

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

soon be smoothed o u t by t h e r m a l c o n d u c t i o n and m i g r a t i o n o f 

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

i n t h e f i r s t p l a c e , and we s h o u l d t h e r e f o r e seek m o d e l s w i t h 

s m o o t h l y v a r y i n g upper m a n t l e v e l o c i t i e s . 

Model E, i l l u s t r a t e d i n F i g u r e 5.7, i s a v a r i a t i o n on 

m o d e l , D e m p l o y i n g s m o o t h l y v a r y i n g v e l o c i t i e s . T h i s model 

has been c a l c u l a t e d assuming t h a t t h e u p p e r m a n t l e v e l o c i t y 

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

V ' ( z ) = V m / i C \ ( Z 4 Z D ) 

( 5 . 1 8 ) 
V ( z) = V m 

^ 1 + ( Z - Z Q ) 

I1 ~ C \ ( z > z 0 ) \ l + ( z - z o ) ^ / b 2 ^ 

T h i s f u n c t i o n g i v e s a minimum v e l o c i t y a t a d e p t h z 0 

w h i c h i n c r e a s e s s m o o t h l y , t o r e a c h t h e n o r m a l upper m a n t l e 

v e l o c i t y , V m, a s y m p t o t i c a l l y . The v e l o c i t y p r o f i l e has 

c h a r a c t e r i s t i c h a l f w i d t h s , bj_ and b 2 , above and b e l o w z Q 

r e s p e c t i v e l y . 

The d e l a y t i m e , d v , due t o such a v e l o c i t y p r o f i l e can 

be c a l c u l a t e d by m o d i f y i n g E q u a t i o n 5.9 t o i n c o r p o r a t e 

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

d v = f 0 ( 1 / V ( z ) - 1 / V ( z ) ) d z ( 5 . 1 9 ) 
J oO 

whence i t can be shown by s u b s t i t u t i o n and i n t e g r a t i o n 

t h a t f o r t h e p r o f i l e d e f i n e d by E q u a t i o n 5.18 
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FIGURE 5.7 

FLANK MODEL EMPLOYING SMOOTH VARIATIONS I N VELOCITY 
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d v = C ( b i + b 2 ) / V m ( 5 . 2 0 ) 

The s m a l l c o r r e c t i o n w h i c h s h o u l d be made, be c a u s e o f 

f i n i t e i n t e g r a t i o n l i m i t s i n r e a l i t y , i s i g n o r e d . 

We may choose t o v a r y any o r a l l o f b l r b 2 , and C w i t h 

d i s t a n c e t o f i t t h e measured v a l u e s o f d v . i n a d d i t i o n , z Q 

may be v a r i e d a r b i t r a r i l y , p r o v i d i n g i t i s n o t t o o s m a l l . 

For model E, h o w e v e r , z 0 , b ] _ , and b 2 a r e f i x e d a t 100 km, 

30 km and 10 km r e s p e c t i v e l y , and o n l y C v a r i e s w i t h 

d i s t a n c e . E q u a t i o n 5.20 i s t h e n used t o f i n d C as a 

f u n c t i o n o f d i s t a n c e , and E q u a t i o n 5.18 used t o r e c o n s t r u c t 

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

Model E does n o t s u f f e r f r o m t h e u n r e a l i s t i c a s s u m p t i o n 

t h a t s h a r p b o u n d a r i e s e x i s t . However, i t has been 

c o n s t r u c t e d i n a v e r y a r b i t r a r y manner, w i t h ease o f 

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

t h e f o r m o f t h e f u n c t i o n . T h ere i s no r e a s o n t o suppose 

t h a t t h i s model i s a c l o s e r a p p r o x i m a t i o n t o r e a l i t y t h a n , 

s a y , m o d e l s C o r D. S i n c e t h e a m b i g u i t i e s i n h e r e n t i n d e l a y 

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

p o i n t i n p u r s u i n g o v e r - e l a b o r a t e m o d e l s . p r o v i d i n g we b e a r 

i n mind t h e l i m i t a t i o n s o f s i m p l i f y i n g a s s u m p t i o n s , s i m p l e 

m o d e l s such as C s u f f i c e t o i l l u s t r a t e t h e m a i n f e a t u r e s o f 

t h e s u b s u r f a c e v e l o c i t y s t r u c t u r e . 

H e n c e f o r t h , m o d e l l i n g w i l l t h e r e f o r e make t h e f o l l o w i n g 

s i m p l i f y i n g a s s u m p t i o n s . F i r s t l y , r e g i o n s o f anomalous 

m a t e r i a l w i l l have a u n i f o r m v e l o c i t y , and s e c o n d l y t h e 

b o t t o m s u r f a c e o f such r e g i o n s w i l l be p l a n a r and 
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ho r i z o n t a l . 

5.5 I n t e r p r e t a t i o n o f t h e Ri f t S t a t i o n Del ays 

The r i f t v a l l e y s t a t i o n s , numbered 08-19, do n o t f a l l 

on a u s e f u l p r o f i l i n g l i n e i n t h e same way t h a t t h e s t a t i o n s 

o f t h e f l a n k g r o u p d o . N e v e r t h e l e s s we can o b s e r v e t h e 

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

c o n s t r u c t i n g a p s e u d o - p r o f i 1 e . 

F i g u r e 5.8 shows t h e l o c a t i o n s o f t h e r i f t v a l l e y 

s t a t i o n s on a Bouguer a n o m a l y map ( S w a i n and Khan, 1 9 7 8 ) . 

I n t h e n o r t h e r n h a l f , t h e m a j o r a x i s o f symmetry i s t h e l i n e 

CD, w h i c h f o l l o w s t h e r i d g e o f t h e p o s i t i v e a x i a l anomaly 

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

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

p r o m i n e n t s u r f a c e f e a t u r e s i s p a r a l l e l t o i t . Thus, 

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

d i s t a n c e a l o n g t h e p s e u d o - p r o f i 1 e . 

A s i m i l a r l i n e , EF, has been t e n t a t i v e l y d r a w n a l o n g 

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

T h i s l i n e has been drawn a l o n g a l o c a l Bouguer a n o m a l y 

r i d g e , b u t may n o t r e p r e s e n t t h e t r u e r i f t c e n t r e as i t i s 

somewhat c l o s e r t o t h e w e s t e r n e s c a r p m e n t t h a n t h e e a s t e r n . 

Using t h e n e a r e r o f t h e two l i n e s , t h e d i s t a n c e o f each 

r i f t s t a t i o n f r o m t h e assumed a x i s has been m e a s u r e d , 

n e g a t i v e d i s t a n c e s i m p l y i n g l o c a t i o n s t o t h e w e s t . These 

d i s t a n c e s a r e g i v e n i n T a b l e 5.2, and t h e d e r i v e d v e r t i c a l 

d e l a y t i m e pse ud o-pr o f i 1 e p l o t t e d i n F i g u r e 5.9. 
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FIGURE 

BOUGUER ANOMALY MAP OF THE CENTRAL PORTION 

OF THE GREGORY RIFT 

(Swain and Khan, 1978) 
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FIGURE 5.9 

DELAY TIME VARIATIONS ACROSS THE GREGORY RIFT 
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The mean v a l u e o f t h e d e l a y t i m e s f o r t h e n o r t h e r n r i f t 

s t a t i o n s ( f i l l e d c i r c l e s ) i s 1.38 s e c , b u t w i t h a r a n g e o f 

a b o u t 0.6 s e c . T h i s a v e r a g e v a l u e i s h i g h e r t h a n f o r any o f 

t h e f l a n k s t a t i o n s and i n d i c a t e s t h a t t h e m a j o r t r e n d 

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

i n t h e v i c i n i t y o f t h e r i f t . 

S u p e r i m p o s e d on t h i s o v e r a l l peak i s a d i s t i n c t t r o u g h , 

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

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

F i g u r e 5.9. 

The s c a t t e r o f t h e p o i n t s a b o u t t h e smooth c u r v e i s 

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

p r o b a b l y o c c u r a l o n g t h e s t r i k e o f t h e r i f t as w e l l as 

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

c o v e r a g e , a t r u l y r e p r e s e n t a t i v e p r o f i l e c a n n o t be d r a w n . 

N e v e r t h e l e s s , t h e minimum i n d e l a y t i m e w h i c h o c c u r s a l o n g 

t h e a x i s i s a r e a l f e a t u r e , and can be seen c l e a r l y i n t h e 

p a t t e r n o f d e l a y s f o r m e d by t h e s i x S t a t i o n s 08, 10, 14, 1 1 , 

12 and 13 w h i c h l i e c l o s e t o an e a s t - w e s t l i n e t r a v e r s i n g 

t h e r i f t . 

As w i l l be d e m o n s t r a t e d i n S e c t i o n 5.7, t h e r e i s a 

s t r o n g n e g a t i v e c o r r e l a t i o n between Bouguer a n o m a l y v a l u e s 

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

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

s e c t i o n o f t h e r i f t , i t f o l l o w s t h a t t h e a x i a l minimum i n 

d e l a y t i m e s p r o b a b l y a l s o f o l l o w s t h e same l i n e . 

S u p p o s i n g f o r t h e moment, t h a t m a t e r i a l w i t h a nomalous 
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v e l o c i t i e s i s c o n f i n e d t o t h e upper m a n t l e , we may use a 

f l a t b o t t o m e d u n i f o r m d e n s i t y model such as t h a t d e p i c t e d i n 

F i g u r e 5.10 t o i n v e s t i g a t e t h e shape o f t h e upper s u r f a c e . 

T h i s model i n c o r p o r a t e s a t r o u g h i n t h e upper s u r f a c e 

c o r r e s p o n d i n g t o t h e a x i a l minimum i n d e l a y t i m e . 

The d i f f e r e n c e i n d e l a y t i m e b e t w e e n S t a t i o n s 11 and 14 

i s 0.47 s e c , and t h e h o r i z o n t a l d i s t a n c e between them 

17.8 km, g i v i n g an a v e r a g e d e l a y t i m e g r a d i e n t o f 

26.4 msec/km. T h i s i s c o n s i d e r a b l y l a r g e r t h a n t h e maximum 

g r a d i e n t o f 9.9 msec/km f o r t h e f l a n k g r o u p , a v e r a g e d 

between S t a t i o n s 22 and 2 1 , and i m p l i e s c o r r e s p o n d i n g l y 

s t e e p e r d i p s . 

Using t h e s e v a l u e s , t h e " v a l l e y " d e p t h and mean d i p i n 

t h e upper anomalous zone i n t e r f a c e b e t w e e n S t a t i o n s 11 and 

14 have been c a l c u l a t e d f o r s e v e r a l v a l u e s o f anomalous 

v e l o c i t y . These a r e g i v e n i n T a b l e 5.3. 

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

s t e e p s i d e s f o r t h e p o s t u l a t e d a x i a l v a l l e y , even f o r l a r g e 

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

w h i c h w o u l d g i v e r i s e t o such a c o m p l i c a t e d s t r u c t u r e , and 

t h e r e a r e two o t h e r r e a s o n s f o r r e j e c t i n g i t as a m o d e l . 

F i r s t l y , t h e s t e e p g r a d i e n t s i n t h e Bouguer a n o m a l y i m p l y 

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

a nomaly ( S e a r l e , 1 9 7 0 ) . S i n c e t h e Bouguer anomaly and t h e 

v e r t i c a l d e l a y s a r e h i g h l y c o r r e l a t e d (see S e c t i o n 5 . 7 ) , a 

common cause w i t h i n t h e c r u s t must be assumed. S e c o n d l y , 

t h e b u l k o f v o l c a n i c a c t i v i t y w o u l d be e x p e c t e d t o o c c u r 
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FIGURE 5.10 

HYPOTHETICAL SEISMIC MODEL FOR THE GREGORY RIFT 
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TABLE 5.3 

DEPTH DIFFERENCES AND MEAN DIPS ON CONJECTURED 

UPPER INTERFACE OF THE ANOMALOUS MANTLE ZONE 

BETWEEN STATIONS 11 AND 14 

ANOMALOUS 
ZONE 

VELOCITY 

DEPTH 
DIFFERENCE 

(km) 

MEAN 
DIP 

(deg r e e s ) 

7 . 8 99 80 

7 . 5 48 69 

7.0 24 54 

6.5 15 41 

6.0 11 31 
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o v e r t h e two r i d g e c r e s t s , and n o t i n b e t w e e n . S e a r l e and 

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

t h e a x i s . 

Thus t h e a x i a l v e r t i c a l d e l a y t i m e d i p i s a l m o s t 

c e r t a i n l y due t o l a t e r a l v a r i a t i o n s a t d e p t h s s h a l l o w e r t h a n 

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

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

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

v e l o c i t y m a t e r i a l w i t h i n t h e c r u s t . L e t us f i r s t e x a mine 

t h e f o r m e r p o s s i b i l i t y . 

Suppose t h a t t h e v o l c a n i c o v e r b u r d e n has a u n i f o r m 

v e l o c i t y , V 1 , and o v e r l i e s n o r m a l upper c r u s t a l m a t e r i a l 

w i t h a p-wave v e l o c i t y o f 5.8 km/sec. We may e a s i l y 

c a l c u l a t e t h e d i f f e r e n c e i n t h i c k n e s s b e n e a t h any two 

s t a t i o n s . T a k i n g t h e case o f S t a t i o n s 11 and 14, and 

assuming t h a t V' i s 3.0 km/sec, t h i s d i f f e r e n c e i s 2.9 km. 

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

t h e v o l c a n i c p i l e w i t h i n t h e r i f t ( 2 . 0 km. Baker e t a l , 

1971) , v a r i a t i o n s i n t h e t h i c k n e s s c a n n o t a c c o u n t f o r t h e 

w h ole o f t h e o b s e r v e d a x i a l d e l a y t i m e d i p a l t h o u g h , as 

n o t e d b e f o r e , t h e y may n o t be i n s i g n i f i c a n t . 

Thus t h e d e l a y t i m e m easurements d e r i v e d and p r e s e n t e d 

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

i n t r u s i o n a l o n g t h e a x i s o f t h e r i f t , as d e t e c t e d by 

G r i f f i t h s e t a l ( 1971) f u r t h e r n o r t h . The e x i s t e n c e o f a 

h i g h d e n s i t y i n t r u s i o n a l o n g t h e a x i s has been i n f e r r e d f r o m 

g r a v i t y d a t a ( S e a r l e , 1970; Khan and M a n s f i e l d , 1 9 7 1 ; Baker 



180 

and Wohlenbe rg , 1 9 7 1 ) . That the h i g h d e n s i t i e s and h i g h 

v e l o c i t i e s are due to the e x i s t e n c e o f a s i n g l e r e g i o n o f 

anomalous m a t e r i a l i s c l e a r f rom the s u p e r p o s i t i o n o f t he 

d e l a y t i m e d i p and the a x i a l Bouguer anomaly . 

The c r u s t a l i n t r u s i o n i s , p r e s u m a b l y , connec ted w i t h 

the anomalous zone w i t h i n the upper m a n t l e f rom which i t 

would have been d e r i v e d . Thus i f the whole anomalous zone , 

bo th w i t h i n the c r u s t and upper m a n t l e , has a u n i f o r m P-wave 

v e l o c i t y V 1 , t h i s v e l o c i t y w i l l have to l i e between those 

wh ich are normal f o r the c r u s t and upper m a n t l e . 

F i g u r e 5 . 1 1 shows model F, based on V '= 7 .5 km/sec , t h e 

v e l o c i t y o b t a i n e d by G r i f f i t h s e t a l f o r the t o p o f the 

c r u s t a l i n t r u s i o n . 

For a u n i f o r m v e l o c i t y model such as t h i s , the l a r g e s t 

d e l a y t i m e o c c u r s where the upper s u r f a c e o f the anomalous 

zone i n t e r s e c t s the normal Mono, p r o b a b l y near or under 

S t a t i o n 14 on the wes t e rn s i d e . The i n t r u s i o n p r o b a b l y 

comes c l o s e s t to the s u r f a c e under S t a t i o n s 11 and 12, and 

assuming a v e r t i c a l l o w e r c r u s t a l v e l o c i t y o f 6.4 km/sec 

would p e n e t r a t e the c r u s t by 24 km. Assuming a normal 

c r u s t a l t h i c k n e s s o f 44 km (Magui re and Long , 1 9 7 6 ) , t he 

i n t r u s i o n would then reach to 20 km d e p t h . T h i s g i v e s good 

g e n e r a l agreement w i t h the s e i s m i c model o f G r i f f i t h s e t a l 

(1971) , excep t t h a t the G r i f f i t h s model i n c l u d e s h i g h e r than 

normal v e l o c i t i e s w i t h i n the upper c r u s t a l s o . Other 

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

v a l u e s f o r the minimum dep th to which i t r i s e s . 
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I t i s v e r y d i f f i c u l t to g i v e a r e l i a b l e e s t i m a t e o f t he 

w i d t h o f the i n t r u s i o n f r o m the sparse d a t a a v a i l a b l e . The 

wes te rn i n t e r f a c e a t the base o f the c r u s t i s d e f i n e d by t h e 

d e l a y t i m e peak a t S t a t i o n 14, b u t the c o r r e s p o n d i n g peak t o 

the eas t i s n o t r e p r e s e n t e d by a measurement . The d o t t e d 

c u r v e drawn on the pse udo-pr o f i 1 e ( f i g u r e 5 .9 ) assumes 

symmetry about the p o s i t i o n o f S t a t i o n 17, and i n c l u d e s t he 

sha rp peaks which would be observed f o r model F. On the 

b a s i s o f t h i s assumed symmetry , t he i n t r u s i o n i s some 30 km 

wide a t the base o f the normal c r u s t . 

So f a r , t h e measurements o f v e r t i c a l d e l a y t i m e f o r 

S t a t i o n s 18 and 19 have been i g n o r e d . These s t a t i o n s l i e t o 

the s o u t h e a s t o f the main r i f t g r o u p , where the l i n e o f the 

a x i a l Bouguer p o s i t i v e i s i l l - d e f i n e d . As p l o t t e d i n 

F i g u r e 5 . 9 , b o t h s t a t i o n s have l ower d e l a y s than t h e i r 

p o s i t i o n s would s u g g e s t . 

Th i s m i g h t be due to the e x i s t e n c e o f an o f f s h o o t o f 

the main a x i a l i n t r u s i o n , as p o s s i b l y i n d i c a t e d by t h e 

Bouguer h i g h a long the l i n e marked GH on the g r a v i t y map 

( F i g ure 5 . 8 ) . 

W i l l i a m s (1978) has s p e c u l a t e d t h a t the s e m i - c i r c u l a r 

embayment i n the K i k u y u escarpment a t K i j a b e r e p r e s e n t s t he 

remains o f a huge c a l d e r a , some 35 km i n d i a m e t e r . The 

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

Ngorongoro c r a t e r , and would have an area o f about 

3,800 km2. T h i s i s about t w e l v e t i m e s the area o f o t h e r 

c a l d e r a s i n the r i f t , wh ich are a s s o c i a t e d w i t h the main 
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t r e n d o f the a x i a l i n t r u s i o n , and sugges t s the e x i s t e n c e o f 

a c o r r e s p o n d i n g l y l a r g e r magma chamber b e n e a t h . I f t h i s i s 

the c a s e , t hen t h i s o f f s h o o t may r e p r e s e n t the n e a r e s t 

approach o f the i n t r u s i o n to the s u r f a c e . S t a t i o n 19 i s 

s i t u a t e d on the edge o f the embayment, and has a l ower d e l a y 

t i m e than those s i t u a t e d on the main a x i s o f the i n t r u s i o n , 

p o s s i b l y due to i t s p r o x i m i t y t o t h i s p a r t o f the i n t r u s i o n . 

Th i s i s o n l y sugges ted t e n t a t i v e l y , b u t a d d i t i o n a l s u p p o r t 

f o r the e x i s t e n c e o f t h i s nearby o f f s h o o t i s g i v e n by the 

e x i s t e n c e o f the c e n t r a l vo l canoes Longonot and K i j a b e . 

An a l t e r n a t i v e h y p o t h e s i s f o r the low d e l a y t i m e a t 

S t a t i o n 19 i s t h a t i t s s i t u a t i o n , on a s t e p o f the K i k u y u 

e sca rpmen t , b r i n g s i t much neare r the basement than i t would 

o t h e r w i s e be , due t o the a r rangement o f f a u l t i n g . 

F i g u r e 5.12 i l l u s t r a t e s the g e o m e t r y , and shows how the 

t h i c k n e s s o f the v o l c a n i c p i l e may be e f f e c t i v e l y l e s s e n e d . 

Th i s would reduce the d e l a y t i m e r e l a t i v e to s t a t i o n s b o t h 

above ( S t a t i o n 21) and be low ( S t a t i o n 18) the e sca rpmen t , as 

obse rved . 

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

o v e r b u r d e n canno t be g r e a t e r than the h e i g h t d i f f e r e n c e 

between S t a t i o n 19 and the t o p o f the e s ca rpmen t , w h i c h i s 

565 m. T h e r e f o r e , t he maximum decrease i n d e l a y t i m e f r o m 

t h i s c ause , assuming a 3.0 km/sec v e l o c i t y f o r the 

v o l c a n i c s , i s o n l y 0 .091 sec . Th i s i s i n s u f f i c i e n t to 

account f o r the observed d e l a y t i m e d i f f e r e n c e o f 0.353 sec 

between S t a t i o n s 19 and 21 , or the 0 .278 sec d i f f e r e n c e 
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FIGURE 5.12 
THE ARRANGEMENT OF FAULTING UNDER STATION 19 
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between S t a t i o n s 19 and 18. 

5.6 A Combined I n t e r p r e t a t i o n 

Having i n v e s t i g a t e d the p o s s i b l e causes o f the measured 

s t a t i o n d e l a y s , and d e r i v e d models f o r the two main a reas 

covered by the DKSP n e t w o r k , an a t t e m p t must now be made t o 

combine these t o g i v e a comple te p i c t u r e o f the l i k e l y 

v e l o c i t y s t r u c t u r e . 

To t h i s e n d , model G, d e p i c t e d i n F i g u r e 5.13 has been 

d e v i s e d . The model assumes a u n i f o r m v e l o c i t y o f 7.5 km/sec 

f o r the anomalous zone , and a 44 km t h i c k normal c r u s t w i t h 

a s e i smic v e l o c i t y o f 6.4 km/sec i n t he lower h a l f . The 

i n t r u s i o n i s assumed n o t to p e n e t r a t e the upper h a l f o f t he 

c r u s t . The b o t t o m s u r f a c e o f the anomalous zone i s assumed 

to be f l a t . 

Model G r e p r e s e n t s the p r o b a b l e v e l o c i t y s t r u c t u r e 

a long a p r o f i l e r u n n i n g w e s t - e a s t , c r o s s i n g the r i f t a t 

about l a t i t u d e 0 . 2 5 ° S . The upper s u r f a c e i n t he r e g i o n o f 

the r i f t i s t a k e n f r o m model F and e x t r a p o l a t e d eas tward 

us ing the f l a n k model C. 

The dep th to the base o f the anomalous r e g i o n i s 

e s t i m a t e d f r o m the measured d e l a y a t S t a t i o n 14, assuming a 

u n i f o r m v e l o c i t y o f 8 . 1 km/sec f o r the normal upper m a n t l e . 

T h i s g i v e s a d e p t h o f 170 km. 

I n model G, t he hump appa ren t on model C has been 

r e t a i n e d . The a s s o c i a t i o n o f M t . Kenya w i t h such a hump, as 

f o r Mt . K i l i m a n j a r o , m i g h t be expec ted as t h e r e i s a 
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d i s t i n c t Bouguer anomaly l o w a s s o c i a t e d w i t h t h i s v o l c a n o . 

Banks and O t t e y (1974) have i n f e r r e d the e x i s t e n c e o f 

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

a p p r o x i m a t e l y 100 km, e x t e n d i n g f rom the r i f t t o t he 

p o s i t i o n o f t h i s p o s t u l a t e d hump. P o s s i b l y t h e r e e x i s t s a 

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

c o n n e c t i n g M t . K i l i m a n j a r o and M t . Kenya, and l y i n g about 

100 km to the eas t o f the Gregory r i f t . T h i s would accoun t 

f o r the e x i s t e n c e o f these v o l c a n o e s . 

The p r o f i l e has been e x t r a p o l a t e d f o r a s h o r t d i s t a n c e 

t o the sou thwes t ( d o t t e d c u r v e ) , assuming symmetry abou t t he 

r i f t a x i s . The fo rm o f the upper s u r f a c e i s v e r y s i m i l a r t o 

t h a t i n f e r r e d to the n o r t h e a s t o f the dome f rom s t u d i e s o f 

t e l e s e i s m i c s lowness anomal i e s a t the Kap taga t s t a t i o n 

( F o r t h , 1975; Long and Backhouse, 1976) 

T h i s combined i n t e r p r e t a t i o n agrees r e m a r k a b l y w e l l 

w i t h the main f e a t u r e s o f the numerous g r a v i t y 

i n t e r p r e t a t i o n s f o r the r e g i o n . 

5. 7 C o r r e l a t i o n o_f S t a t i o n Del ay w i t h Heig h t and Gray i t y 

A t t e n t i o n has a l r e a d y been drav/n to the o b s e r v a t i o n 

t h a t as s t a t i o n h e i g h t i n c r e a s e s , s t a t i o n d e l a y s tend to 

i n c r e a s e and Bouguer anomaly v a l u e s tend to d e c r e a s e . T h i s 

i s to be expec ted over an area o f l a t e r a l l y v a r y i n g upper 

m a n t l e t e m p e r a t u r e . The h o t t e r the upper m a n t l e m a t e r i a l , 

t he lower w i l l be the s e i s m i c v e l o c i t y and d e n s i t y , 

d e c r e a s i n g d e n s i t y g i v i n g r i s e to h i g h e r e l e v a t i o n s i n o r d e r 
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t o m a i n t a i n i s o s t a t i c e q u i l i b r i u m . 

The c o r r e l a t i o n between v e r t i c a l d e l a y and h e i g h t i s 

c l e a r l y i n d i c a t e d i n the fo rm o f the s c a t t e r - g r a p h 

i l l u s t r a t e d i n F i g u r e 5 . 1 4 . The c o r r e l a t i o n c o e f f i c i e n t i s 

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

t i m e on h e i g h t , i s 0.52 s e c / k m . 

Of g r e a t e r i n t e r e s t i s the c o r r e l a t i o n between v e r t i c a l 

d e l a y t i m e and Bouguer anomaly . F i g u r e 5.15 shows the 

sea t t e r - g ra ph drawn between those two v a r i a b l e s . The sample 

c o r r e l a t i o n c o e f f i c i e n t i n c l u d i n g a l l s t a t i o n s , i s - 0 . 8 7 6 , 

w i t h a s i n g l e l i n e a r r e g r e s s i o n l i n e g r a d i e n t , d e l a y on 

g r a v i t y , o f - 6 . 6 s e c / g a l . 

A c l o s e r i n s p e c t i o n o f the s c a t t e r - g r a p h shows t h a t the 

r i f t and f l a n k s t a t i o n s seem to l i e on s t r a i g h t l i n e s w i t h 

d i f f e r e n t g r a d i e n t s , or p o s s i b l y on a c u r v e . T h i s i s borne 

o u t when the two g roups are t r e a t e d s e p a r a t e l y . For the 

r i f t g r o u p , the c o r r e l a t i o n c o e f f i c i e n t i s - 0 . 8 8 , and the 

r e g r e s s i o n l i n e g r a d i e n t - 1 0 . 6 s e c / g a l . For the f l a n k 

g r o u p , the c o r r e l a t i o n c o e f f i c i e n t i s reduced somewhat to 

- 0 . 6 2 , because o f the s c a t t e r on S t a t i o n s 50 and 3 1 . The 

r e g r e s s i o n l i n e g r a d i e n t i s - 3 . 7 s e c / g a l . ( I f S t a t i o n s 50 

and 31 are removed, the c o r r e l a t i o n c o e f f i c i e n t i s - 0 . 9 1 , 

and the g r a d i e n t - 5 . 0 s e c / g a l l . The g r a d i e n t s f o r the two 

s t r a i g h t l i n e s i n F i g u r e 5.15 are s t a t i s t i c a l l y s e p a r a t e a t 

the 95% c o n f i d e n c e l i m i t . 

These g r a d i e n t s may be compared w i t h a t h e o r e t i c a l l y 

d e r i v e d v a l u e . Suppose t h a t v e l o c i t y and d e n s i t y v a r i a t i o n s 
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FIGURE 5.14 

VARIATION IN DELAY TIME WITH TOPOGRAPHY 
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FIGURE 5.15 

VARIATION IN DELAY TIME WITH BOUGUER ANOMALY 
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are c o n f i n e d to and are u n i f o r m w i t h i n a c e r t a i n d e p t h 

r a n g e , o f t h i c k n e s s Z . Suppose now t h a t we move f r o m a 

r e g i o n where the v e l o c i t y and d e n s i t y a re V and p to one 

where t h e y are V+Sv and yO + Ŝ >. The d e l a y t i m e d i f f e r e n c e , 

St , w i l l t h en be g i v e n by the e q u a t i o n 

6 t = Z ( 1 / ( V + & V ) - 1 / V ) jsd - Z S V / V 2 ( 5 . 2 1 ) 

and the Bouguer anomaly d i f f e r e n c e , Sg , based on the s l a b 

f o r m u l a , i s g i v e n by 

Sq = 2TrkGZS^o ( 5 . 2 2 ) 

where G i s the u n i v e r s a l c o n s t a n t o f g r a v i t a t i o n and k i s a 

g e o m e t r i c f a c t o r , a p p r o x i m a t e l y equa l to one i f l a t e r a l 

v a r i a t i o n s are n o t r a p i d compared to the range o f dep ths 

over wh ich the v a r i a t i o n s o c c u r . 

Combining E q u a t i o n s 5 . 2 1 and 5 . 2 2 we have , i n t he 

l i m i t , 

d t = - 1 dV ( 5 . 2 3 ) 
dg 2trkGV2 d/° 

L a b o r a t o r y e x p e r i m e n t s a t p r e s s u r e s be low 10 kbar have 

shown t h a t f o r c r u s t a l r o c k s , and p r o b a b l y s u b c r u s t a l rocks 

as w e l l , t h a t t y p i c a l v a l u e s o f dv/dj> are about 

2 . 9 m ^ s e c - l k g - l ( B i r c h , 1 9 6 1 ) . Tak ing the v a l u e o f k as 

be ing u n i t y f o r the .noment, and t a k i n g a mean upper m a n t l e 

v e l o c i t y o f 7 . 8 km/sec , g i v e s a c o r r e s p o n d i n g t h e o r e t i c a l 

v a l u e f o r d t / d g o f - 1 . 1 s e c / g a l . 

Th i s t h e o r e t i c a l v a l u e i s lower than the measured 

v a l u e s by a f a c t o r o f 3.4 f o r the f l a n k s t a t i o n s , and a 

f a c t o r o f 9 . 7 f o r the r i f t s t a t i o n s . I t i s q u i t e p r o b a b l e 

t h a t h i g h e r v a l u e s o f dv/d^> p e r t a i n to the anomalous upper 
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m a n t l e , where t he e f f e c t s o f p a r t i a l m e l t i n g are l i k e l y t o 

be s i g n i f i c a n t ( B o t t , 1 9 6 5 ) . N e v e r t h e l e s s B i r c h ' s f i g u r e 

w i l l be adopted f o r the t i m e b e i n g , and an e x p l a n a t i o n 

sought i n t e rms o f l o w g e o m e t r i c f a c t o r s , k . For t he r i f t 

and f l a n k we s h a l l r e q u i r e k v a l u e s o f 0.10 and 0 .29 

r e s p e c t i v e l y . 

Simple c a l c u l a t i o n s show t h a t l o w g e o m e t r i c f a c t o r s are 

to be e x p e c t e d . Let us a p p r o x i m a t e t h e shape o f t he 

anomalous r e g i o n by a r i g h t cone w i t h a f l a t base , h a v i n g 

i t s apex a t the s u r f a c e . For a d e l a y measurement t aken a t 

the apex , t he f u l l dep th o f the cone i s t a k e n i n t o the 

c a l c u l a t i o n s . For 6 g r a v i t y measurement a t the same p o i n t , 

however , t he v a l u e w i l l be c o n s i d e r a b l y l e s s than t h a t g i v e n 

by the u n m o d i f i e d s l a b f o r m u l a . We may e a s i l y c a l c u l a t e t he 

f a c t o r by w h i c h i t i s l e s s , s i n c e each h o r i z o n t a l s e c t i o n 

w i t h i n the body sub tends the same s o l i d a n g l e , g , a t the 

measurement p o i n t , w h i c h i s l e s s t han 2TT s t e r a d i a n s . The 

g e o m e t r i c f a c t o r i n t h i s case i s c l e a r l y g i v e n by t h e 

equat i o n 

k = 03/2-rr ( 5 . 24 ) 

The s o l i d a n g l e , u), i s e a s i l y c a l c u l a t e d f rom the h a l f 

a n g l e , 0, a t the c o n e ' s apex by the e q u a t i o n 

u = 2 (1-Cose) ( 5 . 2 5 ) 

whence 

k = 1-Cose ( 5 . 2 6 ) 

A r e a s o n a b l e v a l u e f o r 9, t a k e n f r o m model G, i s 3 0 ° , 

wh ich g i v e s a v a l u e o f 0.13 f o r k . T h i s i s i n good 
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agreement w i t h the v a l u e o f 0.10 needed to r e s o l v e t he 

d i s c r e p a n c y between t h e o r y and measurement f o r the r i f t 

s t a t i o n s . 

Over the f l a n k , the e s t i m a t i o n o f the v a l u e o f k i s 

s l i g h t l y more cumbersome, a l t h o u g h r e l y i n g on the same 

p r i n c i p l e s . D i v i d i n g model G i n t o a number o f h o r i z o n t a l 

l a y e r s o f equa l t h i c k n e s s , and assuming each o f these i s 

c i r c u l a r i n p l a n and c e n t r e d under the apex , we can 

a p p r o x i m a t e the shape o f the anomalous zone by a s e r i e s o f 

s t acked c y l i n d e r s . Each c y l i n d e r a p p r o x i m a t e s to a t h i n 

s h e e t . The s o l i d ang le subtended by each o f these shee t s a t 

the p o i n t o f measurement can be o b t a i n e d by r e f e r r i n g to a 

c h a r t g i v e n by D o b r i n (1974 , page 3 7 8 ) . The mean i s t aken 

o f the s o l i d ang le s f o r a l l the shee t s wh ich ex tend 

l a t e r a l l y as f a r as the p o i n t o f measurement . D i v i d i n g t h i s 

mean by 2TT s t e r a d i a n s tnen g i v e s the g e o m e t r i c f a c t o r . 

Geometr ic f a c t o r s c a l c u l a t e d i n t h i s way f o r v a r i o u s 

d i s t a n c e s f r o m 75 km to 250 km f rom the apex , range f rom 

0.40 to 0 . 5 3 . 

I t m i g h t be argued t h a t , i n the c a l c u l a t i o n s o f the 

g e o m e t r i c f a c t o r f o r a p a r t i c u l a r s u r f a c e p o i n t ove r the 

f l a n k , t h a t the e f f e c t o f those shee t s wh ich do n o t ex tend 

l a t e r a l l y as f a r as t h i s p o i n t s h o u l d a l s o be t a k e n i n t o 

a c c o u n t . Since these shee ts c o n t r i b u t e t o the Bouguer 

anomaly a t the p o i n t , bu t n o t the d e l a y t i m e , t he c o r r e c t 

method o f t a k i n g these i n t o accoun t i s to s u b t r a c t the t o t a l 

o f the s o l i d a n g l e s f o r these shee t s f r o m the t o t a l f o r the 
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shee ts which do ex tend l a t e r a l l y as f a r as the s u r f a c e 

p o i n t , b e f o r e d i v i d i n g by the number o f the l a t t e r i n 

f o r m i n g the mean. 

I t i s found t h a t the c o n t r i b u t i o n o f those shee t s wh ich 

do n o t ex tend beneath the s t a t i o n i s r a t h e r s m a l l , and the 

e f f e c t on t he c a l c u l a t e d g e o m e t r i c f a c t o r i s to reduce i t by 

about 10%. 

Using these g e o m e t r i c f a c t o r s o f 0.13 f o r the r i f t 

g r o u p and o f 0.45 f o r the f l a n k g r o u p g i v e s t h e o r e t i c a l 

d e l a y on g r a v i t y g r a d i e n t s o f - 8 . 5 s e c / g a l and - 2 . 4 s e c / g a l 

r e s p e c t i v e l y . C o n s i d e r i n g the a p p r o x i m a t e manner i n wh ich 

the g e o m e t r i c f a c t o r s were o b t a i n e d , and t h a t k was assumed 

to be c o n s t a n t i n d e r i v i n g Equa t i on 5 . 2 3 , these f i g u r e s 

agree r e m a r k a b l y w e l l w i t h t he measured v a l u e s o f 

- 1 0 . 6 s e c / g a l and - 3 . 7 s e c / g a l r e s p e c t i v e l y , be ing o n l y 

about 20% l o w . 

I n p r a c t i c e , these c a l c u l a t i o n s w i l l tend to 

u n d e r e s t i m a t e v a l u e s o f k , as the anomalous zone i s 

e l o n g a t e d , as i n d i c a t e d by the g r a v i t y and the Kap taga t 

r e s u l t s . A more a c c u r a t e d e t e r m i n a t i o n o f k v a l u e s , based 

on a sounder knowledge o f the 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 

would p r o b a b l y i n d i c a t e h i g h e r v a l u e s o f dv/d^o than B i r c h ' s 

f i g u r e . B o t t ' s (1965) i n t e r p r e t a t i o n o f the upper m a n t l e 

s t r u c t u r e beneath I c e l a n d sugges t s a dv/d^> v a l u e o f 

26 m 4 S e c - l k g - l , an o r d e r o f magn i tude g e a t e r than B i r c h ' s 

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

to e x p l a i n the h i g h dv /do v a l u e s . B o t t ' s f i g u r e i s l a r g e 
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enough ( r a t h e r too l a r g e f o r the f l a n k s t a t i o n s ) to a ccoun t 

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

Whether the h i g h d t / d g v a l u e s a re e x p l a i n e d by l o w 

g e o m e t r i c f a c t o r s , or by h i g h dv/d^> v a l u e s due t o p a r t i a l 

m e l t i n g , a source w i t h i n the upper .nan t l e i s n e c e s s a r y . 

5.8 D i s c u s s i o n o f the Assumpt ion o f Hor i z o n t a l L a y e r i n g 

The s i m p l i f y i n g assumpt ion used t h r o u g h o u t t h i s 

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

e x i s t s benea th each s a t a t i o n , i s now examined i n the l i g h t 

o f the models w h i c h have been p r o p o s e d . I t i s o b v i o u s f r o m 

these models t h a t the a s sumpt ion i s i n v a l i d , e s p e c i a l l y near 

the r i f t . 

Dips have two e f f e c t s on d e l a y t i m e c a l c u l a t i o n s , b o t h 

depending on the d i r e c t i o n o f the i m p i n g i n g r a y s . F i r s t l y , 

rays w i l l tend to pass t h r o u g h a g r e a t e r or l e s s e r t h i c k n e s s 

o f anomalous m a t e r i a l than i s p r e s e n t i m m e d i a t e l y benea th 

the s t a t i o n , depending on whether the even t b a c k - b e a r i n g 

p o i n t s up- or d o w n - d i p . The consequence o f t h i s on d e l a y 

t i m e i s o b v i o u s . Second ly , r e f r a c t i o n a t s l o p i n g i n t e r f a c e s 

w i l l ensure t h a t Equa t i on 5 . 3 , v i t a l to the c a l c u l a t i o n s 

used i n t h i s c h a p t e r , no l o n g e r h o l d s . The e f f e c t o f t h i s 

i s t o a l t e r the p o s i t i o n a t wh ich the r a y w h i c h a r r i v e s a t 

the s t a t i o n e n t e r s the anomalous zone , t h u s a f f e c t i n g the 

magni tude o f T i n Equa t ions 5.6 and 5 . 7 . 

The t r e a t m e n t o f s i t u a t i o n s o t h e r t han p lane h o r i z o n t a l 

l a y e r i n g g e n e r a l l y r e q u i r e s the use o f more c o m p l i c a t e d 
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t e c h n i q u e s , such as the i t e r a t i v e ray t r a c i n g d e s c r i b e d i n 

the n e x t c h a p t e r . I n g e n e r a l i t i s i m p o s s i b l e t o f o r m u l a t e 

an e x p r e s s i o n f o r d e l a y t i m e as a s i n g l e e q u a t i o n . I t i s 

f o r t h i s r e a s o n , p r i m a r i l y , t h a t t he h o r i z o n t a l l a y e r i n g 

assumpt ion was made a t the b e g i n n i n g or t h i s c h a p t e r . 

There i s one o t h e r s i t u a t i o n wn ich i s amenable t o 

r e a s o n a b l y s i m p l e a n a l y t i c a l t e c h n i q u e s . I t i s the case o f 

a wedge-shaped anomalous zone , o f u n i f o r m v e l o c i t y V ' , 

w i t h i n a r e g i o n o f u n i f o r m v e l o c i t y V. Even i n t h i s case we 

can o n l y t r e a t a n a l y t i c a l l y t he case where rays imp inge on 

the zone f r o m d i r e c t i o n s p e r p e n d i c u l a r t o the s t r i k e o f the 

wedge. F i g u r e 5.16 i l l u s t r a t e s the s i m p l e s t case o f t h i s 

t y p e , where the bo t tom s u r f a c e i s h o r i z o n t a l and the upper-

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

Th i s model v e r y c r u d e l y r e p r e s e n t s the v e l o c i t y 

s t r u c t u r e beneath the e a s t e r n f l a n k s t a t i o n s . A method o f 

c a l c u l a t i n g d e l a y s t h r o u g h such a wedge i s d e s c r i b e d here 

and the t e c h n i q u e used to o b t a i n an e s t i m a t e o f the l i k e l y 

e r r o r s i n t r o d u c e d . F i g u r e 5.16 i l l u s t r a t e s a c r u s t l e s s 

m o d e l , bu t t h i s i s o f l i t t l e consequence as the r ay 

d e v i a t i o n s produced by r e f r a c t i o n a t t he upper d i p p i n g 

i n t e r f a c e are n o t l a r g e , and the e f f e c t on r e l a t i v e c r u s t a l 

d e l a y t i m e s w i l l be i n s i g n i f i c a n t i n these a p p r o x i m a t e 

c a l c u l a t i o n s . 

R e f e r r i n g to F i g u r e 5.16 f o r the g e o m e t r y , we no te 

t h a t the ray w h i c h reaches the s t a t i o n t r a v e l s i n the p l ane 

o f the paper a long the pa th ABS. I n the absence o f 
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anomalous m a t e r i a l , t h i s r a y would take t h e pa th A S ' , 

emerging a h o r i z o n t a l d i s t a n c e x f a r t h e r f r o m the e p i c e n t r e . 

Thus the d e l a y t i m e , d , i s g i v e n by the e q u a t i o n 

d = fcAB + tBS ~ t A S ' +T ( 5 . 2 7 ) 

Where t A B , tBS a n d fcAS1 a r e t n e t r a v e l t i m e s a long the pa ths 

AB, BS and AS' r e s p e c t i v e l y , and i s the d i f f e r e n c e i n 

a r r i v a l t i m e s a t S and S' f o r the u n p e r t u r b e d r a y s . We have 

t A B = A B / V 

fcBS = B S / V 
( 5 . 2 8 ) 

t A S ' = A S ' / V 

r - x/v s 

Thus the problem reduces to one o f c a l c u l a t i n g these 

v a r i o u s d i s t a n c e s . Th i s i s a ccompl i shed by f i r s t 

c a l c u l a t i n g the a n g l e s yw, 6, E , jg and « . By S n e l l ' s l aw o f 

r e f r a c t i o n and the geomet ry o f the f i g u r e we have 

Sine = V ' S i n / V = V ' / V s ( 5 . 2 9 ) 

6 = 9 - G ( 5 . 3 0 ) 

S in = V S in / V ( 5 . 31) 

(X = 0 - p ( 5 . 32) 

The v a r i o u s d i s t a n c e s are then c a l c u l a t e d f rom s i m p l e 

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

BS = a S i n e / S i n (9+JX) ( 5 . 3 3 ) 

b = BS Seccx ( 5 . 34) 

f = BS Coseccx ( 5 . 3 5 ) 

c = z - b ( 5 . 3 6 ) 

e = c Tan€ ( 5 . 3 7 ) 

BA = c Sec€ ( 5 . 3 8 ) 
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x = d T a i y A . - e - f ( 5 . 3 9 ) 

AS' = d Secyu. ( 5 . 4 0 ) 

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

E q u a t i o n s 5.28 may be c a l c u l a t e d , o b t a i n i n g V s f r o m t r a v e l 

t i m e t a b l e s . 

These c a l c u l a t i o n s f a i l under t h r e e d i s t i n c t 

c i r c u m s t a n c e s . F i r s t l y , i f the s t a t i o n r e s t s on anomalous 

m a t e r i a l , t h a t i s A i s to the l e f t o f C i n F i g u r e 5 . 1 6 , t h e 

r a y which a r r i v e s a t the s t a t i o n no l o n g e r undergoes 

r e f r a c t i o n a t the upper i n t e r f a c e . The f o r m u l a e d e r i v e d i n 

S e c t i o n 5 .2 are then r e l e v a n t . 

Second ly , the a n g l e j*. may be n e g a t i v e , and o f 

s u f f i c i e n t magn i tude t h a t t he r ay misses the anomalous zone 

e n t i r e l y . Under t h i s c i r c u m s t a n c e the d e l a y i s o b v i o u s l y 

z e r o . The range o f ja. f o r wh ich t h i s happens i s e a s i l y 

c a l c u l a t e d by c o n s i d e r i n g the a n g l e S'SD. I t i s easy t o 

show t h a t t h i s i s g i v e n by the Equa t i on 

Z_S'SD = C o t - l ( C o t e - a/d) ( 5 . 4 1 ) 

Thus the d e l a y t i m e w i l l be zero i f 

yiA. 4 - C o t - l ( C o t e - a /d) ( 5 . 4 2 ) 

T h i r d l y , t he ray may i m p i n g e on one or o t h e r o f t he 

i n t e r f a c e s a t an a n g l e g r e a t e r t han the c r i t i c a l a n g l e . I n 

the case where V' i s l e s s than V, r e l e v a n t t o t h i s s t u d y , 

t h i s can o n l y happen a t the upper i n t e r f a c e , and i s a p p a r e n t 

when one e v a l u a t e s V S i n t f / V ' i n Equa t i on 5 . 3 1 . I f t h i s 

q u a n t i t y has a magni tude g r e a t e r than o n e , t o t a l i n t e r n a l 

r e f l e c t i o n t ake s p l a c e , and rays canno t p e n e t r a t e t h r o u g h 
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the wedge. 

One f u r t h e r p o i n t i s w o r t h n o t i n g . I f v' i s l e s s t han 

V, rays pas s ing t h r o u g h the wedge are d e f l e c t e d u p - d i p , t h a t 

i s t o the l e f t i n F igu re 5 . 1 6 . Since the rays pa s s ing to 

the down d i p s i d e o f the edge o f the wedge, t h a t i s to the 

r i g h t o f D i n F i g u r e 5 . 1 6 , a re u n a f f e c t e d , i t i s 

i m m e d i a t e l y a p p a r e n t t h a t t h e r e w i l l be a r e g i o n a t t h e 

s u r f a c e where no rays are r e c e i v e d . Thus the edge 

r ep re sen t ed by p o i n t D c a s t s a shadow. By t h e same 

r e a s o n i n g , f o r a p o i n t on the s u r f a c e , t h e r e w i l l be a 

c e r t a i n range o f f o r wh ich a s p e c i f i e d phase w i l l n o t be 

seen . 

I n any r e a l i s t i c s i t u a t i o n such sha rp edges c o u l d n o t 

e x i s t , and s h a r p l y d e f i n e d shadow zones would n o t be 

d e t e c t e d . Even i f sha rp edges d i d e x i s t , d i f f r a c t i o n would 

tend to " f i l l i n " the shadow zones . N e v e r t h e l e s s i t i s 

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

ano the r due to the f o c u s s i n g e f f e c t o f d i f f e r e n t i a l 

r e f r a c t i o n w i t h i n a l a t e r a l l y v a r y i n g anomalous zone such as 

i s proposed . 

The p rocedure d e s c r i b e d above has been used to 

c a l c u l a t e d e l a y t i m e s f o r two such wedge shaped m o d e l s , 

i n t e n d e d to r e p r e s e n t the i n f e r r e d s t r u c t u r e a t two p o i n t s 

on the f l a n k o f model G. A t h i r d se t o f d e l a y t i m e s has 

a l s o been c a l c u l a t e d , r e p r e s e n t i n g the s t r u c t u r e a t t he 

maximum o f the e a s t e r n b u l g e . Here t he t o p s u r f a c e i s 

h o r i z o n t a l and p l a n a r , and E q u a t i o n 5 .8 was u sed . 
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The pa rame te r s f o r these models a re as f o l l o w s : -

Model A B C 
Dip o f Top I n t e r f a c e (Degrees) 63 45 0 
Depth beneath S t a t i o n (km) 20 58 115 
Anomalous V e l o c i t y , V' (km/sec) 7 . 5 7 .5 7 . 5 
Normal V e l o c i t y V (km/sec) 8 . 1 8 . 1 8 . 1 
Depth to bo t tom i n t e r f a c e (km) 170 170 170 

Models A, B, and C c o r r e s p o n d a p p r o x i m a t e l y t o the 

s t r u c t u r e s under S t a t i o n s 2 1 , 23 and 26 r e s p e c t i v e l y (see 

F i g u r e 5 . 4 ) . Graphs o f d e l a y t i m e a g a i n s t ang l e o f 

i n c i d e n c e are i l l u s t r a t e d i n F i g u r e 5 . 1 7 . 

A l t h o u g h i n each case the cu rved upper i n t e r f a c e has 

been r e p l a c e d by a p l a n a r d i p p i n g i n t e r f a c e , and 

c o n s e q u e n t l y these g raphs do n o t a c c u r a t e l y r e p r e s e n t the 

a c t u a l v a r i a t i o n i n d e l a y t h a t i s t o be e x p e c t e d , t h e 

g e n e r a l f e a t u r e s o f the b e h a v i o u r a re a p p a r e n t . 

F i r s t l y , t he e f f e c t o f d i p i s t o a l t e r d r a m a t i c a l l y t h e 

way i n wh ich d e l a y t ime v a r i e s w i t h a n g l e o f i n c i d e n c e . 

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

i n c i d e n c e , u n t i l the shadow zone i s r e a c h e d . For t he 

c o r r e s p o n d i n g h o r i z o n t a l l y l a y e r e d model the d e l a y t i m e 

would i n c r e a s e . S e c o n d l y , t h e range o f v a r i a t i o n s i s much 

i n c r e a s e d . Over the expec ted range o f a n g l e s o f i n c i d e n c e , 

f r o m about - 3 0 ° to + 3 0 ° f o r the e p i c e n t r a l d i s t a n c e s used i n 

t h i s s t u d y , t he t o t a l v a r i a t i o n i n r e l a t i v e d e l a y t i m e s can 

be as l a r g e as 1.8 sec . A l t h o u g h more r e a l i s t i c models 

would p r o b a b l y g i v e s m a l l e r v a r i a t i o n s , the e f f e c t i s 

c e r t a i n t o be c o n s i d e r a b l y i n excess o f t he expec ted 

e x p e r i m e n t a l e r r o r s i n measurement , as e s t i m a t e d i n 

Chapter 4 . 
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F I G U R E 5 . 1 7 

D E L A Y T I M E A G A I N S T ANGLE OF I N C I D E N T RAY 
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Thus the concep t s t h a t each p o i n t has a un ique 

t e l e s e i s m i c d e l a y a s s o c i a t e d w i t h i t , and t h a t r e l a t i v e 

d e l a y s are independen t o f the e v e n t s used to measure them 

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

N e v e r t h e l e s s , t he methods used i n c h a p t e r 4 and i n t h i s 

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

and i n t e r p r e t i n g the d e l a y t i m e measurements , and the models 

d e r i v e d are a l m o s t c e r t a i n l y c o r r e c t i n t h e i r main f e a t u r e s . 

I n the n e x t c h a p t e r a method o f i n t e r p r e t a t i o n i s 

d e s c r i b e d which a v o i d s the main a s sumpt ion made i n t h i s 

c h a p t e r . 
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CHAPTER 6 

THREE-DIMENSIONAL RAY TRACING MODELLING 

6 . 1 I n t r o d uc t i o n 

I n t h i s c h a p t e r the concep t t h a t each s t a t i o n has a 

unique d e l a y t i m e a s s o c i a t e d w i t h i t i s d i s c a r d e d , a l ong 

w i t h the a s sumpt ion t h a t h o r i z o n t a l s t r a t i f i c a t i o n e x i s t s 

beneath each s t a t i o n . R e l a x i n g these s i m p l i f y i n g 

a s s u m p t i o n s , made i n the p r e v i o u s c h a p t e r , a l l o w s 

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

when raw d e l a y t i m e s a re combined to fo rm s t a t i o n d e l a y s , t o 

be i n c l uded . 

A new i n t e r p r e t a t i o n method i s f o r m u l a t e d , wh ich i s 

des igned to make f u l l use o f the f a c t t h a t r ays w h i c h a r r i v e 

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

the lower m a n t l e w i t h a wide range o f b a c k - b e a r i n g s and 

angles o f i n c i d e n c e , and thus sample d i f f e r e n t p a r t s o f the 

anomalous zone w i t h d i f f e r i n g d i p s and t h i c k n e s s e s . The 

models used , and the t e c h n i q u e s f o r t e s t i n g them, w i l l be 

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

The advantages t o be expec ted f r o m the use o f 

t h r e e - d i m e n s i o n a l models a re s e v e r a l . F i r s t l y , as i s c l e a r 

f rom the l i m i t e d n o r t h - s o u t h e x t e n t o f the Kenya dome, 

Gregory r i f t , and t h e i r a s s o c i a t e d g r a v i t y a n o m a l i e s , and 

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

s t r u c t u r e i s n o t e a s i l y r e p r e s e n t e d by t w o - d i m e n s i o n a l 
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m o d e l s . The t h r e e d i m e n s i o n a l approach i s more r e a l i s t i c . 

Second ly , f u l l use can be made o f a l l the d a t a , i n c l u d i n g 

measurements o f S t a t i o n s 18, 19, 3 1 , and 50 w h i c h were n o t 

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

Chapter 5. T h i r d l y , s i n c e the t e c h n i q u e w i l l f u l l y t a k e 

i n t o account the d i r e c t i o n s o f the i m p i n g i n g r a y s , b i a s due 

to the preponderance o f e v e n t s f r o m c e r t a i n r e g i o n s o f the 

e a r t h w i l l be reduced to a min imum. f o u r t h l y , by t a k i n g 

i n t o account the d i r e c t i o n a l i n f o r m a t i o n , some c o n t r o l on 

dep th and s e i smic v e l o c i t i e s may be a c h e i v e d . 

C e r t a i n d i s a d v a n t a g e s are a l s o to be e x p e c t e d . 

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 a re more d i f f i c u l t t o v i s u a l i s e 

and r e p r e s e n t , b o t h as d i ag rams on paper and n u m e r i c a l l y f o r 

c o m p u t a t i o n s . The f o r w a r d problem o f c a l c u l a t i n g 

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

s t r u c t u r e i s n o t g e n e r a l l y amenable t o a n a l y t i c a l 

t e c h n i q u e s , and some fo rm o f r a y t r a c i n g must be used . I f 

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

a t a s p e c i f i e d p o i n t must be found by i t e r a t i o n . S ince the 

f o r w a r d problem i s no l o n g e r amenable to a n a l y t i c a l me thods , 

the i n v e r s e problem o f f i n d i n g s u i t a b l e models i s 

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

v e r y many models w i l l have to be c a l c u l a t e d , and compared 

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

optimum c h o i c e can be made. The use o f a h i g h speed d i g i t a l 

computer i s t h e r e f o r e e s s e n t i a l , and l a r g e demands f o r 

c e n t r a l p r o c e s s i n g u n i t (CPU) t i m e a re to be e x p e c t e d . I n 
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v i e w o f the p o t e n t i a l l y l a r g e number o f c o m p u t a t i o n s 

i n v o l v e d , models must be r e l a t i v e l y s i m p l e , and 

c h a r a c t e r i s e d by as few p a r a m e t e r s as p o s s i b l e . S imple 

models run the r i s k o f n o t be ing a b l e t o c o n f o r m 

s u f f i c i e n t l y a c c u r a t e l y to the r e a l s t r u c t u r e . On the o t h e r 

hand , the use o f t oo many pa ramete r s can l e a d to 

i n s t a b i l i t y . However, c a r e f u l c h o i c e o f the f o r m o f the 

models s h o u l d reduce these r i s k s . 

6 .2 Cho i c e o f Model Types 

I n choos ing between model t y p e s , ca re must be t a k e n i n 

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

be r e p r e s e n t e d f o r c o m p u t a t i o n a l p u r p o s e s . There a re 

s e v e r a l c r i t e r i a t o be c o n s i d e r e d . 

f i r s t l y , t he models shou ld embody the main f e a t u r e s o f 

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

Chapter 5 . Second ly , the models s h o u l d be s u f f i c i e n t l y 

f l e x i b l e t o c o n f o r m a c c u r a t e l y t o r e a l i s t i c s t r u c t u r e s . 

T h i r d l y , computer s t o r a g e r e q u i r e m e n t s f o r the v e l o c i t y 

s t r u c t u r e must n o t be e x c e s s i v e . F o u r t h l y , the models 

shou ld be amenable to r a p i d r a y - t r a c i n g p rocedu re s t h r o u g h 

them. E ' i f t h l y , t he number o f pa ramete r s c h a r a c t e r i s i n g the 

models shou ld be s m a l l , so t h a t the b e h a v i o u r o f the models 

may be e x p l o r e d r a p i d l y . F i n a l l y , r o u n d i n g and o t h e r e r r o r s 

i n the r a y - t r a c i n g c a l c u l a t i o n s s h o u l d n o t become e x c e s s i v e . 

I n c o n s i d e r a t i o n o f the above c r i t e r i a i t was d e c i d e d 

to employ models wh ich d i v i d e the t h r e e - d i m e n s i o n a l space 
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i n t o a s m a l l number o f r e g i o n s , each w i t h a u n i f o r m 

v e l o c i t y . W i t h i n each r e g i o n o f such a m o d e l , r a y s f o l l o w 

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

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

pe r fo rmed a r e l a t i v e l y few t i m e s f o r each r a y . 

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

p o i n t m i g h t have been a l l o w e d . Such s t r u c t u r e s m i g h t be 

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

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

i n t e r m e d i a t e v a l u e s , or by some form o f a n a l y t i c a l f u n c t i o n . 

However, e x c e p t i n g c e r t a i n s p e c i a l cases f o r example 

l i n e a r l y i n c r e a s i n g v e l o c i t y i n a c o n s t a n t d i r e c t i o n , r a y 

t r a c i n g would be f r o m p o i n t to nea rby p o i n t a l ong the r a y 

p a t h . The s t e p p i n g i n t e r v a l would have t o be s m a l l to 

r e p r e s e n t a c c u r a t e l y t he cu rved ray p a t h , enormous ly 

i n c r e a s i n g the number o f c a l c u l a t i o n s and hence the 

demandfor CPU t i m e . 

Far f rom the r i f t zone , normal h o r i z o n t a l l a y e r i n g may 

be e x p e c t e d , and t h i s f o r m s the b a s i s o f the assumed 

" u n p e r t u r b e d " s t r u c t u r e . A two l a y e r e d c r u s t i s assumed, 

w i t h P-wave v e l o c i t i e s o f 5.8 and 6 .5 km/sec i n the upper 

and lower l a y e r s r e s p e c t i v e l y . The i n t e r m e d i a t e and 

M o h o r o v i c i c d i s c o n t i n u i t i e s a re assumed t o be a t 20 km and 

44 km depth r e s p e c t i v e l y . Th i s c r u s t a l s t r u c t u r e i s based 

on those d e r i v e d f rom s t u d i e s c a r r i e d o u t away f r o m the 

immedia te v i c i n i t y o f the Gregory r i f t ( M a g u i r e and Long , 

1976; Rykounov e t a l , 1972; B o n j e r Fuchs , 1 9 7 0 ) . At dep th s 
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below 44 km the model i s based on the AFRIC P-wave model o f 

Gumper and Pomeroy ( 1 9 7 0 ) , s l i g h t l y m o d i f i e d so t h a t o n l y 

one i n t e r f a c e i s p r e s e n t , p l aced a t 120 km d e p t h . Above and 

be low t h i s d e p t h , P-wave v e l o c i t i e s o f 8 . 1 and 8 .2 km/sec 

r e s p e c t i v e l y a re assumed. 

The u n p e r t u r b e d model i s i l l u s t r a t e d g r a p h i c a l l y i n 

F i g u r e 6 . 1 . The P-wave v e l o c i t y model o f ^ H e r r i n e t a l 

(1968) and the AFRIC model o f Gumper and Pomeroy (1970) are 

a l s o shown f o r c o m p a r i s o n . To r e p r e s e n t the anomalous 

m a t e r i a l , a r e g i o n o f u n i f o r m v e l o c i t y , V, i s embedded 

w i t h i n the u n p e r t u r b e d s t r u c t u r e . I t i s the shape and d e p t h 

o f t h i s r e g i o n , and the magn i tude o f V, t h a t a re t o be 

de te rm ined . 

I n o r d e r to s i m p l i f y o f the c a l c u l a t i o n s , and i n 

accordance w i t h the d i s c u s s i o n o f S e c t i o n 5 . 4 , a h o r i z o n t a l 

l ower i n t e r f a c e , a t d e p t h z Q , i s assumed. Thus , t he o n l y 

d i p p i n g i n t e r f a c e i s the upper boundary o f the anomalous 

zone which i s d e s c i b e d by an a n a l y t i c a l f u n c t i o n o f the fo rm 

z = f ( x , y ) ( 6 . 1 ) 

where x and y a re c o o r d i n a t e s o f h o r i z o n t a l p o s i t i o n on a 

C a r t e s i a n sy s t em, chosen so t h a t the p o s i t i v e y - a x i s p o i n t s 

n o r t h w a r d s on a l o c a l m e r i d i a n , and z i s the d e p t h , p o s i t i v e 

downwards , t o the i n t e r f a c e . I n choos ing a s u i t a b l e f o r m 

f o r f ( x , y ) the f o l l o w i n g c r i t e r i a must be f u l f i l l e d : 

a) f ( x , y ) must have a t l e a s t one minimum to r e p r e s e n t the 

t h i c k e n i n g o f the anomalous zone under the r i f t , and 

p r e f e r a b l y more to a l l o w f o r s u b s i d i a r y t h i c k e n i n g s , 
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f o r example t h a t p r e s e n t to the s o u t h e a s t o f the main 

c u l m i n a t i o n (see F i g u r e 5 . 6 ) . H e n c e f o r t h , each such 

t h i c k e n i n g w i l l be r e f e r r e d to as a ' h u m p ' . 

b) f ( x , y ) must be a c o n t i n u o u s f u n c t i o n , so t h a t d e l a y 

t i m e s v a r y as s m o o t h l y as p o s s i b l e w i t h p o s i t i o n . 

c) f ( x , y ) must be a n a l y t i c a l l y d i f f e r e n t i a b l e , so t h a t 

e x p r e s s i o n s f o r c a l c u l a t i n g the d i p and s t r i k e (o r 

e q u i v a l e n t l y , the d i r e c t i o n o f the normal to the 

s u r f a c e ) may be formed e a s i l y . 

d) f ( x , y ) must approach z Q a s y m p t o t i c a l l y f a r f r o m the 

c e n t r e s o f the humps so t h a t s h a r p c o r n e r s o f the k i n d 

p r e s e n t a t the edge o f the wedge shaped models o f 

S e c t i o n 5 .8 are n o t p r e s e n t t o c a s t shadows. 

A f u n c t i o n w h i c h f u l f i l s a l l o f these r e q u i r e m e n t s i s g i v e n 

by t he e q u a t i o n 

2 = z o - f „ Cj ( 6 . 2 ) 

4 - l + A i ( x - X i ) 2 + B i ( y - Y i ) 2 + D i ( x - X i ) ( y - Y i ) 

Using t h i s f u n c t i o n the upper s u r f a c e i s , i n e f f e c t , 

the s u p e r p o s i t i o n o f n humps. The i t h hump i s c e n t e r e d on 

( X i , Y i ) and has a h e i g h t Ci , w h i l e A i , B i and Di c o n t r o l i t s 

l a t e r a l e x t e n t . Con tours o f equa l h e i g h t f o r the i t n hump 

are g i v e n by e q u a t i o n s o f the fo rm 

k i = A i ( x - X i ) 2 + B i ( y - Y i ) 2 + D i ( x - X i ) ( y - Y i ) ( 6 . 3 ) 

where k i i s a p o s i t i v e c o n s t a n t r e p r e s e n t i n g the c o n t o u r 

h e i g h t . E q u a t i o n 6 .3 i s the g e n e r a l e q u a t i o n o f an 

e l l i p s e , and we may speak o f the i n d i v i d u a l humps as be ing 

e l l i p t i c a l i n p l a n . When k i = l f t n e c o n t o u r r e p r e s e n t i n g 

h a l f the peak h e i g h t o f the hump i s r e p r e s e n t e d , and t h i s 
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w i l l have s e m i - m a j o r and semi -minor axes o f l e n g t h s L i and 

Mi r e s p e c t i v e l y , w i t h the m a j o r a x i s be ing r o t a t e d c l o c k w i s e 

t h r o u g h an a n g l e e i f rom the y - a x i s . We may r e f e r to L i and 

Mi as be ing the Y- and X - d i m e n s i o n s o f the i t n hump 

r e s p e c t i v e l y , and to 0 i , as i t s o r i e n t a t i o n ( eas tward f r o m 

n o r t h ) . L i , Mi and 9 i c h a r a c t e r i s e the hump f u l l y . I t i s 

easy t o show t h a t A i , B i and Di are r e l a t e d to L i , Mi and 0 i 

by the f o l l o w i n g e q u a t i o n s : 

A i = ( C o s e i / L i ) 2 + ( S i n 0 i / M i ) 2 

B i = ( S i n e i / M i ) 2 + ( C o s 0 i / L i ) 2 ( 6 . 4 ) 

Di = 2 Cos6i S i n 9 i ( 1 / L i 2 - 1 /Mi2) 

I n the f o l l o w i n g models humps w i l l be d e s c r i b e d by the 

c o r r e s p o n d i n g v a l u e s o f L i , Mi and 0 i , as these a re more 

e a s i l y a p p r e c i a t e d i n p h y s i c a l t e r m s . C a l c u l a t i o n s , 

however , a r e pe r fo rmed i n t e rms o f A i , Bi and Di , u s i n g 

E q u a t i o n 6 . 2 . 

E q u a t i o n 6 .2 g i v e s a s u r f a c e w i t h a g r e a t d e a l o f 

f l e x i b i l i t y . The m a j o r r e s t r i c t i o n i s i n the degree o f 

k u r t o s i s , or peakedness o f each hump, w h i c h i s f i x e d . Even 

t h i s can be a l t e r e d t o an e x t e n t by t he s u p e r p o s i t i o n o f two 

or more humps w i t h a common c e n t r e and o r i e n t a t i o n , b u t w i t h 

d i f f e r e n t d i m e n s i o n s . 

The g r e a t e r the number o f humps the g r e a t e r i s the 

f l e x i b i l i t y . However, f o r reasons s t a t e d a t the b e g i n n i n g 

o f t h i s s e c t i o n , i t i s d e s i r a b l e t o keep the number o f 

pa ramete r s and hence the number o f humps to a minimum, f o u r 

be ing c o n s i d e r e d enough to a d e q u a t e l y r e p r e s e n t the l i k e l y 
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s t r u c t u r e . The humps a r e d e s c r i b e d i n t h e f o l l o w i n g 

parag r a p h s . 

Hump No. 1. T h i s hump, t h e E t h i o p i a n hump, i s 

i n i t i a l l y p l a c e d a t a p p r o x i m a t e l y 8°N, 38°E, and i s i n t e n d e d 

t o r e p r e s e n t a m a j o r anomalous zone b e n e a t h t h e E t h i o p i a n 

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

zone i s p r o v i d e d by t h e l a r g e p o s i t i v e t r a v e l t i m e 

r e s i d u a l s , d e t e r m i n e d a t A d d i s Ababa, b o t h a b s o l u t e ( L i l w a l l 

and D o u g l a s , 1970; H e r r i n and T a g g a r t , 1968; C l e a r y and 

H a l e s , 1966) and r e l a t i v e t o o t h e r A f r i c a n s t a t i o n s 

( S u n d a r a l i n g a m , 1 9 7 1 ) . A l t h o u g h t h e i n f l u e n c e o f t h i s hump 

on d e l a y t i m e s a t t h e DKSP s t a t i o n s i s l i k e l y t o be s m a l l , 

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

s t u d i e s o f t e l e s e i s m i c P-wave a r r i v a l s a t S t a t i o n 50 have 

i n d i c a t e d a z i m u t h and s l o w n e s s a n o m a l i e s w h i c h have been 

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

anomalous zones u n d e r t h e Kenya and E t h i o p i a domes ( M i c e n k o , 

1 9 7 7 ) . The p o s t u l a t e d c o n n e c t i o n may be r e f l e c t e d i n t h e 

p a t t e r n o f d e l a y t i m e s f o r S t a t i o n 50. I t i s on c h i s 

t e n t a t i v e b a s i s t h a t t h e E t h i o p i a n hump i s i n c l u d e d . 

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

d i m e n s i o n s and o r i e n t a t i o n o f t h e E t h i o p i a n hump w i t h any 

d e g r e e o f c e r t a i n t y . C o n s e q u e n t l y i t was d e c i d e d t o make 

t h i s hump c i r c u l a r i n p l a n , f i x i n g D^=0 and B^=A^,. I t s 

l a t e r a l e x t e n t c a n t h e r e f o r e be c h a r a c t e r i s e d by o n l y one 

q u a n t i t y , i t s r a d i u s . 

Hump No. 2. T h i s hump, t h e Main hump, i s i n t e n d e d t o 
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r e p r e s e n t t h e m a j o r p a r t o f t h e anomal o u s zone u n d e r l y i n g 

t h e Kenya dome. The p o s i t i o n o f t h e peak o f t h i s hump i s 

e x p e c t e d a t t h e c u l m i n a t i o n o f t h e dome ( ~ 0 . 5 ° S , ~36°E ) . 

From t h e m o d e l s o f C h a p t e r 5, and t h e K a p t a g a t m o d e l s (Long 

and B a c k h o u s e , 1976) we w o u l d e x p e c t X- and Y - d i m e n s i o n s o f 

t h e o r d e r o f 200 km and 300 km r e s p e c t i v e l y . The m a j o r a x i s 

i s l i k e l y t o be a l i g n e d w i t h t h e peak o f t h e E t h i o p i a n hump, 

g i v i n g an o r i e n t a t i o n o f a b o u t 12°. 

Hump No. 3. T h i s hump, t h e C r u s t a l hump, w i l l 

r e p r e s e n t t h e much n a r r o w e r , e l o n g a t e d p a r t o f t h e anomalous 

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

T h i s hump i s s u p e r i m p o s e d on t h e m a i n hump and i t s peak may 

be e x p e c t e d somewhere a l o n g t h e l i n e CD o f F i g u r e 5.8, 

p r o b a b l y a t a b o u t 0.3°S, 36.2°E. The o r i e n t a t i o n o f t h i s 

hump w o u l d a l i g n i t s m a j o r d i m e n s i o n a l o n g t h i s l i n e , g i v i n g 

an o r i e n t a t i o n o f a b o u t - 2 0 ° . The X - d i m e n s i o n i s l i k e l y t o 

be a v e r y f e w t e n s o f k i l o m e t r e s and t h e Y - d i m e n s i o n a b o u t 

100 km. 

Hump No. 4. T h i s , t h e K i l i m a n j a r o hump, i s i n i t i a l l y 

c e n t e r e d on Mt. K i l i m a n j a r o (-"3.1°S, ^37.1°E) and i s 

e x p e c t e d t o have an o r i e n t a t i o n o f a b o u t 30°, c r o s s i n g t h e 

l i n e o f S t a t i o n s 21-30 and a c c o u n t i n g f o r t h e i n c r e a s e d 

d e l a y t i m e s a t S t a t i o n s 25, 26, and 27. 

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

b a s i s o f t h e r a y t r a c i n g m o d e l l i n g t o be d e s c r i b e d , has 24 

v a r i a b l e p a r a m e t e r s . There a r e s i x f o r t h e p o s i t i o n , 

h e i g h t , o r i e n t a t i o n , and d i m e n s i o n s o f e a c h o f humps 2, 3, 



214 

and 4, and f o u r f o r hump No. 1. The o t h e r two p a r a m e t e r s 

a r e z o > t h e d e p t h o f t h e l o w e r i n t e r f a c e and V, t h e P-wave 

v e l o c i t y w i t h i n t h e anomalous zone. Perhaps i t i s r a t h e r 

a m b i t i o u s t o a t t e m p t t o use m o d e l s w i t h so many p a r a m e t e r s , 

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

f l e x i b i l i t y r e q u i r e d by t h e m o d e l s o f C h a p t e r 5. 

6.3 Del ay Times f o r T h r e e - D i m e n s i o n a l M o d e l s 

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

d e l a y t i m e s t h r o u g h 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 as was 

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

h o r i z o n t a l l y s t r a t i f i e d s t r u c t u r e s ( S e c t i o n 5 . 2 ) . We 

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

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

t r a v e l s t h r o u g h t h e u n p e r t u r b e d s t r u c t u r e . ' We s u b t r a c t t h e 

l a t t e r t r a v e l t i m e f r o m t h e f o r m e r , and make a c o r r e c t i o n , 

T» f o r d i f f e r e n t p o i n t s a t w h i c h t h e two r a y s e n t e r t h e base 

o f t h e anomalous zone. 

F i g u r e 6.2 i l l u s t r a t e s a model w i t h t h e number o f 

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

u n p e r t u r b e d r a y OPAS i s r e f r a c t e d o n l y o n c e , a t A. The r e a l 

r a y f o l l o w s t h e p a t h O'P'U'A'S, u n d e r g o i n g two f u r t h e r 

r e f r a c t i o n s , a t P' on t h e l o w e r and U' on t h e upper 

i n t e r f a c e o f t h e ano m a l o u s zone. 

The t r a v e l t i m e , T, and t h e h o r i z o n t a l d i s t a n c e , X, f o r 

t h e u n p e r t u r b e d r a y a r e o b t a i n e d f r o m E q u a t i o n s 5.4 and 

5.5. When C*i i s s u b s t i t u t e d u s i n g E q u a t i o n 5.3, we have 



Z I S 

P1GURE 6.2 

DIAGRAM ILLUSTRATING THE CALCULATION OF DELAY TIMES 

FOR THREE-DIMENSIONAL MODELS 



216 

x = f_zi/((Vs/Vi)2-1)1/2 ( 6 . 5 ) 

T = $ . z i / ( V i ( l - ( V i / V S ) 2 ) 1 / 2 ) ( 6 . 6 ) 

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

t r a v e l t i m e t a b l e s , g i v e n t h e 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 . 

I t i s c o n v e n i e n t t o r e p r e s e n t t h e p o s i t i o n s o f p o i n t s 

such as t h o s e i n F i g u r e 6.2 by v e c t o r s r e f e r r e d t o t h e 

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

s e c t i o n . Ray and o t h e r d i r e c t i o n s may t h e n be r e p r e s e n t e d 

by o t h e r v e c t o r s o f u n i t l e n g t h , t h e components o f w h i c h 

w i l l be t h e d i r e c t i o n c o s i n e s . V e c t o r s r e p r e s e n t i n g t h e 

p o s i t i o n s o f p o i n t s w i l l be s y m b o l i s e d by t h e c o r r e s p o n d i n g 

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

w i l l be s y m b o l i s e d by upp e r case c h a r a c t e r s , a l s o u n d e r l i n e d 

and w i t h a c i r c u m f l e x . 

T h u s , t h e p o s i t i o n o f P w i l l be g i v e n by t h e v e c t o r _p 

where 

and i s t h e b a c k - b e a r i n g o f t h e e v e n t . 

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

made more c o m p l i c a t e d t h a n f o r t h e h o r i z o n t a l l y s t r a t i f i e d 

case by t h e r e f r a c t i o n a t U' on t h e u p p e r , d i p p i n g 

i n t e r f a c e . Here t h e r a y i s n o t o n l y b e n t v e r t i c a l l y , b u t , 

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

m o t i o n . Thus P' and U' w i l l g e n e r a l l y l i e o u t s i d e t h e p l a n e 

w h i c h c o n t a i n s t h e u n p e r t u r b e d r a y . Because o f t h e awkward 

r e f r a c t i o n a t U 1 t h e p o s i t i o n s o f P' and U', c a n n o t be 

P = s + X S i n XCos ( 6 . 7 ) 
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d e t e r m i n e d by a n a l y t i c a l t e c h n i q u e s and an i t e r a t i v e 

p r o c e d u r e must be u s e d . An i n i t i a l e s t i m a t e o f p ' , p Q ' = p, 

i s used as a s t a r t i n g p o i n t , and a r a y t r a c e d t h r o u g h t h e 

anomalous zone t o a c o r r e s p o n d i n g s u r f a c e p o i n t s Q • , u s i n g 

t h e t e c h n i q u e s d e s c r i b e d i n t h e s e c t i o n f o l l o w i n g . The 

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

anomalous zone a t P Q
1 may be assumed t o be p a r a l l e l t o OP 

(see S e c t i o n 6 . 5 ) . A t t h e same t i m e , t h e t r a v e l t i m e f o r 

t h i s r a y , T Q', may be c a l c u l a t e d . 

I n g e n e r a l , s 0 ' w i l l n o t c o i n c i d e w i t h s, and t h e r a y 

t r a c e d w i l l n o t be t h e r e q u i r e d one. A b e t t e r e s t i m a t e o f 

P* / E l ' , may be o b t a i n e d f r o m t h e p o s i t i o n e r r o r v e c t o r , 

s ' - s 0 ' , t h u s 

E i = Eo' + q(§ ~ §o') ( 6 - 8 > 

where q i s a f a c t o r c l o s e t o o n e . A new r a y i s t r a c e d f r o m 

£l' t o t h e c o r r e s p o n d i n g s u r f a c e p o i n t s ^ ' , t h e new t r a v e l 

t i m e c a l c u l a t e d and a new e r r o r v e c t o r s-s-^, f o r m e d . T h i s 

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

|s - s n | ^ 6 (6. 9 ) 

where € i s a p r e s c r i b e d e r r o r l i m i t , e q u a l t o 225 m i n t h i s 

s t u d y . The e r r o r i n d e l a y t i m e due t o t h i s t o l e r a n c e i s 

d i s c u s s e d i n S e c t i o n 6.5. 

D u r i n g i n i t i a l e x p e r i m e n t s w i t h t h i s t e c h n i q u e , a 

c o n s t a n t v a l u e o f one was used f o r q. ( F o r h o r i z o n t a l 

s t r a t i f i c a t i o n , t h e second i t e r a t i o n c l o s e s e x a c t l y w i t h 

t h i s v a l u e . ) However i t was i m m e d i a t e l y a p p a r e n t t h a t w i t h 

t h i s v a l u e , and f o r l i k e l y f o r m s o f a n o m a l o u s z o n e , t h e 
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p r o c e d u r e t e n d s t o o v e r - c o r r e c t . I t was f o u n d t h a t t h e 

a v e r a g e number o f i t e r a t i o n s needed t o c a l c u l a t e a s e t o f 

t h e o r e t i c a l d e l a y t i m e s c o u l d be r e d u c e d s u b s t a n t i a l l y b y 

l o w e r i n g t h e v a l u e o f q. A v a l u e o f 0.75 was f o u n d t o g i v e 

good r e s u l t s . Even w i t h t h e l o w e r e d v a l u e o f q , a few 

a r r i v a l s t o o k as many as 50 i t e r a t i o n s t o c o n v e r g e due t o 

u n s t a b l e o s c i l l a t i o n s o f j5* a b o u t s_, and some w o u l d n o t 

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

i t was d e c i d e d t o use a s m a l l e r v a l u e o f q f o r e a c h 

i t e r a t i o n . A f t e r a l i t t l e e x p e r i m e n t a t i o n , an i n i t i a l v a l u e 

o f 1 f o r q, d e c r e a s i n g w i t h e ach i t e r a t i o n by a f a c t o r o f 

0.9, was f o u n d t o g i v e s l i g h t l y b e t t e r r e s u l t s . The 

a v e r a g e number o f i t e r a t i o n s r e q u i r e d was v e r y s i m i l a r t o 

t h a t o b t a i n e d w i t h q = 0.75, and some o f t h e p r e v i o u s l y 

u n s t a b l e i t e r a t i o n s c o n v e r g e d . Not a l l t h e r a y s c o u l d be 

made t o c o n v e r g e , h o w e v e r . T h i s p r o b l e m i s d i s c u s s e d i n 

S e c t i o n 6.5. 

Assuminy t h a t t h e r e a l r a y has been t r a c e d 

s a t i s f a c t o r i l y , and T and T' c a l c u l a t e d , t h e r e o n l y r e m a i n s 

t h e c a l c u l a t i o n o f T, t h e t i m e c o r r e c t i o n f o r t h e d i f f e r i n g 

p o s i t i o n s o f p and p_* . I t i s c l e a r f r o m F i g u r e 6.2 t h a t p_* 

i s c l o s e r t o t h e e p i c e n t r e t h a n p_ by an amount D, where 

p) . ( S i n • (P Cos z 3 0) ( 6 . 1 0 ) 

whence 

r D/Vs ( 6 . 11) 

The t h e o r e t i c a l d e l a y t i m e , d , i s t h e n g i v e n by 

d T 1 

- T - r ( 6 . 1 2 ) 
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6.4 O u t l i n e o f t h e Ray Trac i n g Method 

Ray t r a c i n g t e c h n i q u e s have been d e v e l o p e d by a number 

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

( f o r e x a m p l e , S a t t l e g g e r , 1965; O t s u k a , 1966; S o r r e l s e t a l , 

1 9 7 1 ) . Shah (1973) d e s c r i b e s a g e n e r a l method f o r 

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

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

T h i s method i s e s s e n t i a l l y t h e one a d o p t e d h e r e . Shah g o e s 

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

v e l o c i t y c h a n g e s c o n t i n u o u s l y . 

I n t h e p r e s e n t c a s e we a r e g i v e n t h e i n i t i a l p o i n t , 

£i' , where t h e r a y e n t e r s t h e base o f t h e a n o m a l o u s z o n e . 

We assume t h a t b e l o w t h i s b o u n d a r y t h e r a y s e n t e r i n g a r e a l l 

p a r a l l e l w i t h an a n g l e t o t h e v e r t i c a l o f OĈ . T h i s a l l o w s 

us t o c a l c u l a t e t h e i n i t i a l d i r e c t i o n o f t h e r a y w i t h i n t h e 

anomalous zone. The p r o b l e m t h e n i s t o f i n d , f i r s t l y where 

t h i s r a y e n c o u n t e r s t h e n e x t i n t e r f a c e , and s e c o n d l y how i t 

i s t h e n r e f r a c t e d . T h i s , i n e f f e c t , g i v e s us a new i n i t i a l 

p o i n t , and we can r e p e a t t h e p r o c e d u r e f o r each new r e g i o n 

i n t u r n u n t i l t h e r a y meets t h e s u r f a c e . 

The v e c t o r e q u a t i o n r e p r e s e n t i n g t h e s t r a i g h t r a y p a t h , 

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

a d i r e c t i o n s p e c i f i e d by t h e v e c t o r U i s 

X = a - rU ( 6 . 1 3 ) 

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

i n t e r f a c e may be e x p r e s s e d b y t h e g e n e r a l f o r m 

jrfC*) = 0 ( 6 . 1 4 ) 
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S u b s t i t u t i n g f o r X g i v e s t h e e q u a t i o n 

0(a-rU) = 0 ( 6 . 1 5 ) 

w h i c h can be s o l v e d a n a l y t i c a l l y f o r r , i f fiC)L) i s n o t t o o 

com p i i c a t e d . 

For e x a m p l e , i f t h e n e x t i n t e r f a c e i s h o r i z o n t a l a t a 

d e p t h d , we have 

0QL) = z-d = 0 (6 . 1 6 ) 

whence 

r = d/U z ( 6 . 1 7 ) 

where U z i s t h e z-component o f U. 

S u b s t i t u t i n g f o r r i n E q u a t i o n 6.13 t h e n g i v e s us t h e 

p o i n t a t w h i c h t h e r a y meets t h e i n t e r f a c e . 

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

t h r o u g h t h e h o r i z o n t a l l a y e r s above t h e upper i n t e r f a c e o f 

t h e a n o m a l o u s z o n e . 

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

i n t e r f a c e o f t h e anomalous zone i s f a r l e s s s t r a i g h t f o r w a r d . 

E q u a t i o n 6.15 becomes 

f ( r) = a z + r U z - z D + 
n. 

£. ci/U+Ai ( a x - X i + r U x ) 2 + B i ( a y - Y i + rUy) 2 

+D-L ( a x - X i + r U x ) ( a y - Y i + r U y ) } = 0 (6.18) 

A s a t i s f a c t o r y method o f s o l v i n g t o f i n d t h e minimum 

p o s i t i v e r o o t o f t h i s e q u a t i o n was d e v i s e d , b u t s i n c e i t s 

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

A p p e n d i x 5. 

Having o b t a i n e d t h e v a l u e o f r , E q u a t i o n 6.13 i s used 

t o d e r i v e t h e c o o r d i n a t e s o f t h e i n t e r s e c t i o n p o i n t . We now 
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c a l c u l a t e t h e u n i t v e c t o r , r e p r e s e n t i n g t h e d i r e c t i o n o f 

t h e n o r m a l t o t h e s u r f a c e a t t h i s p o i n t . U sing t h e g e n e r a l 

f o r m o f E q u a t i o n 6.14 t o d e s c r i b e t h e s u r f a c e , t h e 

d i r e c t i o n o f N may be o b t a i n e d by f o r m i n g t h e v e c t o r 

g r a d i e n t 

/ I C i ( 2 A i ( x - X i ) + D i ( y - Y i ) )/ui2 \ 

N =V^(X) = l t C i ( 2 A i ( y - Y i ) +Di ( x - X i ) ) / u i 2 j (6.19) 

( - 1 ) 

where 

U i = 1 + A i ( x - X i ) 2 + B i ( y - Y i ) 2 + D i ( x - X i ) ( y - Y i ) ( 6 . 2 0 ) 

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

N = N/|_N| ( 6 . 2 1 ) 

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

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

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

i n c i d e n c e a r e g i v e n by t h e u n i t v e c t o r s 1, R, and N 

r e s p e c t i v e l y , as i l l u s t r a t e d i n F i g u r e 6.3. The v e l o c i t i e s 

o f t h e i n c i d e n t r e f r a c t e d r a y s a r e V j and VR r e s p e c t i v e l y . 

The a n g l e s o f i n c i d e n c e , i , r e f r a c t i o n , r , and 

d e v i a t i o n , d , a r e g i v e n by 

Cos i = ex. = f . f t ( 6 . 2 2 ) 

Cos r = yS = ft.ft ( 6 . 2 3 ) 

Cos d = tf = f . f ( 6 . 2 4 ) 

S n e l l ' s f i r s t l a w s t a t e s t h a t ^1, ft and £ a l l l i e i n t h e 

same p l a n e and a r e t h e r e f o r e l i n e a r l y d e p e n d e n t . Thus we 

may w r i t e 

R = jil + -vrN ( 6 . 25) 



FIGURE 6.3 

DIAGRAM ILLUSTRATING THE CALCULATIONS 

REFRACTION AT AN INTERFACE 
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and 

d = i - r (6.26) 

Using the t r i g o n o m e t r i c a l i d e n t i t i e s 

C o s ( 9 - 0 ) = Cos9 Cos0 + S i n e S i n 0 
0 0 (6.27) 

Cos 9 + S i n 9 = 1 
we have 

Z = C o s ( d ) - C o s ( i - r ) =0C /fl+y(l-« 2) ( l - y 3 2 ) ' (6.28) 

Forming the dot p r o d u c t of E q u a t i o n 6.25 w i t h I. and N 

r e s p e c t i v e l y , from E q u a t i o n s 6.22, 6.23, and 6.24, we 

have 

8 = yM. + V0< 
(6.29) 

whence 

= ( tf-^o<)/(l " <*2) 

V = { p - * * ) / ( ! - cx 2) 
(6.30) 

S n e l l ' s second law a l l o w s us to c a l c u l a t e f&. We have 

V r = (1 - C o s 4 i \ 1 / 2 = (l - <Xa \ 1 / 2 (6.31) 

whence 

/ l - C o s * i \ V ^ = / l - * M 
^1 - C o s ^ r j \1 - /B* ) 

/ S 2 = 1 - V R
2 ( 1 - o< 2)/V I

2 (6.32) 

The c a l c u l a t i o n of R p r o c e e d s t h u s : -

1) C a l c u l a t e (X from E q u a t i o n 6.22 
2 

2) C a l c u l a t e from E q u a t i o n 6.32. 
2 

I f ^ 3 ^ 0 t o t a l i n t e r n a l r e f l e c t i o n t a k e s p l a c e a t the 
i n t e r f a c e , and no r e f r a c t e d r a y i s produced. 

2 

I f p > 0, c a l c u l a t e p. 

3) C a l c u l a t e 5 from E q u a t i o n 6.28. 

4) C a l c u l a t e yu and V from E q u a t i o n 6.30. 
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5) Use E q u a t i o n 6.25 t o c a l c u l a t e R. 

T h i s a p p r o a c h a v o i d s t h e e x p l i c i t use o f 

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

The c a l c u l a t i o n o f N f o r t h e upper i n t e r f a c e o f t h e 

anomalous zone has a l r e a d y been d e s c r i b e d . For t h e o t h e r 

i n t e r f a c e s , w h i c h a r e h o r i z o n t a l , N i s s i m p l y g i v e n by 

N = ( 0 , 0 , - 1 ) ( 6 . 3 3 ) 

6.5 E r r o r s and L i m i t a t i o n s o f t h e Ray Trac i n g Method 

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

g i v e r i s e t o e r r o r s , t h e s e a r e o f t h e o r d e r o f 1 p a r t i n 107 

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

t o l e r a n c e s i n t h e i t e r a t i v e c a l c u l a t i o n s . 

The a l l o w e d t o l e r a n c e on r , f o r e x a m p l e , i s one p a r t i n 
4-

10 , g i v i n g a maximum a b s o l u t e e r r o r o f a b o u t 30 m. I n t h e 

case o f a v e r t i c a l r a y , t h i s e r r o r w i l l be d i r e c t l y 

t r a n s l a t e d t o an e r r o r i n t h e h e i g h t o f t h e i n t e r f a c e . For 

a v e l o c i t y c o n t r a s t o f 6.4 km/sec t o 8.1 km/sec t h e 

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

i s o n l y 0.6 msec and can s a f e l y be i g n o r e d . 

The t o l e r a n c e on t h e l o c a t i o n o f t h e s u r f a c e p o i n t o f 

t h e r a y i s 225 m and t h e m a g n i t u d e o f t h e c o r r e s p o n d i n g 

e r r o r i n d e l a y t i m e i s d e p e n d e n t , f i r s t l y on t h e e r r o r i n T, 

and s e c o n d l y on t h e e r r o r i n T* i n E q u a t i o n 6.12. The e r r o r 

i n T i s e n t i r e l y due t o t h e e r r o r i n D, i n E q u a t i o n 6 . 1 1 , 

w h i c h i s no more t h a n 225 m. The c o r r e s p o n d i n g e r r o r , 
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t a k i n g t h e w o r s t c a se v a l u e o f V s ( 1 3 km/sec) , i s 17 msec. 

T' i s a f f e c t e d by e r r o r s i n t h e s u r f a c e p o i n t l o c a t i o n , 

b ecause t h e p o i n t where t h e r a y i n t e r s e c t s t h e upper s u r f a c e 

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

s t r i k e s t h e i n t e r f a c e a t an a c u t e a n g l e , as i l l u s t r a t e d i n 

F i g u r e 6.4, where two a d j a c e n t r a y s a r e shown. They a r e 

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

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

a p a r t . N e g l e c t i n g t h e d e v i a t i o n o f t h e r a y s , and t h e 

c u r v a t u r e o f t h e i n t e r f a c e , b o t h o f w h i c h g i v e r i s e t o 

second o r d e r t e r m s i n t h e e r r o r , and hence p u t t i n g r = i we 

hav e 

ST' = 2e/(Cos r ( l / V ' - l / V ) ) ( 6 . 3 4 ) 

F'or a n g l e s up t o 8 0 ° , and w i t h a w o r s t c a se v e l o c i t y 

c o n t r a s t , t h e e r r o r i s s t i l l l e s s t h a n 10 msec. A l t h o u g h 

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

8 0 ° , t h e c h a n c e s a r e t h a t t h e s e w i l l be s t o p p e d by t o t a l 

i n t e r n a l r e f l e c t i o n , u n l e s s V'i&V, i n w h i c h case &T' w i l l be 

s m a l l anyway. The c u r v a t u r e on t h e s u r f a c e w i l l i n any c a s e 

p r e v e n t g , and hence t h e e r r o r s , f r o m becoming e x c e s s i v e . 

To s i m p l i f y c a l c u l a t i o n s , a c o n s t a n t v a l u e o f V s i s 

assumed f o r a i l s t a t i o n s f o r each e v e n t . The assumed v a l u e 

i s t h a t c a l c u l a t e d f o r a c e n t r a l s t a t i o n , u s u a l l y 22. For 

o t h e r s t a t i o n s t h e r e w i l l be an e r r o r i n t h e c a l c u l a t e d 

d e l a y t i m e due t o t h e e r r o r i n V s. s t a t i o n 50 i s t h e m o s t 

d i s t a n t b e i n g a b o u t 4.5° from S t a t i o n 22. T a k i n g a maximum 

v a l u e o f 0. 085 km/sec-2 f o r t h e c u r v a t u r e i n t h e t r a v e l t i m e 
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FIGURE 6.4 

DIAGRAM ILLUSTRATING ERROR DUE TO TOLERANCE ON r 
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t a b l e s ( S e c t i o n 4 . 5 ) , i t can be shown t h a t t h e maximum 

e r r o r i n t h e a n g l e o f i n c i d e n c e i s a b o u t 2.3°. From 

F i g u r e 5.17, w h i c h i l l u s t r a t e s t h e d e l a y t i m e v a r i a t i o n 

w i t h a n g l e o f i n c i d e n c e f o r wedge shaped m o d e l s , t y p i c a l 

e r r o r s o f l e s s t h a n 0.02 sec a r e i n f e r r e d . These a r e s m a l l 

enough t o be i g n o r e d . 

Thus w i t h t h e p r e s c r i b e d t o l e r a n c e s as g i v e n , d e l a y 

t i m e s w o u l d appear t o be s u f f i c i e n t l y a c c u r a t e l y c a l c u l a t e d . 

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

e r r o r s . 

However, c l o s e e x a m i n a t i o n o f t h e r a y t r a c i n g 

p r o c e d u r e , and e x p e r i m e n t a t i o n w i t h t h e t e c h n i q u e as 

o u t l i n e d a b o v e , r e v e a l s some d e f e c t s . To i l l u s t r a t e t h e s e , 

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

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

t w o - d i m e n s i o n a l r a y t r a c i n g p r o g r a m was w r i t t e n . 

Rays a r e t r a c e d , u s i n g t h e t e c h n i q u e s d e s c r i b e d i n t h e 

p r e v i o u s s e c t i o n , f r o m p o i n t s e q u a l l y spaced a l o n g t h e base 

o f t h e a nomalous zon e , w i t h i n i t i a l d i r e c t i o n s d e p e n d e n t on 

t h e i n p u t ( u n p e r t u r b e d ) a p p a r e n t s u r f a c e v e l o c i t y . Each r a y 

i s t r a c e d t o t h e upper i n t e r f a c e o f t h e a n o m a l o u s zone a n d , 

i f i t i s n o t t o t a l l y i n t e r n a l l y r e f l e c t e d , on t o t h e 

s u r f a c e . The t r u e d e l a y t i m e f o r t h e r a y and t h e 

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

a r e c a l c u l a t e d and p l o t t e d . A t y p i c a l p l o t i s i l l u s t r a t e d 

i n F i g u r e 6.5. 

Because o f t h e change o f s i g n f o r t h e v e l o c i t y c o n t r a s t 
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FIGURE 6 .5 

RAYS TRACED AND DELAY TIMES OBTAINED 

FOR A SINGLE-HUMPED TWO-DIMENSIONAL MODEL 

I I I I I I I I I I I 1 I I [-1 1 1 1 1 1 1 1 I I T 
S 3 

3 00 CD in 

8 8 

a 

i Ln 

8 3 
• 

8 8 
i 

a 3 

3 
S S 

m 

00 00 in 
I i i t i i i i I I i I i 

00 CM CV CM 



229 

a t the Moho , some s u r f a c e p o i n t s r e c e i v e two r a y s , and t h u s 

the d e l a y t i m e c u r v e i s d u p l i c a t e d . The i t e r a t i v e 

t e c h n i q u e , as d e s c r i b e d , i s unab le t o cope w i t h the sudden 

t r a n s i t i o n f r o m one b ranch o f the c u r v e to a n o t h e r , and i t 

i s f o r t h i s reason t h a t the method sometimes does n o t 

conv erg e . 

Even when convergence does t ake p l a c e , i t may n o t be 

f o r the r a y w h i c h g i v e s r i s e to the l e a s t d e l a y t i m e , and 

which c o r r e s p o n d s to the f i r s t a r r i v a l . E r r o r s , a l l i n t he 

same d i r e c t i o n , o f up to 1.5 sec are sugges ted by the d e l a y 

t imes p r e sen t ed i n F i g u r e 6 . 5 . 

A q u i c k and e a s i l y implemented method o f e n s u r i n g t h a t 

the i t e r a t i v e t e c h n i q u e converges to g i v e the c o r r e c t d e l a y 

t i m e has n o t been f o u n d , and these l a r g e non-random e r r o r s 

must be accep ted as a m a j o r inadequacy o f the t e c h n i q u e . 

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

o f rays r e i m p i n g i n g on the anomalous zone i s i g n o r e d . 

Examples o f t h i s can be seen i n F i g u r e 6 . 5 . The number o f 

cases where t h i s happens , and where the r a y i s t hen used to 

c a l c u l a t e a d e l a y t i m e , i s t h o u g h t to be s m a l l . 

6.6 Calc u l a t i o n o f t he Obj ec t i v e F u n c t i o n 

To f a c i l i t a t e the a u t o m a t i c sea rch f o r optimum m o d e l s , 

i t i s e s s e n t i a l to be a b l e t o r e p r e s e n t , by some s i n g l e 

v a l u e , t he c l o s e n e s s o f f i t between the measured v a l u e s o f 

d e l a y t i m e and the c o r r e s p o n d i n g t h e o r e t i c a l v a l u e s . Such a 

y a r d s t i c k t h e n p r o v i d e s a c o n v e n i e n t method f o r 
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d i f f e r e n t i a t i n g the b e t t e r models f r o m the w o r s e . Numbers 

des igned to r e f l e c t the c lo senes s o f f i t between t h e o r e t i c a l 

v a l u e s and measurements , which w i l l v a r y w i t h changes i n t he 

paramete rs c h a r a c t e r i s i n g the t h e o r e t i c a l m o d e l , a re c a l l e d 

o b j e c t i v e f u n c t i o n s . U s u a l l y these f u n c t i o n s are c a l c u l a t e d 

i n such a way t h a t s m a l l e r v a l u e s c o r r e s p o n d to b e t t e r 

f i t t i n g m o d e l s . 

O b j e c t i v e f u n c t i o n s based on the sum o f r e s i d u a l s 

squared , t h u s , 

where r^ i s the i t n r e s i d u a l , a re the most f r e q u e n t l y 

e n c o u n t e r e d . Such e x p r e s s i o n s are v e r y o f t e n e n t i r e l y 

j u s t i f i a b l e , when measured v a l u e s have e r r o r s w h i c h are 

n o r m a l l y d i s t r i b u t e d and w i t h zero mean, or n e a r l y s o . 

I n s t a n c e s where t h i s i s n o t the case are a l s o common, f o r 

example when d a t a are s u b j e c t to o c c a s i o n a l m i s t a k e s i n 

c a l c u l a t i o n or t r a n s c r i p t i o n which g i v e the c o r r e s p o n d i n g 

measurements h i g h l y i m p r o b a b l e v a l u e s . 

C l a e r b o u t and Mui r (1973) have examined the problem o f 

f i n d i n g r o b u s t models f o r " e r r a t i c " d a t a . They argue f o r 

the use o f a b s o l u t e e r r o r e s t i m a t e s as the b a s i s o f 

o b j e c t i v e f u n c t i o n e x p r e s s i o n s i n a wide range o f 

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

e r r o r s are p r e s e n t . They sugges t the use o f o b j e c t i v e 

f u n c t i o n s g i v e n by 

t h i s be ing the sum o f the a b s o l u t e e r r o r s , and show t h a t 

f I ' ? ( 6 . 3 5 ) 

f ( 6 . 3 6 ) 
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t h i s can g i v e b e t t e r r e s u l t s . 

In the p r e s e n t s t u d y we may e x p e c t the measured d e l a y s 

to be s u b j e c t to e r r o r s wh ich are n o r m a l l y d i s t r i b u t e d , or 

a t l e a s t a p p r o x i m a t e l y s o . M i s t a k e s , such as those due t o 

p i c k i n g one or more h a l f c y c l e s f rom the c o r r e c t p o s i t i o n , 

have been e l i m i n a t e d , as e x p l a i n e d i n S e c t i o n 4 . 3 . However, 

some o f the t h e o r e t i c a l d e l a y t i m e v a l u e s are s u b j e c t to 

e r r o r s wh ich are a l l i n the same d i r e c t i o n , and f a r f r o m 

n o r m a l l y d i s t r i b u t e d , as e x p l a i n e d i n the p r e v i o u s s e c t i o n . 

The magni tude o f these e r r o r s may be c o n s i d e r a b l e , and 

t h e r e f o r e , i t m i g h t be argued t h a t a n a b s o l u t e e r r o r e s t i m a t e 

s h o u l d be used as an o b j e c t i v e f u n c t i o n h e r e . However, the 

p r o p o r t i o n o f t h e o r e t i c a l d e l a y s which are s u b j e c t to g r o s s 

e r r o r s i s l i k e l y t o be s m a l l , and i n v i e w o f the d i f f i c u l t y 

t h a t would a r i s e i n removing the e f f e c t o f d e l a y s a t s o u r c e , 

i f a b s o l u t e e r r o r e s t i m a t e s were used , i t was d e c i d e d to use 

the more t r a d i t i o n a l l e a s t squares a p p r o a c h . 

For each ea r thquake we must compare the r e l a t i v e 

magni tudes o f the measured d e l a y t i m e s w i t h the r e l a t i v e 

magni tudes o f the c a l c u l a t e d d e l a y t i m e s . A d i r e c t 

compar i son c a n n o t be made because the measured d e l a y s are 

s u b j e c t to a source b i a s , e q u i v a l e n t to the Ej o f 

Equa t i on 4 . 2 4 . 

The f i r s t t a s k , i n f o r m i n g the o b j e c t i v e f u n c t i o n 

v a l u e , must t h e r e f o r e be to remove the " d . c . b i a s " f rom 

bo th the measured and the c a l c u l a t e d d e l a y s . T h i s i s done 

by s u b t r a c t i n g the we igh t ed means. Thus i f the d ^ and d i i ' 
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are the measured (raw) and c a l c u l a t e d d e l a y t i m e s 

r e s p e c t i v e l y and w ^ i s t he c o r r e s p o n d i n g onse t w e i g h t as 

d e s c r i b e d i n Chapter 4 a t the i t h s t a t i o n f o r the j t h e v e n t 

we fo rm 

Ej = J w i j d i j / ] > > i j 
<- \ b • j / ; 

E j ' = l w i j d i j ' / I w i j 

The r e l a t i v e d e l a y s are t hen r e p r e s e n t e d by the 

d i f f e r e n c e s , t h u s 

r i j = d i j - Ej 
( 6 . 3 8 ) 

r i j - = d i j • - E j 1 

The w e i g h t e d r . m . s . r e s i d u a l s , F, can be formed thus 

F = 2_ ^ w i j ( r i j - (6 -39 ) 

Thi s i s the o b j e c t i v e f u n c t i o n w h i c h i s to be m i n i m i s e d 

by the p r o c e d u r e s d e s c r i b e d i n S e c t i o n 6 . 8 . Where the 

t h e o r e t i c a l d e l a y canno t be c a l c u l a t e d , f o r one or o t h e r o f 

the reasons o u t l i n e d i n S e c t i o n 6 . 5 , t he c o r r e s p o n d i n g 

te rms are l e f t o u t o f the summations i n Equa t i on 6 . 3 9 . T h i s 

i s e q u i v a l e n t to s e t t i n g the c o r r e s p o n d i n g v a l u e o f w ^ j to 

zero . 

The o b j e c t i v e f u n c t i o n has no dependence on the source 

components o f the raw d e l a y s . I t would be p o s s i b l e t o 

i n t r o d u c e a te rm dependent on the v a l u e s o f the E j - E j ' i n t o 

the e x p r e s s i o n f o r F, and thus a t t e m p t t o r e l a t e the 

measured and c a l c u l a t e d d e l a y s i n an a b s o l u t e sense . 

However, the p o s s i b i l i t y o f s y s t e m a t i c e r r o r s a n d / o r b i a s 



233 

e x i s t i n g w i t h i n t he measured d e l a y s makes the i n c l u s i o n o f 

such a t e rm u n d e s i r a b l e . 

Th i s e x p r e s s i o n f o r F i s e n t i r e l y ana logous to the 

c a l c u l a t i o n o f F w i n E q u a t i o n 4 . 3 0 , w h i c h i s the o b j e c t i v e 

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

minimum v a l u e o f F, o b t a i n e d by the p r e s e n t me thod , s h o u l d 

be compared w i t h t he v a l u e o f 0.127 sec o b t a i n e d f o r F w i n 

Chapter 4 . A l o w e r v a l u e would i n d i c a t e a s u p e r i o r i t y o f 

the r a y t r a c i n g models over the models d e r i v e d f r o m the 

s i m p l e s t a t i o n d e l a y s c a l c u l a t e d i n Chapter 4 . 

6. 7 The MHUMP Subprog ram 

To p e r f o r m a l l the r a y t r a c i n g , t h e o r e t i c a l d e l a y t i m e 

and o b j e c t i v e f u n c t i o n c a l c u l a t i o n s , a s u b r o u t i n e , c a l l e d as 

"FCN" bu t here r e f e r r e d to as MHUMP, was w r i t t e n i n FORTRAN 

f o r use on NUMAC. The s u b r o u t i n e i s d e s i g n e d to be c a l l e d 

f r o m the n o n - l i n e a r o p t i m i s a t i o n package , MINUIT, wh ich i s 

d e s c r i b e d i n the s e c t i o n f o l l o w i n g . The s u b r o u t i n e i s 

l i s t e d , and the i n p u t s t o i t d e s c r i b e d , i n Appendix 6 . 

Among the arguments o f the s u b r o u t i n e i s an a r r a y , U, 

w h i c h s u p p l i e s i t w i t h v a l u e s o f the model p a r a m e t e r s , and 

IND, t he v a l u e o f wh ich i n d i c a t e s the a c t i o n r e q u i r e d . 

The f i r s t c a l l to MHUMP (IND=1) d i r e c t s i t to read a l l 

i n p u t da t a f r o m d i s k f i l e , or e q u i v a l e n t d e v i c e . The da t a 

read c o n s i s t o f the v e l o c i t y s t r u c t u r e , t he s t a t i o n names 

and c o o r d i n a t e s , t he w e i g h t v a l u e s f o r each o n s e t w e i g h t 

code ( these are as e s t i m a t e d i n Chapter 4) and the measured 
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d e l a y t i m e s . Dur ing o p t i m i s a t i o n ( I N D = 4 ) , t he s u b r o u t i n e 

c a l c u l a t e s a v a l u e o f F each t ime i t i s c a l l e d , based on the 

v a l u e s o f the model pa ramete r s p re sen ted to i t . 

In the o u t p u t mode ( I N D = 3 ) , t he c a l u l a t i o n s are 

pe r fo rmed as f o r o p t i m i s a t i o n , b u t t he s u b r o u t i n e goes on t o 

l i s t , even t by e v e n t , measured d e l a y s , t he c a l c u l a t e d d e l a y , 

the v a l u e s o f the r i ; j , Ej , r i j • and Ej ' . Other o u t p u t 

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

rays s t a r t a t t he base o f the anomalous zone , and where t h e y 

i n t e r s e c t the upper i n t e r f a c e . I n f o r m a t i o n c a l c u l a t e d and 

l i s t e d f o r each s t a t i o n i n c l u d e s the w e i g h t e d mean o f the 

r e s i d u a l s , , and the mean c a l c u l a t e d d e l a y t i m e s , Di . 

These are c a l c u l a t e d us ing 

Y w i j U i j - r i j ' ) 
Ri = X ^ ( 6 . 4 0 ) 

j 

and 

5 w i j r i j 
D i = - 3 1 ( 6 . 4 1 ) 

4 - w i j j 

C l e a r l y , t h e R̂  s h o u l d be s m a l l f o r c l o s e l y f i t t i n g 

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

m i s f i t i n the c o r r e s p o n d i n g r e g i o n s . The D^ s h o u l d match 

the s t a t i o n d e l a y s as c a l c u l a t e d i n Chapter 4 , excep t 

p o s s i b l y f o r a d . c . s h i f t . 

I n the p l o t t i n g mode ( I N D = 7 ) , t he c a l c u l a t i o n s f o r F 

are pe r fo rmed as f o r o p t i m i s a t i o n , a f t e r w h i c h the 

s u b r o u t i n e comes under the c o n t r o l o f a d d i t i o n a l commands 

i n s e r t e d i n t o the MINUIT command sequence. MHUMP can draw 
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v e r t i c a l p r o f i l e s between s e l e c t e d p o i n t s to show t h e shape 

o f the anomalous zone, and how i t i s embedded w i t h i n the 

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

i s a n n o t a t e d w i t h i t s a s s igned s e i s m i c v e l o c i t y . Maps can 

a l s o be drawn o f s e l e c t e d a r e a s , w i t h the d e p t h to the upper 

i n t e r f a c e o p t i o n a l l y c o n t o u r e d . A l t e r n a t i v e l y , or 

a d d i t i o n a l l y , t he p o s i t i o n s where the r e a l r ays e n t e r a n d / o r 

l e a v e the anomalous zone can be p l o t t e d . A f a c i l i t y i s a l s o 

p r o v i d e d whereby o n l y the e x i t p o i n t s are p l o t t e d , b u t w i t h 

symbols whose s i z e s are p r o p o r t i o n a l to the magn i tudes o f 

the d e l a y t i m e r e s i d u a l s , and whose shape and c o l o u r 

r e p r e s e n t the p o l a r i t y . T h i s l a t t e r o p t i o n i s i n t e n d e d to 

i l l u s t r a t e i f and where the model i s s e r i o u s l y i n c o n s i s t e n t 

w i t h the d a t a . 

6.8 The MINUIT N o n - L i n e a r O p t i m i s a t i o n pac kage 

The optimum v a l u e o f F canno t be found by a n a l y t i c a l 

t e c h n i q u e s , so an a l t e r n a t i v e p rocedure must be used . The 

most s t r a i g h t f o r w a r d approach i s to e v a l u a t e F a t p o i n t s on 

a r e c t a n g u l a r g r i d i n h y p e r s p a c e . Since a t l e a s t t h r e e 

p o i n t s on each o f the 24 axes would have to be t e s t e d b e f o r e 

a minimum c o u l d be r e l i a b l y i d e n t i f i e d , F would have t o be 

e v a l u a t e d a t l e a s t 2 .8x1011 t i m e s . MHUMP, even . when 

compi l ed to produce optimum r u n - t i m e c o d e , r e q u i r e s about 

two seconds o f CPU t i m e t o c a l c u l a t e each v a l u e o f F w i t h 

the DKSP d a t a , and would r e q u i r e some 18,000 y e a r s to sea rch 

t h r o u g h even t h i s s i m p l e g r i d . 
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F o r t u n a t e l y , t he g e n e r a l problem o f f i n d i n g minimum 

v a l u e s o f d i f f i c u l t n - d i m e n s i o n a l f u n c t i o n s , has been 

t a c k l e d by a number o f w o r k e r s . v a r i o u s " n o n - l i n e a r 

o p t i m i z a t i o n " t e c h n i q u e s have been found w h i c h are 

c o n s i d e r a b l y more e f f i c i e n t t h a n searches over r e c t a n g u l a r 

g r i d s ( e . g . Rosenbrock , 1960; N e l d e r and Mead, 1964; 

D a v i d o n , 1967; James, 1 9 6 7 ) . 

James (1967) d e s c r i b e s the Monte C a r l o m e t h o d , w h i c h i s 

e s s e n t i a l l y a t r i a l and e r r o r me thod . For each t r i a l the 

v a l u e s o f the n v a r i a b l e pa ramete r s are chosen randomly w i t h 

u n i f o r m d i s t r i b u t i o n s c e n t r e d on the p r e v i o u s bes t v a l u e , 

and w i t h w i d t h s equa l to the e s t i m a t e d e r r o r s . T h i s method 

a l l o w s a r a p i d sea rch o f the hyperspace around the i n i t i a l 

p o i n t , and w i l l u s u a l l y f i n d the a p p r o x i m a t e l o c a t i o n o f a 

minimum, p r o v i d i n g s u f f i c i e n t c a l l s a re made. 

Other methods a t t e m p t to d e f i n e t he b e h a v i o u r o f t he 

o b j e c t i v e f u n c t i o n more p r e c i s e l y , and may be c a l l e d 

d e r i v a t i v e me thods . The Davidon v a r i a b l e m a t r i x a l g o r i t h m 

( D a v i d o n , 1967) e s t i m a t e s the q u a d r a t i c p a r t o f the 

f u n c t i o n , by use o f a c o v a r i a n c e m a t r i x . An a p p r o x i m a t e 

c o v a r i a n c e m a t r i x i s f r o m v a l u e s o f F a t p o i n t s around the 

i n i t i a l p o i n t . Dur ing each i t e r a t i o n , F i s c a l c u l a t e d , and 

the e s t i m a t e d p o s i t i o n o f the f u n c t i o n minimum c a l c u l a t e d 

f rom i t and the c o v a r i a n c e m a t r i x . D u r i n g each i t e r a t i o n 

the c o v a r i a n c e m a t r i x i s a l so r e f i n e d . T h i s method 

converges e x a c t l y i n n i t e r a t i o n s i f the f u n c t i o n i s 

q u a d r a t i c , and i s v e r y f a s t near m i n i m a . However, t h e 
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f u n c t i o n must be r e a s o n a b l y w e l l behaved , or the method 

becomes u n s t a b l e . 

The method d e v i s e d by Ne lde r and Mead (1964) i s a l s o a 

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

f o r m e d . I t r e l i e s on the c r e a t i o n o f b e t t e r and b e t t e r 

s i m p l e x e s (n+1 s i d e d po lygons ) wh ich move a long the l i n e o f 

s t e e p e s t g r a d i e n t to e n g u l f and c o n t r a c t i n upon the minimum. 

The i n i t i a l s imp lex i s formed by c o o r d i n a t e v a r i a t i o n . 

D u r i n g each i t e r a t i o n , e i t h e r the w o r s t p o i n t o f t he 

e x i s t i n g s imp lex i s r e p l a c e d by the e s t i m a t e d minimum a long 

a l i n e j o i n i n g i t and the c e n t r e o f g r a v i t y or the s i m p l e x 

i s c o n t r a c t e d l i n e a r l y or a new s i m p l e x f o r m e d , based on the 

bes t e x i s t i n g p o i n t . T h i s method i s v e r y s t a b l e , and 

converges r a p i d l y i n r e g i o n s f a r f r o m the minimum. Nearer 

the minimum, i t i s n o t as r a p i d as the Davidon a l g o r i t h m . 

These t h r e e methods have been b u i l t i n t o a s i n g l e 

n o n - l i n e a r o p t i m i s a t i o n package , MINUIT (James and Roos, 

1 9 7 1 ) , w h i c h i s a v a i l a b l e on NUMAC. Th i s program c a l l s the 

user w r i t t e n s u b r o u t i n e FCN ( i n t h i s case MHUMP), p r o v i d i n g 

i t w i t h parameter v a l u e s . FCN t h e n r e t u r n s an o b j e c t i v e 

f u n c t i o n v a l u e . When r u n n i n g MINUIT, s t a r t i n g v a l u e s and 

s t e p s i z e s ( e s t i m a t e d e r r o r s ) f o r each o f . the pa ramete r s 

must be i n p u t . I f the a s s igned s t e p s i z e i s z e r o , t he 

c o r r e s p o n d i n g parameter i s f i x e d a t i t s i n i t i a l v a l u e . 

A d d i t i o n a l l y , l o w e r and upper bounds f o r any o f the 

pa ramete r s may be s p e c i f i e d . A command sequence t hen 

d i r e c t s MINUIT as to wh ich o p t i m i s a t i o n p rocedu re to use , 
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and the number o f t r i a l s ( c a l l s to FCN) to be made. The 

Monte Ca r lo method was used to o b t a i n a rough p o s i t i o n o f 

the min imum, and the s i m p l e x method used to l o c a t e i t more 

p r e c i s e l y . The Davidon a l g o r i t h m c o u l d n o t be u sed , as t he 

o b j e c t i v e f u n c t i o n i s too p o o r l y behaved to a l l o w t h e 

c a l c u l a t i o n o f an i n i t i a l c o v a r i a n c e m a t r i x . 

Some 600 v a l u e s o f F may be c a l c u l a t e d i n a s i n g l e run 

( t h e maximum CPU t i m e l i m i t on NUMAC i s 1200 sees) . T h i s i s 

s u f f i c i e n t t o a l l o w about e i g h t pa ramete r s to be o p t i m i s e d 

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

runs was made, v a r y i n g a few o f the pa ramete r s a t a t i m e . 

6.9 O p t i m i s e d Models 

I n i t i a l models were s e t u p , based on the hump parameter 

v a l u e s g i v e n i n S e c t i o n 6 . 2 . 

O p t i m i s e d models were o b t a i n e d f o r o n l y two v a l u e s o f 

V, 7 .5 and 7 . 0 km/sec , l a c k o f t i m e p r e c l u d i n g f u r t h e r 

i n v e s t i g a t i o n s . The parameter and o b j e c t i v e f u n c t i o n v a l u e s 

f o r these models are g i v e n i n Table 6 . 1 , and the d e p t h t o 

the upper i n t e r f a c e c o n t o u r e d i n F i g u r e s 6.6 and 6 . 7 . 

S o l i d c o n t o u r s are drawn over r e g i o n s w h i c h are p r o p e r l y 

c o n t r o l l e d by t h e (Aa\-<x . The d o t t e d c o n t o u r s r e p r e s e n t the 

e x t r a p o l a t i o n based on the assumed fo rm o f the upper 

i n t e r f a c e . S e c t i o n s a long the f l a n k p r o f i l e o f Chapter 5 

are i l l u s t r a t e d i n F i g u r e 6 . 8 . 

The s e c t i o n s , e s p e c i a l l y t h a t f o r the 7 . 5 km/sec m o d e l , 

i n d i c a t e the same f e a t u r e s as are p r e s e n t on the combined 
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TABLE 6 . 1 

PARAMETER VALUES FOR OPTIMIZED MODELS 

PARAMETER VALUE 

ANOMALOUS ZONE SEISMIC VELOCITY (km/sec) 7 . 5 7 . 0 
1 L a t i t u d e o f E t h i o p i a n hump (deg N) 8 . 0 8 .0 
2 L o n g i t u d e o f E t h i o p i a n hump (deg E) 38 . 0 37 .9 
3 H e i g h t o f E t h i o p i a n hump (km) 170 .0 123. 6 
4 Radius o f E t h i o p i a n hump (km) 300 . 0 239 .9 
6 Depth t o base o f anomalous zone (km) 221 .8 141 .7 

7 L a t i t u d e o f Main hump (deg N) -0 . 30 1 . 24 
8 L o n g i t u d e o f Main hump (deg E) 35 . 59 35.98 
9 H e i g h t o f Main hump (km) 107 . 4 6 1 . 1 

10 X-Dimens ion o f Main hump (km) 129 . 1 115.8 
11 Y-Dimens ion o f Main hump (km) 600 . 0 788 .4 
12 O r i e n t a t i o n o f Main hump (deg) 12 .7 12 .7 

13 L a t i t u d e o f C r u s t a l hump (deg N) -0 . 61 - 0 . 6 4 
14 L o n g i t u d e o f C r u s t a l hump (deg E) 36 . 24 36 . 27 
15 H e i g h t o f C r u s t a l hump (km) 114 .6 9 6 . 6 
16 X-Dimens ion o f C r u s t a l hump (km) 27 . 2 20 . 5 
17 Y-Dimens ion o f C r u s t a l hump (km) 61 .8 73 . 1 
18 O r i e n t a t i o n o f C r u s t a l hump (deg) -20 . 0 - 2 2 . 3 

19 L a t i t u d e o f K i l i m a n j a r o hump (deg N) - 3 . 10 - 3 . 10 
20 L o n g i t u d e o f K i l i m a n j a r o hump (deg E) 37 . 10 37. 10 
21 H e i g h t o f K i l i m a n j a r o hump (km) 97 . 5 46 . 2 
22 X-Dimens ion o f K i l i m a n j a r o hump (km) 86 . 2 35 .6 
23 Y-Dimens ion o f K i l i m a n j a r o hump (km) 146 . 3 142.7 
24 O r i e n t a t i o n o f K i l i m a n j a r o hump (deg) 37 .6 44 .9 

OBJECTIVE FUNCTION VALUE (sec) 0 . 155 0. 165 
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FIGURE 6 .6 
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FIGURE 6 .7 

CONTOURED UPPER SURFACE FOR 7.0 KM./ SEC 
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FIGURE 6 .8 

SECTIONS THROUGH OPTIMIZED MODELS 
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t w o - d i m e n s i o n a l i n t e r p r e t a t i o n , model G, proposed i n 

Chapter 5. The d e p t h o f the base o f the zone i s a l m o s t the 

same, about 220 km, and the e a s t e r n ( K i l i m a n j a r o ) hump i s 

c l e a r on b o t h , a l t h o u g h r a t h e r t h i c k e r (95 km) on the 

t h r e e - d i m e n s i o n a l model than f o r model G (55 k m ) . The 

c r u s t a l p a r t o f the anomalous zone has a p p r o x i m a t e l y t h e 

same w i d t h (30-50 km) , a t t he base o f the normal c r u s t , i n 

the t h r e e - d i m e n s i o n a l models as i n model G, and i s e l o n g a t e d 

i n the d i r e c t i o n o f the l o c a l Bouguer anomaly r i d g e . Thus 

the t h r e e - d i m e n s i o n a l models tend to c o n f i r m the 

t w o - d i m e n s i o n a l p r o f i l e s o b t a i n e d i n Chapter 5. 

6.10 Accuracy o f the Optim i sed Models 

The two 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 proposed are t he 

b e s t t h a t have been o b t a i n e d i n a s e r i e s o f many computer 

r u n s , i n v o l v i n g the t e s t i n g o f about 18,000 models and 

consuming some 5 hou r s t o t a l o f CPU t i m e . The o b j e c t i v e 

f u n c t i o n v a l u e s o b t a i n e d , are 0 .155 sec f o r the 7 .5 km/sec 

model and 0.165 sec f o r the 7 .0 km/sec m o d e l . These optimum 

v a l u e s are s t i l l above the 0 .127 sec v a l u e o b t a i n e d f o r the 

s i m p l e r c a l c u l a t i o n o f s t a t i o n d e l a y s . Con t inued 

o p t i m i s a t i o n may reduce the minimum v a l u e s s l i g h t l y , b u t i s 

u n l i k e l y to reduce them below 0.150 s e c . D e s p i t e the r a t h e r 

h i g h v a l u e s o b t a i n e d , we may examine t he r e l i a b i l i t y o f the 

the s o l u t i o n s by examin ing the b e h a v i o u r o f F around the 

minimum. A l - C h a l a b a i (1971) used computer drawn s e c t i o n s o f 

o b j e c t i v e f u n c t i o n hyperspace t o i l l u s t r a t e t he 
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n o n - u n i q u e n e s s o f g r a v i t y m o d e l s . We f o l l o w t h e same c o u r s e 

h e r e by c o n t o u r i n g F a g a i n s t p a i r s o f p a r a m e t e r s . For e a c h 

o f t h e s e p l o t s t h e o t h e r p a r a m e t e r s a r e h e l d a t t h e i r 

o ptimum v a l u e s . S e v e r a l o f t h e s e p l o t s a r e p r e s e n t e d i n 

A p p e n d i x 7. 

These p l o t s , b e i n g r e s t r a i n e d t o two d i m e n s i o n s , can 

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

h y p e r s p a c e . However, c e r t a i n f e a t u r e s a r e r e v e a l e d , and we 

may use a method g i v e n by Shuey ( 1974) t o d e l i n e a t e r e g i o n s 

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

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

f = F 0 { 1 + n ( N - n ) - l f n , N _ n ( l - a ) } l / 2 ( 6 . 4 2 ) 

where n i s t h e number o f p a r a m e t e r s , N i s t h e number o f 

o b s e r v a t i o n s and f n , N - n ( l - a ) i s a f r a c t i l e o f t h e 

v a r i a n c e - r a t i o o r F - d i s t r i b u t i o n . ( E q u a t i o n 6.42 a p p e a r s 

d i f f e r e n t t o t h a t g i v e n by Shuey, by t h e i n c l u s i o n o f t h e 

s q u a r e - r o o t . I n f a c t t h e e q u a t i o n s a r e i d e n t i c a l . Shuey* s 

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

s q u a r e d , whereas F i s h e r e p r o p o r t i o n a l t o t h e s q u a r e - r o o t 

o f t h a t q u a n t i t y . ) S i n c e t h e 111 e v e n t r e s i d u a l s a r e a l s o 

e f f e c t i v e l y a d j u s t a b l e p a r a m e t e r s , t h e t o t a l number o f 

p a r a m e t e r s , n , i s 135. The number o f o b s e r v a t i o n s , N, i s 

t h e number o f raw d e l a y t i m e s , 444. U s i n g a 7 0 % c o n f i d e n c e 

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

and t h e s t a t i s t i c a l t a b l e s due t o A b r a m o w i t z and S t e g u n 

(1964) , a c o n t o u r l e v e l a t 

F % = 1.21 F Q = 0.190 sec ( 6 . 4 3 ) 
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i s o b t a i n e d . 

R e g i o n s w i t h i n t h e 0.190 sec c o n t o u r l e v e l a r e 

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

t h e 7 0 % c o n f i d e n c e l i m i t . T h i s c o n t o u r l e v e l i s h a t c h e d on 

t h e p l o t s w h i c h a r e a l l f o r t h e 7.5 km/sec m o d e l . The po o r 

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

e x i s t b e t w e e n some p a r a m e t e r s , i s c l e a r f r o m an e x a m i n a t i o n 

o f t h e s e p l o t s and w i l l be d e s c r i b e d b r e i f l y h e r e . 

The E t h i o p i a n hump i s l a r g e l y u n c o n t r o l l e d by t h e d a t a , 

as e x p e c t e d . I t s c e n t r e may be p l a c e d anywhere on P l o t 1 , 

and P l o t 2 d e m o n s t r a t e s t h e c o m p l e t e t r a d e b e t w e e n i t s 

r a d i u s and h e i g h t . P r o b a b l y , t h i s hump o n l y c o n t r i b u t e s a 

s m a l l , n e a r l y d ,c. c o m p o n e n t , t o t h e an o m a l o u s zone 

t h i c k n e s s w h i c h , i f i t were removed, c o u l d be e n t i r e l y 

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

o t h e r humps. 

The Main hump p a r a m e t e r s a r e n o t w e l l c o n t r o l l e d 

e i t h e r . P l o t 3 shows t h a t t h e humps c e n t r e may l i e a n y w h e r e 

w i t h i n a 1.5° w i d e band w i t h a SSW-NNE t r e n d . The 

X - d i m e n s i o n may t a k e any v a l u e b e t w e e n 55 km and 180 km, and 

t h e o n l y r e s t r i c t i o n on t h e Y - d i m e n s i o n i s t h a t i t s h a l l n o t 

be l e s s t h a n 200 km ( P l o t s 4 and 5 ) . P l o t s 6, 7 and 8 show 

t h a t t h e o r i e n t a t i o n o f t h e m a i n hump may l i e b e t w e e n -5° 

and 50°, and t h a t a r a t h e r c o m p l i c a t e d t r a d e o f f 

r e l a t i o n s h i p e x i s t s b e t w e e n i t and o t h e r p a r a m e t e r s . 

The c r u s t a l hump i s , u n f o r t u n a t e l y , n o t w e l l c o n t r o l l e d 

e i t h e r . I t s c e n t r e c o u l d l i e anywhere t o t h e n o r t h , o r more 
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t h a n 150 km t o t h e we s t o f t h e optimum p o s i t i o n ( p l o t 8) . 

P l o t s 9 and 10 i n d i c a t e t h a t t h e X - d i m e n s i o n i s l e s s t h a n 

35 km, and t h a t some t r a d e o f f e x i s t s w i t h t h e Y - d i m e n s i o n 

w h i c h i s p o o r l y c o n t r o l l e d ( P l o t s 9 and 1 1 ) . P l o t s 12 and 

13 show t h a t t h e c r u s t a l hump must have an a p p r o x i m a t e l y 

NW-SE o r i e n t a t i o n , b u t a r a n g e o f a t l e a s t 45° i s a l l o w e d . 

An a l t e r n a t i v e t o t h e optimum p o s i t i o n o f t h e 

K i l i m a n j a r o hump i s i n d i c a t e d by t h e two c o n f i d e n c e r e g i o n s 

o f p l o t 14. The two p o s i t i o n s a r e m i r r o r images o f ea c h 

o t h e r i n t h e l i n e o f t h e f l a n k p r o f i l e . T h i s seems t o 

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

t h e f l a n k s t a t i o n s and t h e l i m i t e d d a t a f r o m S t a t i o n 3 1 a r e 

u n a b l e t o r e s o l v e t h e NE-SW components o f d i p s b e n e a t h t h e m . 

B o t h c o n f i d e n c e r e g i o n s a r e q u i t e w e l l d e f i n e d , h a v i n g an 

e r r o r r a d i u s o f a b o u t 40 km. Compared w i t h t h e o t h e r humps, 

t h e s i z e o f t h e K i l i m a n j a r o hump i s a l s o f a i r l y w e l l 

c o n t r o l l e d , e r r o r s i n t h e X- and Y - d i m e n s i o n s b e i n g a b o u t 

50% ( P l o t 1 5 ) . The o r i e n t a t i o n o f t h i s hump i s n o t 

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

q u a d r a n t i s c e r t a i n ( P l o t s 16, 17 and 1 8 ) . 

P l o t s 19 and 20 i n d i c a t e t h a t t h e d e p t h t o t h e base o f 

t h e a nomalous l i e s b e t w e e n 160 km and 260 km ( f o r 

V=7.5 km/sec) . A d e g r e e o f t r a d e - o f f b e t w e e n t h e d e p t h o f 

th e base and t h e h e i g h t s o f t h e c r u s t a l and m a i n humps i s 

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

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

P l o t 2 1 . 
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I t i s u n f o r t u n a t e t h a t t h e model p a r a m e t e r s a r e so 

p o o r l y d e f i n e d . The poor r e s o l u t i o n r e s u l t s m a i n l y f r o m t h e 

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

a l r e a d y d i s c u s s e d ( S e c t i o n 6 . 5 ) . E r r o r s i n some o f t h e 

t h e o r e t i c a l d e l a y s , a m o u n t i n g t o a b o u t 1.5 sec a r e l i k e l y t o 

e x i s t , and i t i s o b v i o u s t h a t t h a t j u s t a few o f t h e s e w i l l 

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

I n f l e x i b i l i t y o f t h e model may a l s o c o n t r i b u t e t o t h e 

poor r e s o l u t i o n . However, s i n c e t h e m o d e l s d e r i v e d h e r e 

show a l l t h e m a i n f e a t u r e s o f t h o s e d e r i v e d i n C h a p t e r 5, i t 

i s u n l i k e l y t h a t t h i s i s a m a j o r p r o b l e m . The r e g i o n where 

such i n f l e x i b i l i t y i s most l i k e l y t o be a p r o b l e m i s i n 

f o r m i n g t h e " v a l l e y " b etween t h e Main and K i l i m a n j a r o humps. 

The v a l u e o b t a i n e d f o r F 0 , 0.155 s e c , i s s i g n i f i c a n t l y 

l a r g e r t h a n t h e v a l u e o f 0.127 sec o b t a i n e d f o r t h e 

e q u i v a l e n t F w when c a l c u l a t i n g s t a t i o n d e l a y s i n C h a p t e r 4. 

By t h i s c r i t e r i o n a l o n e , t h e t h r e e - d i m e n s i o n a l m o d e l s must 

be c o n s i d e r e d i n f e r i o r t o t h o s e d e r i v e d f r o m t h e s t a t i o n 

d e l a y s , and a s s u m i n g h o r i z o n t a l l a y e r i n g . J a c k s o n (1976) 

has p o i n t e d o u t t h a t i f r.m.s. r e s i d u a l s ( o b j e c t i v e 

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

u n d e r m o d e l 1 i n g i s i n d i c a t e d . T h i s i s t h e c a s e h e r e , where 

t h e e x p e c t e d v a l u e , e w , c a l c u l a t e d i n S e c t i o n 4.5, i s o n l y 

0.114 s e c . I n such c a s e s , b e t t e r m o d e l s s h o u l d be s o u g h t , 

e i t h e r by i n c r e a s i n g t h e number o f p a r a m e t e r s , o r by 

a d o p t i n g an i n h e r e n t l y more r e a l i s t i c a p p r o a c h . 
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6 . 1 1 S u g g e s t i o n s f o r I m p r o v e m e n t s 

C l e a r l y , t h e r a y t r a c i n g method d e s c r i b e d h e r e m u s t be 

i m p r o v e d b e f o r e i t can y i e l d t h e l o w e r o b j e c t i v e f u n c t i o n 

v a l u e s w h i c h a r e t h e c r i t e r i o n o f m e r i t . Lack o f t i m e 

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

some s u g g e s t i o n s a r e made h e r e f o r t h e b e n e f i t o f anyone 

w i s h i n g t o c o n t i n u e t h i s w o r k . 

1) An i m p r o v e d i t e r a t i v e t e c h n i q u e s h o u l d be s o u g h t , so 

t h a t t h e o r e t i c a l d e l a y s a r e c a l c u l a t e d c o r r e c t l y , 

t a k i n g a c c o u n t o f m u l t i - p a t h a r r i v a l s . F a i l i n g t h i s , 

some method o f d e t e c t i n q t h e w r o n g l y c a l c u l a t e d d e l a y 

t i m e s s h o u l d be d e v i s e d . I f a b e t t e r method c a n n o t be 

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

( s a y ) two s t a n d a r d d e v i a t i o n s m i g h t be removed. The 

l a s t s u g g e s t i o n i s , i n t h e a u t h o r ' s o p i n i o n , a somewhat 

und e r h a n d t r i c k , b u t may be t h e o n l y way o f i m p r o v i n g 

t h e m e t h o d . A l t e r n a t i v e l y , an a b s o l u t e e r r o r e s t i m a t o r 

f o r t h e o b j e c t i v e f u n c t i o n m i g h t be d e v i s e d . 

2) The f o r m o f t h e upper s u r f a c e may be i n s u f f i c i e n t l y 

f l e x i b l e . The a u t h o r i s aware t h a t t h e l / ( l + x 2 ) 

f u n c t i o n , w h i c h f o r m s t h e b a s i s o f t h e humps, i s r a t h e r 

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

v a l l e y s , s u c h as e x i s t s b e t w e e n t h e m a i n and 

K i l i m a n j a r o humps. The n a r r o w e r G u a s s i a n f u n c t i o n , 

based on E x p ( - x 2 ) , m i g h t p r o v e b e t t e r . 

3) P e r h a p s t h e r a y t r a c i n g p r o c e d u r e , r e l y i n g h e a v i l y as 

i t does on an o p t i c a l t y p e a p p r o a c h , i s f u n d a m e n t a l l y 
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i n a p p r o p r i a t e . Smooth v a r i a t i o n s i n v e l o c i t y w o u l d be 

more r e a l i s t i c , and i t has y e t t o be shown t h a t t h e 

t y p e o f model p r o p o s e d h e r e can r e p r o d u c e t h e b e h a v i o u r 

o f such a s t r u c t u r e . Even m o d e l s w i t h smooth 

v a r i a t i o n s i n v e l o c i t y may be u n r e a l i s t i c . I f t h e Gass 

t h e o r y o f r i f t e v o l u t i o n i n v o l v i n g p e n e t r a t i v e 

c o n v e c t i o n p e r t a i n s t o t h e upper 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 ( s e e C h a p t e r 7 ) , r a n d o m l y d i s t r i b u t e d 

p o c k e t s o f more h i g h l y f u s e d m a t e r i a l m i g h t e x i s t . 

T r e a t i n g t h e anomalo u s zone as a random medium m i g h t 

t h e n y i e l d b e t t e r r e s u l t s , as has an i n v e s t i g a t i o n o f 

t h e s l o w n e s s a n o m a l i e s o b t a i n e d a t LASA ( C a p o n , 1 9 7 4 ) . 

6.12 C o n c l u s i o n s 

A t h r e e - d i m e n s i o n a l m o d e l l i n g t e c h n i q u e has been 

d e v e l o p e d and d e s c r i b e d . The two o p t i m i s e d m o d e l s o b t a i n e d , 

assuming u n i f o r m anomalous zone v e l o c i t i e s o f 7.5 km/sec and 

7.0 km/sec, embody a l l t h e m a i n f e a t u r e s o f t h e 

t w o - d i m e n s i o n a l m o d e l s p r o p o s e d i n C h a p t e r 5. The t h i c k n e s s 

v a r i e s i n v e r s e l y w i t h anomalous zone v e l o c i t y , as e x p e c t e d . 

However, t h e minimum o b j e c t i v e f u n c t i o n v a l u e s o b t a i n e d 

a r e l a r g e r t h a n e x p e c t e d . M o r e o v e r , t h e v e r y w i d e v o l u m e o f 

o b j e c t i v e f u n c t i o n h y p e r s p a c e e n c l o s e d by t h e 70% c o n f i d e n c e 

l e v e l i l l u s t r a t e s t h e poor p r e c i s i o n w i t h w h i c h t h e model 

p a r a m e t e r s a r e d e t e r m i n e d . 

The t e c h n i q u e i s c a p a b l e o f r e f i n e m e n t t o ove r c o m e t h e 

d i f f i c u l t i e s d e s c r i b e d a b o v e , and s u g g e s t i o n s have been made 
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f o r i m p r o v e m e n t s . 
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CHAPTER 7 

DISCUSSION AND CONCLUSIONS 

7.1 The P r e s e n t Work i n r e l a t i o n t o P r e v i o u s S t u d i e s . 

S e v e r a l m o d e l s have been p r o p o s e d t o e x p l a i n t h e 

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

th e Kenya dome and t h e c e n t r a l p o r t i o n o f t h e G r e g o r y r i f t . 

T hese m o d e l s v a r y s l i g h t l y i n shape b u t show t h e same b r o a d 

f e a t u r e s . A s u b s t a n t i a l l o w v e l o c i t y zone e x i s t s w i t h i n t h e 

upper 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 , and t h i s p e n e t r a t e s 

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

r i f t a x i s . The i n t r u d e d p a r t o f t h e c r u s t has a h i g h e r 

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

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

Kenya dome, t h e l o w v e l o c i t y zone i s a t t e n u a t e d ; t h a t i s , 

e i t h e r t h e t h i c k n e s s d e c r e a s e s , o r t h e v e l o c i t y c o n t r a s t 

w i t h n o r m a l m a n t l e d e c r e a s e s , or b o t h . A s u b s i d i a r y 

i n t e n s i f i c a t i o n e x i s t s a b o u t 200 km t o t h e s o u t h e a s t o f t h e 

c u l m i n a t i o n o f t h e dome, p r o b a b l y l i n k e d w i t h 

M t. K i l i m a n j a r o . 

A u n i f o r m v e l o c i t y , V, has g e n e r a l l y been assumed f o r 

th e a n omalous zone, p r i m a r i l y t o f a c i l i t a t e i n t e r p r e t a t i o n . 

A f l a t base f o r t h e anomalous zone has a l s o g e n e r a l l y been 

assumed, and t h i s i s j u s t i f i e d i n S e c t i o n 5.4. The same 

a s s u m p t i o n s were made by F o r t h (1975) and Long and Backhouse 

(1976) when d e r i v i n g m odels f r o m s l o w n e s s anomaly 
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measurements a t K a p t a g a t , f o r t h e anomalous zone under t h e 

n o r t h w e s t f l a n k o f t h e Kenya dome. F i g u r e 7 . 1 . shows t h e 

com b i n e d model G d e r i v e d i n C h a p t e r 5 (V= 7.5 km/sec) 

a l o n g s i d e a NW-SE s e c t i o n o f t h e K a p t a g a t model (V= 7.3) 

g i v e n by Long and M a g u i r e ( 1 9 7 6 ) . The two mod e l s have been 

c o m b i n e d where t h e y o v e r l a p under t h e w e s t e r n e s c a r p m e n t . 

(The o v e r a l l s e c t i o n i s f o r a p r o f i l e r u n n i n g NW-SE a c r o s s 

t h e dome, b u t i n t h e c e n t r a l p o r t i o n t h e p r o f i l e r u n s E-W 

a c r o s s t h e r i f t . ) 

The K a p t a g a t model d i f f e r s f r o m t h e DKSP mod e l s i n t h a t 

i t s u pper i n t e r f a c e has a s t e e p e r a v e r a g e d i p and e x t e n d s 

d e e p e r i n t o t h e upper m a n t l e . The base o f i t s anomalous 

zone i s p l a c e d d e e p e r , and w o u l d have t o be deeper s t i l l i f 

t h e same anomalous zone v e l o c i t y were used as f o r t h e DKSP 

m o d e l s . M o r e o v e r , t h e base o f t h e anomalous zone i s p l a c e d 

deeper on t h e K a p t a g a t model t h a n on t h e DKSP m o d e l . These 

d i s c r e p a n c i e s w o u l d be g r e a t e r i f t h e same anomalous zone 

v e l o c i t y had been assumed f o r t h e two s t u d i e s . These 

d i f f e r e n c e s a r e s i g n i f i c a n t and s h o u l d be e x p l a i n e d , as an 

a p p r o x i m a t e l y s y m m e t r i c a l shape m i g h t be e x p e c t e d f o r t h e 

anomalous zone. 

The t e l e s e i s m i c s l o w n e s s measurements a t K a p t a g a t a r e 

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

c o n s i d e r a b l e s c a t t e r on measurements f r o m g r o u p s o f c l o s e l y 

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

a s s i g n e d d i p s . The upper s u r f a c e i s f o r m e d by c o n t i n u e d 

n o r t h w e s t w a r d e x t r a p o l a t i o n f r o m an assumed i n t e r s e c t i o n 



252 

FIGURE 7.1, 

KAPTAGAT (NORTHEAST FLANK) AND 

DKSP (RIFT AND SOUTHEAST FLANK) 
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w i t h t h e n o r m a l Mono 30 km w e s t o f t h e r i f t a x i s (Long and 

B a c k h o u s e , 1 9 7 6 ) . E r r o r s i n t h i s p r o c e s s w i l l t e n d t o 

i n c r e a s e n o r t h w e s t w a r d s , and may g i v e c o n s i d e r a b l e e r r o r s i n 

t h e i n f e r r e d d e p t h s . 

The l o w e r b o u n d a r y o f t h e zone i s drawn on t h e d i a g r a m 

g i v e n t h e anomalous zone t h i c k n e s s o f 200 km i n f e r r e d under 

KAP by Long and Backhouse ( 1 9 7 6 ) . T h i s v a l u e i s d e r i v e d 

f r o m r e l a t i v e d e l a y t i m e measurements be t w e e n KAP and BUL 

(2.4 0.7 s e c ) , a s s u m i n g n o r m a l upper m a n t l e v e l o c i t i e s 

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

t h e two s t a t i o n s can be i g n o r e d . However, i f we a c c e p t t h a t 

t h e c r u s t b e n e a t h KAP has a t h i c k n e s s o f 44 km ( M a g u i r e and 

L ong, 1 9 7 6 ) , and assume t h a t t h e c r u s t under BUL has a 

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

A f r i c a ( e . g . H a l e s and SacKs, 1 9 5 9 ) , a c r u s t a l c o n t r i b u t i o n 

o f 1.1 sec may be p r e s e n t i n t h e d e l a y t i m e d i f f e r e n c e . A 

r e d u c t i o n o f t h e measured r e l a t i v e d e l a y t i m e by t h i s amount 

w o u l d r e s u l t i n a r e d u c t i o n by 80 km i n t h e t h i c k n e s s o f t h e 

a nomalous zone under KAP, b r i n g i n g i t s l o w e r b o u n d a r y up t o 

t h e d e p t h marked X X on F i g u r e 7 . 1 . T h i s g i v e s a much 

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

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

i f t h e same v e l o c i t i e s were used f o r t h e K a p t a g a t and DKSP 

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

S i m i l a r a n o m a l o u s zone t h i c k n e s s e s f o r t h e n o r t h w e s t 

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

t i m e measurements g i v e n by Long and Backhouse (1976) f o r NAI 
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and KAP r e l a t i v e t o BUL. Thus d i f f e r e n c e s b e t w e e n t h e 

K a p t a g a t and DKSP mod e l s o u t t o a b o u t 150 km f r o m t h e 

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

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

d i f f e r e n c e s . We may c o n c l u d e t h a t t h e s e i s m i c s t r u c t u r e i s 

s y m m e t r i c a l w i t h i n t h i s r e g i o n . Beyond a b o u t 150 km, t h e r e 

i s t h e K i l i m a n j a r o t h i c k e n i n g t o t h e s o u t h e a s t w h i c h seems 

t o have no c o u n t e r p a r t i n t h e n o r t h w e s t . 

I n C h a p t e r 5 i t was i n f e r r e d t h a t t h e c r u s t a l o n g t h e 

r i f t a x i s was i n t r u d e d t o w i t h i n 20 km o f t h e s u r f a c e 

( a s s u m i n g V=7.5 k m / s e c ) . T h i s i s i n good a g r e e m e n t w i t h t h e 

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

n o r t h e r n s e c t o r o f t h e G r e g o r y r i f t ( G r i f f i t h s e t a l , 1971) 

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

a l o n g t h e r i f t a x i s . 

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

b etween d e l a y t i m e v a r i a t i o n s and Bouguer a n o m a l y v a r i a t i o n s 

( S e c t i o n 5.7) i t i s n o t s u r p r i s i n g t h a t g r a v i t y m o d e l s 

( F i g u r e 1.8) and s e i s m i c m o d e l s d e r i v e d i n t h i s and t h e 

K a p t a g a t s t u d y show b r o a d l y s i m i l a r shapes f o r t h e anomalo u s 

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

The l ow s e i s m i c v e l o c i t i e s and d e n s i t i e s and t h e h i g h 

c o n d u c t i v i t y o b s e r v e d f o r t h e upper m a n t l e b e n e a t h t h e dome 

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

p a r t i a l f u s i o n ( B o t t , 1965; A n d e r s o n , 1967; W a l s h , 1969; 

Duba e t a l , 1 9 7 4 ) . The i n c r e a s e d d e g r e e o f p a r t i a l m e l t i n g 

has g i v e n r i s e t o t h e v a s t amount o f magmatic a c t i v i t y and 
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hence t o t h e r i f t v o l c a n i c s , and a c c o u n t s f o r t h e e x i s t e n c e 

o f t h e zone o f i n t r u s i o n a l o n g t h e r i f t a x i s . 

7.2 F u r t h e r O b s e r v a t i o n s and D i s c u s s i o n 

T h i s s e c t i o n i s d e v o t e d t o a few a d d i t i o n a l r e m a r k s 

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

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

7.2.1 Cor r e l a t i o n o f Waveforms 

S i g n a l s r e c o r d e d a t DKSP s t a t i o n s f o r i n d i v i d u a l e v e n t s 

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

f i r s t 2-6 c y c l e s . T h i s e n a b l e d t h e w a v e f o r m m a t c h i n g 

t e c h n i q u e t o be used w i t h c o n f i d e n c e . However, c l o s e 

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

a r r i v a l s . F a i r l y o f t e n t h e r e was a h i n t o f a s u p e r i m p o s e d 

s e c o n d a r r i v a l , w h i c h s o m e t i m e s had a d i f f e r e n t a p p a r e n t 

v e l o c i t y . Such an a r r i v a l i s v i s i b l e i n F i g u r e 4.1 as a 

d i f f e r e n c e i n w a v e f o r m shape a b o u t 3 sec a f t e r o n s e t . 

O c c a s i o n a l l y , more f r e q u e n t l y a t S t a t i o n s 18 and 19 t h a n a t 

t h e o t h e r s , t h e w a v e f o r m a t one o r two s t a t i o n s w o u l d be 

s u f f i c i e n t l y d i f f e r e n t t h a t a match c o u l d n o t e a s i l y be 

o b t a i ned. 

S i m i l a r b e h a v i o u r seems t o be o b s e r v e d a t t h e l a r g e 

a p e r t u r e s e i s m i c a r r a y (LASA) i n M o n t a n a , USA. The 

w a v e f o r m s i l l u s t r a t e d i n a paper by I y e r and H e a l y (1972) 

a r e e a s i l y m a t r l i o d o v e r a d i s t a n c e o f 200 km, c o m p a r a b l e t o 

t h e l a r g e s t i n t e r - s t a t i o n d i s t a n c e s f o r DKSP. Mack ( 1 9 6 9 ) , 
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on t h e o t h e r h and, shows t h a t s i g n a l s can v a r y s i g n i f i c a n t l y 

f o r s e i s m o m e t e r s l o c a t e d l e s s t h a n 20 km a p a r t , and 

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

o v e r t h e a r r a y 

The g e n e r a l l y u n i f o r m a p p e a r a n c e o f DKSP w a v e f o r m s , 

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

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

t h e r e g i o n . P e r h a p s c l o s e r e x a m i n a t i o n o f t h e w a v e f o r m s , 

u s i n g s p e c t r a l r e s p o n s e r a t i o s o r s i m i l a r t e c h n i q u e s , m i g h t 

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

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

s c a l e v a r i a t i o n s . 

Waveform d i f f e r e n c e s m i g h t be l i n k e d t o m u l t i p a t h 

e f f e c t s and t h e s u p e r p o s i t i o n o f two o r more a r r i v a l s , as 

s u g g e s t e d by t h e r a y t r a c i n g i l l u s t r a t e d i n F i g u r e 6.5. 

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

o b s e r v e d a t S t a t i o n s 18 and 19, w h i c h a r e l o c a t e d j u s t where 

d u p l i c a t e d a r r i v a l s w o u l d be e x p e c t e d . 

7.2.2 The Non-Random D i s t r i b u t i o n o f S o urce E v e n t s 

F i g u r e 4.5 i l l u s t r a t e s t h e d i s t r i b u t i o n o f e v e n t s used 

i n t h i s s t u d y , and i t can be seen t h a t t h e r e i s a 

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

b etween 40° and 140°. Because t h e a v e r a g e r a y d i r e c t i o n f o r 

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

s t a t i o n d e l a y s o b t a i n e d i n C h a p t e r 4, where e f f e c t i v e l y 

v e r t i c a l p a t h s were assumed, w i l l be o f f s e t s l i g h t l y t o t h e 
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w e s t o f t h e c o r r e s p o n d i n g s u b s u r f a c e s t r u c t u r e s . T h i s may 

a c c o u n t f o r t h e 5 km w e s t w a r d s h i f t i n t h e d e l a y t i m e 

minimum r e l a t i v e t o t h e Bouguer a n o m a l y peak, as seen i n 

F i g u r e 5.9. A s s u m i n g an a v e r a g e e a s t w a r d s l a n t o f 15° f o r 

t h e r a y s , t h i s w o u l d i m p l y an a p p r o x i m a t e minimum d e p t h o f 

20 km f o r t h e anomalous zone, i f r e f r a c t i o n s a r e i g n o r e d . 

T h i s i s i n good a g r e e m e n t w i t h t h e i n t e r p r e t a t i o n s p r e s e n t e d 

h e r e , and t h e d e p t h o b t a i n e d f o r t h e 7.5 km/sec l a y e r 

d e t e c t e d by G r i f f i t h s e t a l ( 1 9 7 1 ) . T h i s w e s t e r l y s h i f t , 

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

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

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

f o r t h e i n t e r p r e t a t i o n s o f C h a p t e r 5. 

I g n o r i n g t h e e f f e c t s o f r e f r a c t i o n i s , o f c o u r s e , a 

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

( F i g u r e 6.5) shows t h a t t h e p a t t e r n o f d e l a y t i m e 

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

c o r r e s p o n d i n g p a t t e r n a s s u m i n g v e r t i c a l r a y s and no 

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

and n o t i n g t h e p r e p o n d e r a n c e o f e a s t e r l y b a c k - b e a r i n g s , we 

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

F i g u r e 5.9 t o be r e d u c e d i n a m p l i t u d e . T h i s peak i s p o o r l y 

d e f i n e d , as n o t e d p r e v i o u s l y . The r e a s o n g i v e n i n C h a p t e r 5 

was l a c k o f s t a t i o n s i n t h e a r e a , b u t a c o n t r i b u t a r y f a c t o r 

m i g h t be t h e e f f e c t j u s t n o t e d . T h i s e f f e c t c o u l d a l s o 

c o n t r i b u t e t o t h e l o w d e l a y t i m e s o b s e r v e d a t S t a t i o n s 18 

and 19, b u t i s i n s u f f i c i e n t t o a c c o u n t f o r them e n t i r e l y . 
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7.2.3 The E f f e c t o f t h e V o l c a n i c O v e r b u r d e n 

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

o v e r l y i n g t h e basement i n t h e r e g i o n o f t h e r i f t has been 

i g n o r e d . Low v e l o c i t i e s a r e e x p e c t e d and t h e s e c o u l d , i n 

p a r t , e x p l a i n t h e g e n e r a l l y h i g h e r d e l a y t i m e s i n t h e r i f t 

r e g i o n r e l t a i v e t o t h e f l a n k s , as a l r e a d y n o t e d . The 

v e r t i c a l d e l a y t i m e f o r a 2 km l a y e r o f 3 km/sec m a t e r i a l i s 

0.42 s e c o n d s . K i n g (1978) s u g g e s t s a t o t a l t h i c k n e s s f o r 

t h e r i f t t r o u g h o f 5.5 km, g i v i n g a d e l a y t i m e ( a s s u m i n g 

t h e same v e l o c i t y ) o f 0.89 s e c o n d s . Thus i f t h e v o l c a n i c s 

r e a l l y a t t a i n s u c h t h i c k n e s s e s and have such low a v e r a g e 

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

t h e d e l a y t i m e v a r i a t i o n s . The l a r g e l y unknown t h i c k n e s s e s 

o f t h e v o l c a n i c s , w h i c h have c o n s i d e r a b l y l o w e r d e n s i t i e s 

t h a n n o r m a l c r u s t a l r o c k s , a l s o hamper r e l i a b l e g r a v i t y 

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

To e l u c i d a t e t h e upper c r u s t a l s t r u c t u r e o f t h e r i f t 

f l o o r i n t h e r e g i o n o f Lake B a r i n g o , two s m a l l s c a l e 

r e f r a c t i o n l i n e s were s h o t by L e i c e s t e r U n i v e r s i t y i n 1975. 

The r e s u l t s a r e as y e t u n p u b l i s h e d , b u t a p r e l i m i n a r y r e p o r t 

has been r e c e i v e d (Swain e t a l , 1 9 7 8 ) . The i n t e r p r e t a t i o n 

o f t h e e a s t - w e s t l i n e , between Lake B a r i n g o and C h e b l o c h 

G o r g e , i n d i c a t e s a 2-3.5 km t h i c k n e s s o f 3.7 km/sec 

m a t e r i a l o v e r l y i n g 5.7-5.8 km/sec m a t e r i a l . ( T h e r e was no 

i n d i c a t i o n o f t h e 6.4 km/sec r e f r a c t o r d e t e c t e d by G r i f f i t h s 

e t a l ( 1 9 7 1 ) , as had been e x p e c t e d , b u t t h e e x i s t e n c e o f 

t h i s l a y e r was n o t r u l e d o u t . ) The 5.7-5.8 km/sec m a t e r i a l 
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i s t h o u g h t t o be c r y s t a l l i n e basement, and t h e 3.7 km/sec 

v e l o c i t y i s l i n k e d t o t h e v o l c a n i c s . These r e s u l t s s u g g e s t 

a deep basement, d e p r e s s e d t o as much as 2.5 km b e l o w sea 

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

seen o n l y 10 kin n o r t h o f t h e c e n t r a l p a r t o f t h e l i n e . 

C l e a r l y , more d e t a i l e d w ork t o d e t e r m i n e t h e 

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

7.3 The P r e s e n t S t u d y and Theor i e s o f R i f t F o r m a t i o n 

The t h e o r y o f t h e r m a l p e r t u r b a t i o n o f and t h e upward 

m i g r a t i o n 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 b o u n d a r y , as 

d e s c r i b e d by Gass i n a number o f p a p e r s ( f o r e x a m p l e , 1972) 

has a l r e a d y been o u t l i n e d i n C h a p t e r 1 . D i a g r a m s 

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

Gass' c a p t i o n s , a r e shown i n F i g u r e 7.2. T h e r e i s a c l e a r 

s i m i l a r i t y b etween t h e anomalous zone i n f e r r e d i n t h i s and 

o t h e r s t u d i e s , and t h e zone o f magma g e n e r a t i o n ( h i g h d e g r e e 

o f p a r t i a l m e l t i n g ) r e p r e s e n t e d by s t a g e b. T h i s l e n d s 

c o n s i d e r a b l e w e i g h t t o t h e Gass e x p l a n a t i o n . 

Gass' t h e o r y a l s o e x p l a i n s domal u p l i f t and t h e 

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

b a s a l t s t o t r a n s i t i o n a l b a s a l t s and t h o l e i i t e s . The domal 

u p l i f t i s e n t i r e l y a d e q u a t e t o e x p l a i n g r a b e n f o r m a t i o n as 

t h e c l a y m o d e l s o f C l o o s (1939) and f i n i t e e l e m e n t a n a l y s i s 

o f Neubauer (1978) d e m o n s t r a t e . I n d e e d t h e s e s t u d i e s show 

w e l l how a t r o u g h , l i m i t e d i n o v e r a l l e x t e n t , w i t h a s p l a y e d 

p a t t e r n o f f a u l t i n g a t each end and t h e e x i s t e n c e o f 
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LEGEND OF FIGURE 1.2 

SCHEMATIC REPRESENTATION OF MAGMA GENETIC AND 

TECTONIC STAGES I N TRANSCONTINENTAL RUPTURE 

(a) P e r t u r b a t i o n i n 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 m a t i c body; doming o f t h e s u r f a c e and 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 magmatic a c t i v i t y a l o n g m a j o r r i f t 

z one, a t t e n u a t i o n o f t h l i t h o s p h e r e b e n e a t h t h e r i f t 

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

( c) C o n t i n u i n g rnagmatic a c t i v i t y a l o n g t h e m a j o r 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 can 

e q u i l i b r i a t e a t v e r y s h a l l o w d e o p t h s . W 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 l t i c d y k e s a l o n g 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 l i t h o s p h e r e p l a t e s a r e 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 i m e n s i o n a l d i a g r a m t o show how 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 , and 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 s . 

(Gass, 1972) 
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FIGURE 7.2 

(Gass, 1972) 
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t h r e e - a r m e d s t r u c t u r e s , as seen i n t h e G r e g o r y r i f t 

( F i g u r e 1 . 2 ) , may a r i s e . 

Gass does n o t s p e c i f y t h e n a t u r e o f t h e i n i t i a l 

d i s t u r b a n c e s w h i c h m i g h t t r i g g e r magma g e n e s i s , b u t one 

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

i n i t i a t e t h e d i s t u r b a n c e . 

O x burgh (1978) a r g u e s t h a t m a n t l e plumes a r e 

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

D i v e r g e n t f l o w a t t h e t o p o f t h e plume can i n d u c e s h e a r 

s t r e s s e s o f no more t h a n 10 kbar a t t h e base o f t h e 

l i t h o s p h e r e , and t h i s i s i n s u f f i c i e n t t o cause f r a c t u r e . 

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

t r a n s f e r , o f a m a n t l e plume on t h e base o f a p l a t e i s a l s o 

o f l i m i t e d e x t e n t . A p l a t e m o v i n g a t a t y p i c a l speed o f 

4 cm/yr o v e r a 400 km w i d e plume w o u l d o n l y be s i g n i f i c a n t l y 

h e a t e d i n t h e l o w e r 20 km. 

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

i n d u c e l i t o s p h e r i c t h i n n i n g i f Gass t y p e i n s t a b i l i t y e x i s t s 

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

plume were t o i n j e c t v o l a t i l e s i n t o t h e l i t h o s p h e r e . The 

e f f e c t o f t h e s e w o u l d be t o d e p r e s s t h e m e l t i n g p o i n t , and 

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

i i t h o s p h e r e . I f t h i s were t h e c a s e , t h e n a s i g n i f i c a n t 

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

w i t h o u t a s i g n i f i c a n t t e m p e r a t u r e r i s e ( O x b u r g h , 1 9 7 8 ) . 

T h e r m a l p e r t u r b a t i o n seems t o be s u c h a s i g n i f i c a n t 

f a c t o r i n r i f t f o r m a t i o n t h a t s e r i o u s d o u b t must be c a s t on 
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any t h e o r y i n w h i c h l i t h o s p h e r i c s t r e s s e s a r e t h e p r i m a r y 

c a u s e . The membrane t e c t o n i c t h e o r y o f O x b u r g h and T u r c o t t e 

(1974) shows t h a t l i t h o s p h e r i c s t r e s s e s s u f f i c i e n t t o cause 

f r a c t u r e can be i n d u c e d by p l a t e m o t i o n s . However, t h e 

mechanisms p r o p o s e d f o r t h e g e n e r a t i o n o f magma a r e 

i m p l a u s i b l e . O xburgh (1978) s u g g e s t s t h a t e i t h e r v o l a t i l e s 

r i s e t o t h e s u r f a c e f r o m t h e a s t h e n o s p h e r e t h r o u g h c r a c k s i n 

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

zones o f s t r a i n i n t h e l i t h o s p h e r e . G r i g g s e t a l (1960) 

have shown t h a t above 500°C and 5 kbar p r e s s u r e (15-20 km 

d e p t h ) a l m o s t a l l r o c k s a r e d u c t i l e , and on t h i s b a s i s i t i s 

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

The m a i n e v i d e n c e i n f a v o u r o f membrane t e c t o n i c s as an 

e x p l a n a t i o n f o r r i f t f o r m a t i o n i n E a s t A f r i c a i s t h e 

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

t o t h e n o r t h w a r d m o t i o n o f t h e A f r i c a n p l a t e . However, t h i s 

i s n o t an o b s t a c l e t o t h e Gass t h e o r y , s i n c e t h e n o r t h w a r d 

m i g r a t i o n o f t h e A f r i c a n p l a t e o v e r some s t a t i o n a r y , 

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

o f l o c a l i z e d d i s t u r b a n c e s c o r r e s p o n d i n g t o t h e A f r o - A r a b i a n 

t r i p l e j u n c t i o n , t h e E a s t A f r i c a n P l a t e a u , and a newer 

d i s t u r b a n c e i n c e n t r a l - s o u t h e r n A f r i c a . The e x i s t a n c e o f 

t h e l a s t i s i n d i c a t e d by by w e l l d e f i n e d zones o f 

c o n s i d e r a b l e s e i s m i c i t y ( F a i r h e a d and G i r d l e r , 1972; 

F a i r h e a d and H e n d e r s o n , 1977) and a n o m a l o u s l y h i g h h e a t f l o w 

(Chapman and P o l l a c k , 1975, 1977) 

The Gass model i s e m i n e n t l y a p p l i c a b l e t o t h e 
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A r a b i a n - A f r i c a n r i f t s y s t e m s . I n t h e case o f t h e Red Sea 

and t h e G u l f o f Aden, t h e p r o c e s s has gone t o c o m p l e t i o n 

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

E t h i o p i a , Kenya and T a n z a n i a we see an e a r l i e r s t a g e , 

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

t h e p r o c e s s i s a t an even e a r l i e r s t a g e . I t i s h a r d t o 

r e s i s t t h e i d e a t h a t a new ocean i s b e i n g i n i t i a t e d a l o n g 

t h e s e r i f t and i n c i p i e n t r i f t z o n e s . 

However, b e f o r e a c t i v e s p r e a d i n g c an t a k e p l a c e , 

i s o l a t e d m a g m a t i c r e g i o n s must be l i n k e d . The d e g r e e t o 

w h i c h t h e E t h i o p i a n and Kenyan m a g m a t i c c e n t r e s a r e l i n k e d 

i s n o t a t a l l c e r t a i n . The K a p t a g a t m o d e l s ( F o r t h , 1975; 

Long and B a c k h o u s e , 1976) s u g g e s t t h a t t h e Kenya zone i s 

l i m i t e d i n i t s n o r t h w a r d e x t e n t , b u t t h e i n t e r p r e t a t i o n s do 

n o t e x t e n d t o t h e n o r t h e a s t q u a d r a n t . M i c e n k o ( 1 9 7 7 ) , on 

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

a c c u r a c y made f r o m r e c o r d i n g s a t S t a t i o n 50, s u g g e s t s a 

t e n u o u s c o n n e c t i o n a t d e p t h b e t w e e n t h e two z o n e s . The 

t h r e e - d i m e n s i o n a l m odels p r o p o s e d i n C h a p t e r 6 t e n d t o 

s u p p o r t t h i s c o n c l u s i o n , b u t t h i s i s as l i k e l y t o be a 

s p u r i o u s c o n s e q u e n c e o f t h e i n c l u s i o n o f t h e E t h i o p i a n hump 

as a r e f l e c t o n o f t h e d a t a . 
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7.4 S u g g e s t i o n s f o r F u r t h e r R e s e a r c h 

7.4.J- The Upper M a n t l e S t r u c t u r e b etween Domes 

P o s s i b l y t h e most v i t a l q u e s t i o n o u t s t a n d i n g i s w h e t h e r 

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

q u e s t i o n i s most l i k e l y t o be r e s o l v e d by g e o p h y s i c a l 

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

Kenya and E t h i o p i a domes and t o t h e s o u t h w e s t o f t h e e a s t 

A f r i c a n P l a t e a u , where i n c i p i e n t r i f t i n g i s t h o u g h t t o be 

t a k i n g p l a c e ( F a i r h e a d and H e n d e r s o n , 1977; Chapman and 

P o l l a c k , 1 9 7 7 ) . A t w o - p r o n g e d a t t a c k , u s i n g g r a v i t y and 

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

i n f o r m a t i o n . The d e l a y t i m e method has p r o v e d e f f e c t i v e f o r 

t h e Kenya dome and t h e r e i s e v e r y r e a s o n t o b e l i e v e t h a t a 

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

e q u i v a l e n t u s e f u l i n f o r m a t i o n i n t h e s e a r e a s . The w a v e f o r m 

m a t c h i n g t e c h n i q u e w o r k s so w e l l t h a t r e l i a b l e 

d e t e r m i n a t i o n s o f r e l a t i v e d e l a y s can p r o b a b l y be o b t a i n e d 

w i t h as few as two o r t h r e e w e l l r e c o r d e d e v e n t s a t each 

s t a t i o n , r e q u i r i n g j u s t a week or o r two' s o c c u p a t i o n o f 

each s i t e i n s t e a d o f t h e 20 weeks a v e r a g e d f o r DKSP. W i t h 

r e l i a b l e r e c o r d e r s , and a c c e s s by a i r t o r e m o t e r a r e a s , a 

g r e a t e r number o f s i t e s c o u l d be o c c u p i e d , g i v i n g c l o s e r 

c o v e r a g e t h a n o b t a i n e d f o r DKSP. L o c a l m o n i t o r i n g o f 

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

t o an e f f i c i e n t o p e r a t i o n . F u r t h e r i n f o r m a t i o n on s l o w n e s s 

a n o m a l i e s c o u l d be o b t a i n e d by h a v i n g s m a l l a r r a y s i n c l u d e d 
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w i t h i n t h e n e t w o r k . A r r a y s o f 5-10 km d i a m e t e r , u s i n g 

t e l e m e t e r e d l i n k s t o a c e n t r a l r e c o r d e r , w o u l d be i d e a l . 

7.4.2 Upper C r u s t a l S t r u c t u r e o f t h e G r e g o r y R i f t 

Domal u p l i f t i s an i m p o r t a n t p a r t o f t h e Gass t h e o r y o f 

r i f t f o r m a t i o n , and d o u b t has been c a s t on t h e e x t e n t t o 

w h i c h t h e l e v e l o f t h e basement has been r a i s e d ( K i n g , 

1 9 7 8 ) . To a i d g r a v i t y and d e l a y t i m e i n t e r p r e t a t i o n s and 

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

i n f o r m a t i o n i s r e q u i r e d on t h e upper c r u s t a l s t r u c t u r e n e a r 

and w i t h i n t h e r i f t . 

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

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

o f t h e v o l c a n i c s . U n f o r t u n a t e l y , t h e c o s t o f a c q u i r i n g and 

p r o c e s s i n g r e l e c t i o n d a t a i s p r o b a b l y w e l l beyond t h e means 

o f most B r i t i s h a c a d e m i c i n s t i t u t i o n s . R e f r a c t i o n w o r k i s 

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

r i f t have so f a r y i e l d e d r a t h e r u n s a t i s f a c t o r y r e s u l t s , 

m a i n l y due t o t h e l o c a l n o i s e and t o l o g i s t i c a l 

d i f f i c u l t i e s . N e v e r t h e l e s s f u r t h e r r e f r a c t i o n w o r k a l o n g 

t h e l i n e s o f t h e KRISP e x p e r i m e n t s h o u l d be u n d e r t a k e n . 

7.4.3 C r u s t a l S t r u c t u r e 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 

The K a p t a g a t e x p e r i m e n t has y i e l d e d a model f o r t h e 

c r u s t a l s t r u c t u r e t o t h e w e s t o f t h e G r e g o r y r i f t ( M a g u i r e 

and L o n g , 1 9 7 6 ) . Swain (1979) has n o t e d t h a t t h e g r a v i t y 

f i e l d a c r o s s t h e m a r g i n o f t h e E a s t A f r i c a n p l a t e a u and 
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G r e g o r y r i f t has a component w h i c h i s i n e x p l i c a b l e f r o m t h e 

s e i s m i c s t r u c t u r e d educed f r o m K a p t a g a t . T h i s " r e g i o n a l " 

g i v e s l o w e r Bouguer v a l u e s t o t h e w e s t t h a n t h e e a s t , and 

m i g h t be due e i t h e r t o a l a y e r o f anomalous upper m a n t l e 

m a t e r i a l under t h e p l a t e a u (see t h e g r a v i t y m o d e l s o f 

S o w e r b u t t s ( 1 9 6 9 ) , D a r r a c o t t e t a l ( 1 9 7 2 ) , Khan and 

M a n s f i e l d ( 1 9 7 1 ) , F i g u r e 1 . 8 ) , o r t o an e a s t w a r d t h i n n i n g 

c r u s t . A n a l y s i s o f e v e n t s o r i g i n a t i n g l o c a l l y ( e s p e c i a l l y 

i n t h e O l o i t o k i t o k a r e a on t h e n o r t h e a s t f l a n k o f Mount 

K i l i m a n j a r o ( J o h n s , 1 9 7 7 ) ) and r e c o r d e d a t t h e DKSP s t a t i o n s 

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

and e n a b l e t h i s q u e s t i o n t o be r e s o l v e d . 

7.5 C o n c l u s i o n s 

C h a p t e r s 2, 3 and 4 d e s c r i b e d t h e a c q u i s i t i o n o f 

r e c o r d i n g s o f t e l e s e i s m i c P-wave a r r i v a l s and t h e i r 

r e d u c t i o n t o g i v e s t a t i o n d e l a y s f o r t h e DKSP n e t w o r k . 

I n C h a p t e r 5 t h e v a r i a t i o n i n d e l a y t i m e was d i s c u s s e d , 

and i t was shown t h a t t h e m a j o r p a r t o f t h e v a r i a t i o n s c o u l d 

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

v e l o c i t y m a t e r i a l w i t h i n t h e upper m a n t l e . 

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

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

t h a t t h e anomalous zone e x t e n d s 270 km l a t e r a l l y i n t h i s 

d i r e c t i o n . I f t h e anomalous zone i s m o d e l l e d as a r e g i o n o f 

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

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

t h i c k e n i n g , t h o u g h t t o be l i n k e d w i t h t h e magmatic a c t i v i t y 

r e s p o n s i b l e f o r M t . K i l i m a n j a r o , i s c l e a r l y i n d i c a t e d by a 

l o c a l i n c r e a s e i n d e l a y t i m e . 

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

v a l l e y s t a t i o n s , l a r g e l y c o i n c i d e n t w i t h t h e r i f t a x i s , i s 

shown t o be due t o a h i g h v e l o c i t y i n t r u s i o n w i t h i n t h e 

c r u s t . Assuming t h a t t h e v e l o c i t y o f t h e anomalous m a t e r i a l 

i s 7.5 km/sec, c o r r e s p o n d i n g t o t h e l o w e r r e f r a c t o r d e t e c t e d 

by G r i f f i t h s e t a l ( 1 9 7 1 ) , and a d e p t h o f 44 km f o r t h e 

n o r m a l Moho, t h i s i n t r u s o n r i s e s t o a b o u t 20 km d e p t h . The 

h i g h v e l o c i t y body i s l i n k e d u n a m b i g u o u s l y w i t h t h e 

a n o m a l o u s l y dense body i n f e r r e d f r o m t h e a x i a l Bouguer h i g h . 

A p o s s i b l e o f f s h o o t o f t h e m a i n i n t r u s i o n was d e t e c t e d , n e a r 

t h e K i j a b e s e c t i o n o f t h e K i k u y u e s c a r p m e n t , and may 

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

A s s u m i n g t h e same u n i f o r m v e l o c i t y f o r b o t h t h e c r u s t a l 

and upper m a n t l e components o f t h e anomalous zone, t h e 

c o m b i n e d f l a t b o t t o m e d model G was p r o p o s e d . The d e p t h o f 

th e base i s t e n t a t i v e l y p l a c e d a t 220 km, b u t t h i s may be i n 

e r r o r due t o a s y s t e m a t i c e r r o r i n t h e base l i n e o f t h e 

s t a t i o n d e l a y s . 

T h r e e - d i m e n s i o n a l m o d e l s were d e r i v e d u s i n g t h e 

t e c h n i q u e d e s c r i b e d i n C h a p t e r 6. A l t h o u g h t h e m o d e l s gave 

s i m i l a r s e c t i o n s t o t h o s e i n f e r r e d i n C h a p t e r 5, t h e y were 

shown t o be p o o r l y c o n t r o l l e d and t h e r e f o r e u n r e l i a b l e . 

S u g g e s t i o n s were made f o r i m p r o v i n g t h e t e c h n i q u e . 
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The m o d e l s d e r i v e d a r e c o n s i s t e n t w i t h upward 

p e r t u r b a t i o n 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 b o u n d a r y , and 

w i t h s u b s e q u e n t i n j e c t i o n o f magma a l o n g t h e a x i s o f t h e 

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

a r c h i n g . 
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APPENDIX 1 

A NOTE ON THE DURHAM UNIVERSITY SEISMIC RECORDING AND 

PLAYBACK EQUIPMENT 

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

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

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

and a s s o c i a t e d p l a y b a c k e l e c t r o n i c s . The s e t t e s t e d has 

been used i n t h e f i e l d i n I c e l a n d , E t h i o p i a and e l s e w h e r e , 

and i s s t i l l i n use. 

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

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

back a t Durham. 

R e c o r d i n g 

T e s t s were c a r r i e d o u t on a s e i s m i c r e c o r d i n g s e t 

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

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

0.1 i n / s e c , t h e f a s t e r o f i t s two d e s i g n s p e e d s . C o r r e c t 

o p e r a t i o n o f t h e s e t was v e r i f i e d , u s i n g i t s own 

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

A s i n u s o i d a l v o l t a g e f r o m an ADVANCE VLF f u n c t i o n 

g e n e r a t o r , t y p e SG88, was i n p u t v i a an a t t e n u a t o r t o t h e 

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

f r e q u e n c y m o d u l a t e d s i g n a l was r e c o r d e d on t o t h e same 

1/4 i n c h A g f a t r i p l e - p l a y t a p e as i s used i n t h e f i e l d . 

A l s o r e c o r d e d was encoded t i m e f r o m t h e i n t e r n a l c l o c k and a 
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s t a n d a r d , 100 Hz, c l o c k - d e r i v e d r e f e r e n c e f r e q u e n c y . The 

l a t t e r i s used t o c o n t r o l t a p e speed on p l a y b a c k , and f o r 

f l u t t e r c o m p e n s a t i o n . To t e s t t h e f r e q u e n c y r e s p o n s e an 

i n p u t v o l t a g e was s e l e c t e d t o g i v e a p p r o x i m a t e l y 75% a t 1 Hz 

o f t h e maximum s i g n a l o b t a i n a b l e w i t h o u t s a t u r a t i o n . A one 

m i n u t e l e n g t h o f t a p e was r e c o r d e d a t each o f a r a n g e o f 

i n p u t f r e q u e n c i e s v a r i e d b e t w e e n 0.01 Hz and 40 Hz. The 

d y n a m i c r a n g e o f t h e e q u i p m e n t was measured by r e c o r d i n g a 

1 Hz i n p u t o v e r a r a n g e o f v o l t a g e a m p l i t u d e s . B o t h 

p r o c e d u r e s were c a r r i e d o u t a t f i v e d i f f e r e n t g a i n s e t t i n g s 

o f t h e r e c o r d e r ' s a m p l i f i e r . A d d i t i o n a l l y , an i n p u t v o l t a g e 

was r e c o r d e d t o t e s t t h e d y n a m i c r a n g e a t 8 Hz and a g a i n o f 

12800 ( g a i n s e t t i n g , n , = 8 ) . T h i s was t h e g a i n used i n 

E t h i o p i a , and t h e f r e q u e n c y was s e l e c t e d t o r e p r e s e n t t h e P 

phases o f r e c o r d e d E t h i o p i a n l o c a l e a r t h q u a k e s . 

P l a y b a c k 

The t e s t t a p e was p l a y e d back i n t h e Durham s e i s m i c 

p r o c e s s i n g l a b o r a t o r y . Here t h e t a p e t r a n s p o r t u n i t i s t h e 

s h e l l o f a c o m m e r c i a l NAGRA I V d e c k , m o d i f i e d t o r u n a t t e n 

t i m e s t h e r e c o r d i n g speed ( i . e . 1 i n / s e c i n t h i s c a s e ) . 

T h i s speed i s o b t a i n e d d i r e c t l y f r o m t h e s t a n d a r d r e f e r e n c e 

f r e q u e n c y r e c o r d e d on t h e t a p e , t h e deck m o t o r b e i n g 

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

c o m p e n s a t i o n on p l a y b a c k f o r f l u c t u a t i o n s o f r e c o r d i n g speed 

i n t h e f i e l d . D e m o d u l a t i o n i s c a r r i e d o u t by e l e c t r o n i c s 

d e s i g n e d and b u i l t w i t h i n t h e D e p a r t m e n t . 
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The p l a y b a c k s y s t e m was s e t up f o r o p t i m u m f l u t t e r 

c o m p e n s a t i o n by a d j u s t i n g t h e t a p e head o f t h e NAGRA dec k 

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

a d j u s t m e n t s must be made whenever a t a p e i s t o be p r o c e s s e d . 

I n t h i s case t h e y were f a c i l i t a t e d by u s i n g a s e c t i o n o f t h e 

t e s t t a p e s p e c i f i c a l l y r e c o r d e d w i t h no i n p u t t o t h e s e i s m i c 

c h a n n e l under t e s t . The d e m o d u l a t e d o u t p u t was d i s p l a y e d on 

paper by means o f a j e t pen r e c o r d e r . Paper r e c o r d s were 

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

d e g r e e s o f band-pass f i l t e r i n g a c c o m p l i s h e d by KEMO d u a l 

v a r i a b l e f i l t e r s t y p e VBF/8K. 

Per f o r m a n c e 

To d e t e r m i n e t h e f r e q u e n c y r e s p o n s e t h e j e t pen t r a c e 

a m p l i t u d e , A^, was measured a t each r e c o r d e d f r e q u e n c y . The 

r e s p o n s e i n d e c i b e l s , D f, r e l a t i v e t o t h e r e s p o n s e a t 1 Hz 

( t r a c e a m p l i t u d e A ^ ) , was t h e n c a l c u l a t e d f r o m t h e r e l a t i o n 

D f = 20 l o g 1 0 ( A f / A 1 ) 

The r e s u l t a n t c u r v e s a r e shown i n F i g u r e s A l . l and 

A l . 2 , and t h e b a n d w i d t h s a r e g i v e n i n T a b l e A l . l . 

A t t e n u a t i o n r a t e s a t low and h i g h f r e q u e n c i e s a r e 

a p p r o x i m a t e l y 13 dB/Oct and 27 dB/Oct r e s p e c t i v e l y . I n 

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

g a i n o f 12800 o r 25600 (n=7 o r 8 ) . A t q u i e t s i t e s g a i n 

M 2 0 0 (n = 9) has been u s e d . A t h i g h g a i n s i n p a r t i c u l a r t h e 

r e s u l t s shown h e r e f a l l s h o r t o f t h e p u b l i s h e d a m p l i f i e r 
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FIGURE A l . l 

LOW FREQUENCY RESPONSE OF THE SEISMIC PROCESSING EQUIPMENT 
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FIGURE A1.2 

HIGH FREQUENCY RESPONSE OF THE SEISMIC PROCESSING EQUIPMENT 
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TABLE A l . l 

BANDWIDTH 

T h i s t a b l e g i v e s h a l f power (-3dB) frequency p o i n t s 

a t v a r i o u s g a i n s 

GAIN 
SETTING 
(n) 

NOMINAL 
GAIN 

LOW 
FREQUENCY 

(Hz) 

HIGH 
FREQUENCY 

(Hz) 

9 51200 0.15 5 
8 25600 0.07 5 
7 12800 0. 04 15 
5 3200 0.01 15 
3 800 0.01 15 

TABLE Al.2 

DYNAMIC RANGE AT 1 HZ 

(Accuracy ±3dB) 

GAIN SETTING 9 8 7 5 3 
NOMINAL GAIN 51200 25600 12800 3200 800 

DYNAMIC RANGE (dB) 32 36 36 37 37 
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frequency response f o r the p o r t a b l e s e i s m i c r e c o r d e r 

(LONG, 1974, p.94 and f i g . 2A). 

The dynamic range was found by measuring the l o w e s t 

v o l t a g e 1 Hz i n p u t (V r) f o r which the o u t p u t s i g n a l was 
Li 

s t i l l v i s i b l e above system n o i s e on p l a y b a c k , and the 

v o l t a g e i n p u t (V^) a t which the o u t p u t waveform began t o 

s a t u r a t e . The dynamic range i s then expressed i n d e c i b e l s 

as 20 l ° g 1 0 ( V ( j / V
L ) ' T h e r e s u l t s are g i v e n i n Tablefll2. 

They were not s i g n i f i c a n t l y improved by narrow-band 

(0.5-2Hz) f i l t e r i n g . At 8 Hz and a g a i n o f 12800 the 

dynamic range d i d not exceed 30 dB. 

I t s h o u l d be noted t h a t the dynamic range f i g u r e s " i n 

excess of 50 dB" r e p o r t e d by Long were achieved u s i n g a 

s t a n d a r d s e t of E.M.I. frequency demodulation e l e c t r o n i c s 

t h a t has now been superceded by the equipment d e s c r i b e d 

above. A c c e p t i n g Long's s p e c i f i c a t i o n f o r the p o r t a b l e 

s e i s m i c r e c o r d e r , i t must be concluded t h a t t h i s 

d e m o dulation equipment i s much i n f e r i o r t o c o m m e r c i a l l y 

a v a i l a b l e systems. 

F l u t t e r Compensat i o n 

D u r i n g p l a y - o u t of low frequency s i n u s o i d s t o assess 

the frequency response, i n c o m p l e t e f l u t t e r compensation o f 

l a r g e a m p l i t u d e s i g n a l s was u n u s u a l l y e v i d e n t ( F i g u r e A l . 3 ) . 

For s i m p l i c i t y , the f o l l o w i n g e x p l a n a t i o n o f t h i s 

o b s e r v a t i o n o m i t s c o n s i d e r a t i o n o f o t h e r types o f n o i s e 

generated d u r i n g the m o d u l a t i o n / d e m o d u l a t i o n p r o c e s s . 



278 

FIGURE A1.3 
INCOMPLETE FLUTTER COMPENSATION OBSERVED ON 

DISPLAYED SIGNALS 
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Consider the e f f e c t on a s e i s m i c s i g n a l , S, o f the 

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

compensation by the tape t r a n s p o r t u n i t , f r e q u e n c y 

d e m o d u l a t i o n and f l u t t e r compensation ( F i g u r e A1.4A). 

A f t e r m o d u l a t i o n , the s e i s m i c s i g n a l i s r e p r e s e n t e d by 

the f r equency ( f g + kS), where f g i s the c a r r i e r c e n t r e 

f r e q u e n c y and k i s a c o n s t a n t . 

At any i n s t a n t , l e t r be the r a t i o o f the tape playback 

speed t o the expected v a l u e o f ten times the r e c o r d i n g 

speed. r w i l l v a ry from u n i t y because o f the e f f e c t o f 

f l u t t e r on the speed o f the deck. The e f f e c t o f the tape 

t r a n s p o r t u n i t i s t o impose a m u l t i p l i c a t i o n by r on both 

the modulated s e i s m i c s i g n a l and the f r e q u e n c y , f R , r e c o rded 

on the r e f e r e n c e c h a n n e l . These become, r e s p e c t i v e l y , r ( f g 

+ kS) and r f D . 

A f t e r d e m o d u l a t i o n , the c a r r i e r f r e q u e n c y has been 

s u b t r a c t e d and the v o l t a g e , Vg, on the s e i s m i c channel i s 

g i v e n by 

V s cx r ( f s + kS) - f s 

.". Vg = Cg( (r - 1) f g + fkS) 

S i m i l a r l y , the v o l t a g e , V_, on the r e f e r e n c e channel i s 

V R oc r f R - r 

/. V R = C R ( r - l ) f R 

where C g and C R are demodulator g a i n c o n s t a n t s . 

The s e i s m i c channel o u t p u t v o l t a g e i s then f l u t t e r 

compensated by s u b t r a c t i n g from i t the r e f e r e n c e channel 

o u t p u t v o l t a g e . The r e s u l t a n t s e i s m i c v o l t a g e i s 
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FIGURE A1.4 

BLOCK DIAGRAMS OF THE PROCESSING EQUIPMENT 
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v = V - V C S R 
= C s ( ( r - l ) f s + rkS) - C R ( r - 1) f R (1) 

To achieve f u l l f l u t t e r compensation t he c o n s t a n t s Cg 

and/or C R are so a d j u s t e d as t o g i v e zero o u t p u t v o l t a g e on 

the s e i s m i c channel i n the absence o f a s e i s m i c s i g n a l , 

whatever the v a l u e o f r . W r i t i n g V c = 0 when S = 0 i n 

Equa t i o n 1 y i e l d s the c o n d i t i o n Cg^S = ^ R f R , whence 

Eq u a t i o n 1 may be r e w r i t t e n 

V c = C srkS 

Thus the m o d u l a t i o n / d e m o d u l a t i o n process has the e f f e c t 

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

T h i s i s r e p r e s e n t e d s c h e m a t i c a l l y i n F i g u r e A1.4B. The 

r e s u l t i s a no i s e v o l t a g e , V^, due t o uncompensated f l u t t e r , 
V M = C„rkS - C ckS N S S 

W r i t i n g kS = f , where f i s the change i n the c a r r i e r 

f r e q u e n c y , f ^ , due t o the s e i s m i c s i g n a l , S , and s e t t i n g 

q = r - 1, the r.m.s. n o i s e due t o f l u t t e r i s 

VN = CS^RMS A f 

T h i s reaches a maximum value o f Ĉ q.,.,,, A f M , v , » o W c . 
Ŝ RMS MAX 

A f M A J , r e p r e s e n t s the frequency d e v i a t i o n caused by a 

se i s m i c s i g n a l on the p o i n t o f s a t u r a t i o n . The dynamic 

range i s c o n s e q u e n t l y reduced t o 
~ 2 0 1 O 9 l 0 ^RMS £RMSj = ~ 2 0 1 O 9 l 0 ^RMSj 

RMS 
Measurements on the low freq u e n c y s i n u s o i d a l o u t p u t 

i n d i c a t e n o t l e s s than 15% f l u t t e r a t maximum s i g n a l 

a m p l i t u d e . The dynamic range a t maximum a m p l i t u d e i s 
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t h e r e f o r e o n l y -20 l o g 1 Q (0.15/2) = 22.5 dB. 

Th i s compensation problem has become apparent o n l y 

because o f the ve r y h i g h l e v e l o f f l u t t e r g enerated by the 

c u r r e n t e l e c t r o n i c s . The wow and f l u t t e r c h a r a c t e r i s t i c o f 

the commercial NAGRA IV deck, r u n n i n g a t i t s lowest d e s i g n 

speed o f 3.75 i n / s e c , i s about 0.11%. The recommended 

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

deck t o run so s l o w l y , i n such a way as t o reduce the 

f l u t t e r l e v e l d r a m a t i c a l l y . Should t h i s not prove f e a s i b l e 

a d i f f e r e n t deck must be used. 

W.G. Rigden & 

J.E.G. Savage 

25/4/77 



283 

APPENDIX 2 

PROGRAM MANETA 

INTRODUCTION 

Th i s program, w r i t t e n i n FORTRAN, c a l c u l a t e s a r r i v a l 

times f o r the f i r s t P-phase a t a number o f s t a t i o n s , f o r a 

number o f e v e n t s , g i v e n t h e i r l o c a t i o n s . C o r r e c t i o n s are 

made f o r s t a t i o n h e i g h t above sea l e v e l , and the Ea r t h ' s 

e l l i p t i c i t y . The l a t t e r c o r r e c t i o n uses the method o f 

Dzeiwonski and G i l b e r t (1976). The main c a l c u l a t i o n s are 

d e s c r i b e d i n Chapter 4, and a compiled v e r s i o n o f t h i s 

program i s a v a i l a b l e i n the f i l e GPT9:MANETA. 

INPUT 

UNIT 2 T r a v e l time t a b l e s f o r f i r s t P-phase, and t a b l e o f 

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

TABL,EQR,ECC,PLR,CVEL (A8,2X,5F10.3) 

TABL :Name o f t r a v e l - t i m e t a b l e s . 
EQR :The E a r t h ' s e q u a t o r a l r a d i u s . 
ECC :The E a r t h ' s e c c e n t r i c i y f a c t o r . 
PLR :The E a r t h ' s p o l a r r a d i u s . 
CVEL :Upper c r u s t a l v e l o c i t y (km/sec). 

The t r a v e l t i m e t a b l e s are s p l i t up i n t o s e v e r a l 

b l o c k s , (maximum o f 5) each o f which has the f o l l o w i n g i n p u t 

and r e p r e s e n t s a s i n g l e phase: 

PHS,PLMN,PLMX,NN,N (A8,2X,2F10.3,2110) 

PHS :Phase name. 
PLMN :Least e p i c e n t r a l d i s t a n c e covered by b l o c k i n 

degrees. 
PLMX :Greatest e p i c e n t r a l d i s t a n c e covered by b l o c k 
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i n degrees. 
NN :Number o f e p i c e n t r a l d i s t a n c e s covered i n 

bl o c k (maximum t o t a l f o r a l l b l o c k s = 4 0 0 ) . 
N :Number of f o c a l depths covered i n b l o c k 

(maximum 2 5 ) . 

(DP (J) ,J=1,N) (5(8F10.3/)) 

DP :Focal depths ( i n k i l o m e t e r s ) a t which t r a v e l 
times are t a b u l a t e d . 

NN c a r d groups, one f o r each e p i c e n t r a l d i s t a n c e , as 

f o l l o w s : 

PL,(M(J),P(J),J=1,N) 

V F I O . 3 , 7 ( l 4 , F 6 . 3 ) / ( 1 0 X f 7 ( I 4 , F 6 . 3 ) ) ) 

PL : E p i c e n t r a l d i s t a n c e i n degrees. 
M(J) :Minutes p a r t o f t r a v e l t i m e f o r J ^ d e p t h . 
P(J) :Seconds p a r t o f t r a v e l t i m e f o r J d e p t h . 

F l a g c a r d w i t h zero or blank i n columns 31-40, th e n 

e l l i p t i c i t y c o r r e c t i o n t a b l e s . 

(TL(J) , ((T0R(I,J,K) ,1 = 1,3) ,K = 1,3) ,J = 1,37) 

(37(F4.1,3(3F6.2,1X))) 

TL(J) E p i c e n t r a l d i s t a n c e . 
T0R(I,J,K) E l l i p t i c i t y c o r r e c t i o n f a c t o r f o r 

J e p i c e n t r a l d i s t a n c e and K d e p t h . 
Depths are as f o l l o w s ; 
K 1 2 3 
Depth (km) 0 300 650 

The t r a v e l t i m e t a b l e s f o r P and PKP g i v e n by H e r r i n e t 

a l (1968), w i t h c o r r e s p o n d i n g e l l i p t i c i t y c o r r e c t i o n f a c t o r s 

g i v e n by Dziewonski and G i l b e r t (1976), are a v a i l a b l e i n the 

f i l e GPT9:HERRIN 

UNIT 3 L i s t s o f g e o g r a p h i c a l areas and r e g i o n s used f o r 

a n n o t a t i n g the o u t p u t . The use o f t h i s f a c i l i t y i s 

o p t i o n a l , and *DUMMY* may be a t t a c h e d . 

Up t o 80 cards g i v i n g r e g i o n s names: 
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I,CHR (I5,A40) 

I :Region number. 
CHR :Region name. 

The end o f t h i s l i s t i s f l a g g e d w i t h 1=0. 

Then up t o 800 cards w i t h area names: 

1,11,CHA (13,15,2X,A40) 

I rRegion number f o r area. 
I I :Area number. 
CHA :Area name. 

The end o f t h i s l i s t i s f l a g g e d by "$ENDFILE" 

L i s t s o f g e o g r a p h i c a l areas and r e g i o n s , i n the above 

f o r m a t , are a v a i l a b l e i n GPT9:GEOG. 

UNIT 5 L i s t o f s t a t i o n s , then the l i s t o f e v e n t s . 

S t a t i o n c a r d s , one per s t a t i o n : 

SNAM,SLAT,SLON,SHT,SVEL,STAT (A16,4X,5F10.5) 

SNAM : S t a t i o n name or number. 
SLAT : S t a t i o n l a t i t u d e ( g e o g r aphic) i n degrees N. 

(S n e g a t i v e . ) 
SLON : S t a t i o n L o n g i t u d e i n degrees E. 

(W n e g a t i v e . ) 
SHT : S t a t i o n h e i g h t above mean sea l e v e l i n meters. 
SVEL :Average s e i s m i c v e l o c i t y o f m a t e r i a l above 

datum and beneath s t a t i o n i n km/sec. 
STAT : S t a t i o n or o t h e r d e s i r e d c o r r e c t i o n t o be 

a p p l i e d t o E.T.A. i n seconds. 
(Nor m a l l y zero) 

The end o f t h i s l i s t i s f l a g g e d by a c a r d , blank except f o r 

"*" i n column 1. 

Event l i s t . One event per c a r d . 

EDES,LOC,ELAT,ELON,EDEP,EMAG,IH,IM,ES,TLL 

(A16,1X,I3,2F10.5,2F5.2,I2,1X,I2,F6.2,2 X,A2)) 

EDES :Event name or number. 
LOC :Area number o f e p i c e n t r e . 
ELAT : E p i c e n t r a l l a t i t u d e ( g e o g r a p h i c ) i n degrees N. 

(S n e g a t i v e . ) 
ELON : E p i c e n t r a l l o n g i t u d e i n degrees E. 
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IH 
IM 
ES 
TLL 

EDEP 
(W n e g a t i v e . ) 

:Focal depth i n k i l o m e t e r s . 
:Hours p a r t o f onset t i m e . 
:Minutes p a r t o f onset t i m e . 
rSeconds p a r t o f onset t i m e . 
:"GE" = Geographic l a t i t u d e s t o be used i n 
c a l c u l a t i o n s . 
"GC" = G e o c e n t r i c l a t i t u d e s t o be used i n 
c a l c u l a t i o n s . 
"SM" = Seismic l a t i t u d e s t o be used i n 
c a l c u l a t i o n s . 
D e f a u l t ( b l a n k ) i s "GC". 

"$ENDFILE" f l a g s end o f l i s t and stops program. A c a r d , 

blank except f o r "*" i n column 1 r e s t a r t s e x e c u t i o n , w i t h a 

new s t a t i o n l i s t . 

OUTPUT 

UNIT 6 A l l o u t p u t appears i n t h i s u n i t . 

EXTERNAL SUBROUTINES 

The NAG MklV l i b r a r y s u b r o u t i n e E01ACF i s c a l l e d by 

t h i s program. 
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1 c»»»»**»» PROGRAM MANETA »«»«»»«»»•• 
2 C 
3 C** THIS IS A COMPLETELY REWRITTEN, AND UPDATED VERSION OF 
1 C PROGRAM "ETA", WHICH WAS DEVISED BY HUGH EBBUTT. 
5 C 
6 C*» THE PROGRAM CALCULATES ARRIVAL TIMES OF P OR PKP AT 
7 C GIVEN STATIONS USING HERRINGS TABLES. INTERPOLATION 
8 C BETWEEN GIVEN TIMES IS MADE USING ROUTINE E01ACF, IN THE 
9 C *NAG LIBRARY. FOR COMPATIBILITY WITH THIS ROUTINE, AND 
10 C PRECISION, REAL*8 IS USED THROUGHOUT. 
1 1 C 
12 C*» INPUTS ARE AS FOLLOWS: 
13 C UNIT 2: TRAVEL-TIME TABLES+ELIPTICITY CORRECTIONS E.G. AS IN 
11 C FILE GPT9:HERRIN 
15 C UNIT 3: GEOGRAPHICAL REGIONS AS IN FILE GPT9:GEOG 
16 C UNIT 5: STATION AND HYPOCENTRE DATA AS FOLLOWS 
17 C STATION DATA: (ONE STATION PER CARD), SNAME (STATION NAME)I 
18 C SLAT, SLON (GEOGRAPHIC LATITUDE AND LONGITUDE)} 
19 C SHT (HEIGHT IN METERS); SVEL (CRUSTAL VELOCITY 
20 C IN KM/SEC); STAT (DELAY IN SECONDS). 
21 C 
22 C FORMAT(A16,1X,5F10.3) 
23 C FLAG CARD: BLANK EXCEPT FOR AN ASTERISK IN COLUMN 1. 
21 C 
25 C HYPOCENTRAL DATA: (ONE EVENT PER CARD), EDES (EVENT NAME OR 
26 C DATE); LOC (REGION NUMBER, 0 I F DON'T KNOW); 
27 C ELAT, ELON (GEOGRAPHIC LATITUDE AND LONGITUDE); 
28 C EDEP (DEPTH IN KM.); EMAG (MAGNITUDE); I H , IM, 
29 C ES (TIME IN HOURS MINUTE AND SECONDS); TL (CODE 
30 C FOR SELECTING LATITUDE TYPE IN CALCULATIONS: 
31 C GG=GEOGRAPHIC, GC=GEOCENTRIC, SM=SEISMIC, 
32 C DEFAULT IS GEOCENTRIC, WHICH IS RECOMMENDED 
33 C FOR THE TYPE OF ELIPTICITY CORRECTIONS USED.) 
31 C FORMAT(A16,1X,I3,2F10.5,2F5.2,I2,1X,I2,F6.2,2X,A2) 
35 C 
36 IMPLICIT REAL»8(A-H.O-Z) 
37 REAL*8 K ( 3 ) 
38 DIMENSION SNAM(2,51),SLAT(51),SL0N(51),SHT(51),SVEL(51),STAT(51), 
39 % TOR(3,37,3),P(100,25),PHS(5),PLMN(5),PLMX(5), 
10 % NLAT(5),NDP(5),NS(5),M(25),EDES(2),A(3),B(3),C(3),G(3),H(3), 
11 % REG(5,800),AR(5,80),NAR(800),CLT(3),CHR(5),DP(5,25),PL(100), 
12 % SA(3,50),SB(3,50),SC(3,50),SD(50) ,SE(50),SG(3,50),SH(3,50), 
13 % S K ( 3 , 5 0 ) , X ( 1 ) , Y ( 1 ) , Z ( 1 ) , E L A T ( 3 ) , 
11 % W1(1),W2(1),W3 ( D,TD(3),TL(50),ZP(1,1),ZV(1,1),TAU(3),CLTT(3) 
15 COMMON/A/ RTOD,DTOR,FAC2 
16 DATA AST, BLNK,CLT/'* ',' ','GG','GC','SM*/, 
17 % CLTT/'GEOGRAPH' , 'GEOCENTR' , 1 SEISM'/ 
18 C 
19 C»* READ IN TRAVEL TIME TABLES 
50 C 
51 30 NL=1 
52 NPH=0 
5 3 READ(2,31)TABL,EQR,ECC,PLR,CVEL 
51 31 FORMAT(A8,2X,5F10.3) 
55 32 NPH-NPH+1 
56 READ(2,33)PHS(NPH),PLMN(NPH),PLMX(NPH),NN,N 
57 33 FORMAT(A8,2X,2F1O.3,2I10) 
58 IF(NN.LE.O)GO TO 13 
59 NLAT(NPH)=NN 
60 NDP(NPH)=N 
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61 NS(NPH)=NL 
62 READ(2,35)(DP(NPH,J),J=1,N) 
63 35 FORMAT(5(8F10.3/)) 
64 NN-NN+NL-1 
65 DO 42 I=NL,NN 
66 READ(2, 3 9 ) P L ( I ) , ( M ( J ) , P ( I , J) , J=1 ,N) 
67 39 FORMAT(F10.3,7(l4,F6.3)/( 1 OX,7 (14,F6.3))) 
68 DO 42 J = 1,N 

P(I,J)=P(I,J)+60.D0»DFL0AT(M(J)) 69 42 
DO 42 J = 1,N 
P(I,J)=P(I,J)+60.D0»DFL0AT(M(J)) 

70 NL=NL+NLAT(NPH) 
71 GO TO 32 
72 C 
73 C» * READ IN ELIPTICITY CORRECTIONS. 
74 C 
75 43 TD(1)=0.D0 
76 TD(2)=300.D0 
77 TD(3)=650.D0 
78 READ(2,45,EMD=50)(TL(J),((TOR(I,J,KK),I=1 I3),KK=1 13),J=1,37) 
79 45 FORMAT(37(F4.1,3(3F6.2,1X)/)) 
80 C 
81 READ IN LIST OF GEOGRAPHICAL AREAS AND REGIONS. 
82 C 
83 50 NPH=NPH-1 
84 DO 53 1=1,80 
85 DO 53 J=1,4 
86 53 AR(J,I)=DLNK 
87 DO 55 1=1 ,800 
88 NAR(I)=80 
89 DO 55 J=1,4 
90 55 REG(J,I)=BLNK 
91 56 READ(3,57,END=70)I,CHR 
92 57 FORMAT(I5,5X,5A8) 
93 I F ( 1 ) 6 0 , 6 0 , 5 8 
94 58 DO 59 J=1 ,5 
95 59 AR(J,I)=CHR(J) 
96 GO TO 56 
97 60 HEAD(3,61,END=70)I,J,CHR 
98 61 FORMAT(I3,I5,2X,5A8) 
99 NAR(J)=I 

100 DO 63 KK=1 ,5 
REG(KK,J)=CHR(KK) 101 63 
DO 63 KK=1 ,5 
REG(KK,J)=CHR(KK) 

102 GO TO 60 
103 C 
104 C* SET VARIOUS CONSTANTS 
105 70 DTOR=DATAN(1.DO)/45.DO 
106 RTOD=1/DTOR 
107 STOV = DTOR*(PLR + EQR) 
108 FAC1=DSQRT(3.DO)/2.DO 
109 FAC2=1.DO-2.DO/ECC 
1 10 DVEL=0.5D0 
1 1 1 VFAC=EQR*DTOR*DVEL 
112 PP1=0.D0 
113 PP2=0.D0 
114 PM1=0.D0 
115 PM2=0.DO 
116 C 
117 C»» READ IN STATION DATA. 
118 C 
119 71 NST=1 
120 72 READ(5,73)(SNAM(I,NST),1=1,2).SLAT(NST).SLON(NST),SHT(NST), 
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121 % SVEL(NST),STAT(NST) 
122 73 FORMAT(2A8,4X,5F10.5) 
123 IF(SNAM(1,NST).EQ.AST) GO TO 8 0 
124 NST=NST+1 
125 GO TO 72 
126 C 
127 C»* CALCULATE GEOCENTRIC AND SEISMIC LATITUDES ETC FOR EACH 
128 C STATION, AND LIST STATION DATA. 
129 C 
130 80 NST=NST-1 
131 w n i T E ( 6 , 8 D TABL 
132 81 FORMATC'1 ****** PROGRAM MANETA (22NOV78), JOHN E.G. SAVAGE.*, 
133 % 1 0X , * TRAVEL TIME TABLES USED: '. , A8/ 
134 % '- STATION 1,12X,'LATITUDE LONGITUDE HEIGHT VELOCITY ', 
135 % ' DELAY GC-LTTDE SM-LTTDE') 
136 DO 85 1=1,NST 
137 CALL LATCON(SLATQ) ,SLON(I) , GCL , SML, A , B, C, D, E, G, H, K) 
138 SD(I)=D 
139 S E ( I ) = E 
110 DO 82 J=1 ,3 
141 S A ( J , I ) = A ( J ) 
142 S B ( J , I ) = B ( J ) 
143 S C ( J , I ) = C ( J ) 
144 S G ( J , I ) = G ( J ) 
145 S H ( J , I ) = H ( J ) 
146 82 S K ( J , I ) = K ( J ) 
147 W R I T E ( 6 , 8 3 ) ( S N A M ( J , I ) , J = 1 , 2 ) , S L A T ( I ) , S L O N ( I ) , S H T ( I ) , S V E L ( I ) , 
148 % STAT(I),GCL,SML 
149 83 FORMATC1X,2A8,2X,2(F10.4,2X),F8.1,5X,F5.2,4X,F6.2,2(2X,F10.4)) 
150 85 CONTINUE 
151 WRITE(6,87)CVEL,EQR,PLR,ECC 
152 87 FORMATC- CONSTANTS USED IN CALCULATIONS:-'/ 
153 % '0 CRUSTAL VELOCITY; \F 6 . 3 , ' KM/SEC.',5X,*EQUATORIAL RADIUS= ', 
154 % F7.2,' KM.',5X,' POLAR RADIUS= ' , F7.2 , ' KM.1/ 
155 % '0 ECCENTRICITY: \ F 7 . 3 ) 
156 C 
157 C*» READ IN EVENT DATA, AND WRITE OUT HEADINGS ETC. 
158 C 
159 90 READ(5,91,END=300)EDES,LOC,ELAT(1),ELON,EDEP,EMAG,IH,IM,ES,TLL 
160 91 FORMAT(2A8,1X,13,2F10.5,2F5.2,12 ,1X,12,F6.2,2X,A2) 
161 IF(EDES(1).EQ.AST) GO TO 71 
162 CALL LATCON(ELAT(1),ELON,GCL,SML,A,B,C,D,E,G,H,K) 
163 ELAT( 2)= GCL 
164 ELAT( 3)= SML 
165 DO 95 1=1,3 
166 IF(TLL.NE.CLT(I))GO TO 95 
167 I L = I 
168 GO TO 96 
169 95 CONTINUE 
170 IL=2 
171 96 WRITE(6,97)EDES,LOC,(REG(I,LOC),1=1,4),(AR(J,NAR(LOC)),J=1,4), 
172 % ELAT(1),ELON,EDEP,EMAG,IH,IM,ES,CLTTCIL) 
173 97 FORMATC '0', 126('* ') / ' 0 EVENT ' ,2A8,4X,* REGION : ', 14 , 2(2X,4A8)/ 
174 %'0 HYPOCENTRAL DATA: LATITUDE: '^10.4,' DEC , LONGITUDE: 
175 % F10.4,' DEC., DEPTH: ',F5.0,' KM., MAGNITUDE: ' , F5.1/ 
176 % '0 ORIGIN TIME: ',12,' HRS. ',12,' MNS. ',F7.3,' SEC.',4X,A8f 

177 % 'IC LATITUDES WILL BE USED IN CALCULATIONS.'/ 
178 % STATION',7X,'EPICKNTRAL BACK AZIMUTH TRAVEL", 
179 % ' VELOCITY',7X,'CORRECTIONS',7X,'ARRIVAL TIME ', 
180 % • SEISMIC'/ 

file:///F6.3,'
file:///F7.3
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181 % ' ',18X,'DISTANCE BEARING*,16 X,'TIME',10X, 
182 % 5 X V E L I P ' HEIGHT HRS MNS SECS PHASE*) 
183 C 

»* CALCULATE DISTANCES, E.T.A. ETC., FOR EACH STATION IN TURN'. 181 C »* CALCULATE DISTANCES, E.T.A. ETC., FOR EACH STATION IN TURN'. 
185 C 
186 DO 190 IS=1,NST 

DEL=RTOD*DARCOS(SA(IL,IS)»A(IL)+SB(IL,IS)«B(IL)+SC(IL,IS)»C(IL)) 187 
DO 190 IS=1,NST 
DEL=RTOD*DARCOS(SA(IL,IS)»A(IL)+SB(IL,IS)«B(IL)+SC(IL,IS)»C(IL)) 

188 AZ-RTOD*DATAN2((SA(IL,IS)-D)**2+(SB(IL,IS)-E)»«2+ 
139 % S C ( I L , I S ) * S 2 - 2 . D 0 , (SA(IL,IS)-G(IL))»»2+ 
190 % (SB(IL,IS)-H(IL))*«2+(SC(IL,IS)-K(IL))««2-2.DO) 
191 BB=RTOD»DATAN2((A(IL)-SD(IS))»»2+(B(IL)-SE(IS))»»2+ 
192 % C ( I L ) * * 2 - 2 . D 0 , (A(IL)-SG(IL,IS))«»2+ 

% (B(IL)-SH(IL,IS))*»2+(C<IL)-SK(IL,IS))»«2-2.D0) 193 
% C ( I L ) * * 2 - 2 . D 0 , (A(IL)-SG(IL,IS))«»2+ 
% (B(IL)-SH(IL,IS))*»2+(C<IL)-SK(IL,IS))»«2-2.D0) 

19 it IF(AZ.LT.O.DO)AZ=AZ+360.DO 
195 IF(BB.LT.0.D0)BBrBB+360.D0 
196 C 
197 C «* FIND PHASE CORRESPONDING TO DEL. 
198 C 
199 DO 105 J=1,NPH 

IF(DEL.LT.PLMN(J).OR.DEL.GT.PLMX(J))GO TO 105 200 
DO 105 J=1,NPH 
IF(DEL.LT.PLMN(J).OR.DEL.GT.PLMX(J))GO TO 105 

201 N = J 
202 GO TO 110 
203 105 CONTINUE 
204 WRITE(6,107)(SNAM(J,IS),j=1,2),DEL,BB,AZ 
205 107 FORMAT( ',2A8,3F10.3,' TABLES DO NOT COVER THIS DISTANCE') 
206 GO TO 190 
207 C 
208 C »« FIND LATITUDE POSITION IN TABLES 
209 C 
210 110 IF-NS(N)+NLAT(N)-1 
21 1 IB-NS(N) 
212 DO 115 J = I B , I F 

IF(DEL.GT.PL(J)) GO TO 115 2 1 3 
DO 115 J = I B , I F 
IF(DEL.GT.PL(J)) GO TO 115 

214 ILAT-J-2 
215 GO TO 117 
2 1 6 115 CONTINUE 
217 STOP 1 
218 117 I F ( I L A T . L T . NS(N))ILAT = NS(N) 
2 1 9 IFULAT.GT. I F - 3 ) I L A T = IF-3 
220 C 
22 1 C »« FIND DEPTH POSITION IN TABLES 
222 C 
223 IF=NDP(N) 
224 DO 120 J = 1 , I F 
225 IF(EDEP.GT.DP(N,J)) GO TO 120 
2 2 6 IDEP=J-2 
227 GO TO 122 
228 120 CONTINUE 
229 WRITE (6,123)(SNAM(J,IS),J=1,2),DEL,BB,AZ 
230 GO TO 190 
2 3 1 123 FORMATC' ',2A8,3F10.3,' TABLES DO NOT EXTEND TO THIS DEPTH*) 
232 122 IF(IDEP.LT.1)IDEP=1 
233 IF(IDEP.GT.NDP(N)-3)IDEP=NDP(N)-3 
234 C 
235 C ** FILL WORKING ARRAYS WITH DISTANCES, DEPTHS, AND P AND 
236 c V VALUES AND INTERPOLATE. 
237 c 
238 DO 125 J=1,4 
2 3 9 X ( J ) = P L ( I L A T - 1 + J ) 
240 Y(J)-DP(N,IDEP-l+J) 
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241 DO 125 JJ=1,4 
242 125 ZP(J,JJ)=P(ILAT-1+J,IDEP-1+JJ) 
243 IFAIL1=1 
244 IFAIL2-1 
245 IFAIL3=1 
246 DLP=DEL+DVEL 
247 DLM=DEL-DVEL 
248 FM=0.5D0 
249 FP=0.5D0 
250 CALL E0 1ACF(DEL,EDEP,X,Y,ZP,PI1,PI2.IFAIL1,W1,W2,W3,W4,4,4,4) 
251 IF(DLP.LE.X(4))G0 TO 502 
252 FPrO.DO 
253 FM=1.D0 
254 IFAIL2=0 
255 GO TO 510 
256 502 CALL EO1ACF(DLP,EDEP,X,Y,ZP,PP1,PP2,IFAIL2,W1,W2,W3,W4,4,4,4) 
257 IF(DLM.GE.X(1))G0 TO 510 
2 5 8 FP-1.D0 
259 FM=0.D0 
260 IFAIL3=0 
261 GO TO 520 
262 510 CALL EO1ACF(DLM,EDEP,X,Y,ZP,PM1,PM2,IFAIL3,W1,W2,W3,W4,4,4,4) 
263 520 IF(IFAIL1.EQ.0.AND.IFAIL2.EQ.0.AND.IFAIL3.EQ.0)G0 TO 130 
264 WRITE(6,127)(SNAM(J,IS),J = 1,2),DEL,BB,AZ,I FAIL 1,IFAIL2 
265 127 FORMAT( ' ' ,2A8,3F10.3, ' INTERPOLATION FAILURE:',213) 
266 GO TO 190 
267 130 PI=(PI1+PI2)/2.D0 
268 PP=(PP1+PP2)/2.D0 
269 PM=(PM1+PM2)/2.D0 
270 VIzVFAC/(FM*(PI-PM)+FP»(PP-PI)) 
271 IF(VI.GT.999.DO)VI-999.DO 
272 C 
273 C*» CALCULATE ELIPTICITY CORRECTIONS USING THE METHOD OF 
274 C DZIEWONSKI AND FREEMAN GILBERT (1976): SEE GEOPHYSICAL 
275 C JOURNAL OF THE ROYAL ASTRONOMICAL SOCIETY, VOL. 44, 
276 C PAGES 7-17. 
277 C 
278 132 IF(DEL.GT.105.DO.AND.DEL.LT.120.DO)GOTO 134 
279 DO 133 J=1,37 
230 IF(DEL.GT.TL(J)) GO TO 133 
2 8 1 IT=J-1 
282 GO TO 135 
283 133 CONTINUE 
284 134 EL=1.D3 
285 GO TO 162 
286 135 IF(EDEP.GT.TD(3)) GO TO 145 
287 JT = 2 
288 IF(EDEP.LT.300.D0)JT=1 
289 F1=(DEL-TL(IT))/(TL(IT+1)-TL(IT)) 
290 F2-(TL(IT+1)-DEL)/(TL(IT+1)-TL(IT)) 
291 F3=(EDEP-TD(JT))/(TD(JT+1)-TD(JT)) 
292 F4=(TD(JT+1)-EDEP)/(TD(JT+1)-TD(JT) ) 
293 DO 140 1=1 ,3 
294 140 TAU(I)=TOR(I,IT,JT)*F2' ,F4 + TOR(I,IT+1,JT)»F1»FlJ + 
295 % TOR(I,IT,JT+1)«F2»F3+TOR(I,IT+1,JT+1)»F1»F3 
296 GO TO 160 
297 145 DO 150 1=1,3 
298 150 TAU(I)=T0R(I,IT,3)*(TL(IT+1)-DEL)/(TL(IT+1)-TL(IT)) 
299 % +TOR(I,IT+1,3)*(DEL-TL(IT))/(TL(IT+1)-TL(IT)) 
300 160 CL = DTORt,(90.D0-ELAT(IL)) 
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301 CA=DT0R*AZ 
302 £L=TAU(1)*0.25D0»(1.D0+3.D0»DC0S(2.D0«CL)) 
303 % ..TAU(2)iM:-AC1i,DSIN(2.D0*CL)*DC0S(CA) 
301 % +TAU(3)*FAC1*(DSIN(CL))**2«DC0S(2.D0»CA) 
305 C 
306 C »» CALULATE HEIGHT CORRECTION, USING CRUSTAL VELOCITY 
307 C GIVEN IN TRAVEL TIME TABLES, AND USING INTRPOLATED 
308 C APPARENT VELOCITY TO GIVE SLANT. (FORMULA IS EFFECTIVELY 
309 C THE SAME AS FOR HORIZONTAL REFRACTION DELAY TIME). 
310 C 
3 1 1 162 IF(VI.EQ.0.D0)G0 TO 168 
312 1IT =1.D-3*SHT(IS)«DSQRT(VI»»2-CVEL»»2)/(VI»CVEL) 
3 1 3 GO TO 170 
31'4 168 HT=1.D-3*SHT(IS)/CVEL 
315 C 
316 C ** TOT UP TIMES AND REWORK TO GIVE ARRIVAL TIMES IN HOURS, 
317 C MINUTES AND SECONDS. 
318 C 
319 170 ART=ES+PI+HT 
320 MM-IM 
321 MH = IH 
322 IF(EL.LT. 1 .D2)ART=ART+EL 
323 171 IF(ART.LT.60.DO) GO TO 172 
324 ART=ART-60.DO 
325 MM-MM+1 
326 GO TO 171 
327 172 LT(MM.LT.60)CO TO 174 
328 MM=MM-60 
329 MII = MH+ 1 
330 174 IF(Mll.GT.24)MH = MH-24 
331 IF(EL.GT.1.D2)GO TO 188 
332 WRITEC6,187)(SNAM(J,IS),J=1,2),DEL,DB,AZ,PI,VI,EL,HT,MH,MM, 
333 % ART.PHS(N) 
331 187 FORMAT(' • ,2A8,7F10.3,2I5,F10.3,3X,A8) 
335 c;o TO 190 
336 188 WRITE(6,189)(SNAM(J,IS),J=1,2),DEL,BB,AZ,PI,VI,HT, 
337 % MH,MM,ART,PHS(N) 

109 FORMAT(' ' , 2A8,5F10.3,* *»••*•,F10.3,215,F10.3,3X,A8) 338 
% MH,MM,ART,PHS(N) 

109 FORMAT(' ' , 2A8,5F10.3,* *»••*•,F10.3,215,F10.3,3X,A8) 
339 190 CONTINUE 
340 GO TO 90 
34 1 300 WRITE(6,301 ) 
3'I2 301 FORMAT('-' , 120('*')) 
343 STOPO 
34 4 END 
345 C 
346 C »»*«*»)(»*#)l«»)t»»«»»««M##» • » » » # » « * » » # » » « » « » » » # # * » # # » » » » ) ( » * # » » • • » » » » » » # # # 
347 c 
348 SUBROUTINE LATCON(GGL,LON,GCL,SML,A,B,C,D,E,G,H,K) 
349 c 
350 c ** TO CONVERT GEOGRAPHIC LATITUDE, GGL, TO GEOCENTRIC (GCL), 
351 c AND SEISMIC (SML) LATITUDES AND CALCULATE VARIOUS QUANTITIES 
352 f USED IN DISTANCE AND AZIMUTH CALCULATIONS. SEE BULLEN, 

11 AN INTRODUCTION TO SEISMOLOGY", THIRD EDITION PAGES 154,155, 353 c 
USED IN DISTANCE AND AZIMUTH CALCULATIONS. SEE BULLEN, 
11 AN INTRODUCTION TO SEISMOLOGY", THIRD EDITION PAGES 154,155, 

354 c AMD 181 FOR DESCRIPTIONS OF THESE QUANTITIES. 
355 c 
356 IMPLICIT REAL»8(A-H.O-Z) 
357 REAL*8 L0N,K(3) 
358 DIMENSION A(3),B(3),C(3),G(3),H(3) 
359 COMMON/A/ RTOD,DTOR,FAC2 

GCL=RTOD*DATAN(FAC2*DTAN(GGL*DTOR)) 360 
COMMON/A/ RTOD,DTOR,FAC2 
GCL=RTOD*DATAN(FAC2*DTAN(GGL*DTOR)) 
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361 SML=1.1D0*GCL-0.1D0»GGL 
362 C(1)=DSIN(GGL«DTOR) 
363 C(2)rDSIN(GCL*DT0R) 
364 C(3)=DSIN(SML*DTOR) 
365 D=DSIN(LON*DTOR) 
366 E=-DCOS(LON«DTOR) 
367 K(1)r-DCOS(GGL«DTOR) 
368 K(2)r-DC0S(GCL»DT0R) 
369 K(3)=-DC0S(SML»DT0R) 
370 DO 10 1=1,3 
371 A(I)rK(I)»E 
372 G(I)=-C(I)»E 
373 H(I)=C(I)»D 
371 10 B ( I ) = - K ( I ) * D 
375 RETURN 
376 END 
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APPENDIX 3 

PROGRAM SEPD 

INTRODUCTION 

T h i s p r o g r a m s e p a r a t e s raw d e l a y t i m e s f o r a number o f 

e v e n t s , measured a t s t a t i o n s w i t h i n a n e t w o r k , i n t o s c o u r c e 

and s t a t i o n c o m p o n e n t s . The main c a l c u l a t i o n s a r e d e s c r i b e d 

i n C h a p t e r 4, and t h e c o m p i l e d v e r s i o n o f t h i s p r o g r a m i s 

a v a i l a b l e i n t h e f i l e GPT9:3EPD. 

INPUT 

UNIT 3 L i s t s o f g e o g r a p h i c a l a r e a s and r e g i o n s used f o r 

a n n o t a t i n g t h e o u t p u t . The use o f t h i s f a c i l i t y i s 

o p t i o n a l , and *DUMMY* may be a t t a c h e d . 

Up t o 80 c a r d s g i v i n g r e g i o n s names: 

I,CHR ( I 5 , A 4 0 ) 

I .-Region number. 
CHR :R e g i o n name. 

The end o f t h i s l i s t i s f l a g g e d w i t h 1=0. 

Then up t o 800 c a r d s w i t h a r e a names: 

1,11,CHA (13,15,2X,A40) 

I : R egion number f o r a r e a . 
I I :Area number. 
CHA :Area name. 

The end o f t h i s l i s t i s f l a g g e d by "$ENDFILE" 

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

f o r m a t , a r e a v a i l a b l e i n GPT9:GEOG. 

UNIT 5 E v e n t s e l e c t i o n d a t a , e v e n t d a t a and raw (measured) 
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d e l a y t i m e s : 

ITMIN,ITMAX,DMIN,DMAX,BBMIN,BBMAX,AZMIN,AZMAX, NS , K 

( 2 ( 1 8 , 2 X ) , 6 F 5 . 0 , 3 1 5 ) 

I T M I N , : I f b o t h o f t h e s e a r e n o n - z e r o , o n l y e v e n t s 
ITMAX o c c u r r i n g b etween t h e t i m e s r e p r e s e n t e d by ITMIN 

and ITMAX a r e us e d . The e i g h t d i g i t s o f t h e s e 
numbers a r e p a i r e d , r e p r e s e n t i n g ( f r o m most 
s i g n i f i c a n t t o l e a s t s i g n i f i c a n t ) y e a r s , d a y s , 
h o u r s , and m i n u t e s , o f t h e r e q u i r e d t i m e s . ( T h i s 
i s e x a c t l y a n a l a g o u s t o e v e n t n u m b e r i n g ) . 

DMIN, rMinimum and maximum v a l u e o f e p i c e n t r a l d i s t a n c e 
DMAX ( i n d e g r e e s ) o f e v e n t s t o be used i n c a l c u l a t i o n s 
BBMIN, :Minimum and maximum v a l u e s o f b a c k - b e a r i n g 
BBMAX ( i n d e g r e e s ) o f e v e n t s s e l e c t e d f o r c o m p u t a t i o n s . 
AZMIN, :Minimum and maximum v a l u e s o f a z i m u t h 
AZMAX ( i n d e g r e e s ) o f e v e n t s s e l e c t e d f o r c o m p u t a t i o n s . 
NS rNumber o f s t a t i o n s used i n n e t w o r k . 
K :Zero ( b l a n k ) F u l l o u t p u t 

N o n - z e r o R e s t r i c t e d o u t p u t . 

I I , ( W L S T ( I ) , 1 = 1 , 9 ) 

(15,9F5.2) 

I I : Z ero o r l e s s o n s e t w e i g h t s used as i n p u t . 
G r e a t e r t h a n z e r o a l l w e i g h t s s e t t o u n i t y . 

WLST(I) :Weight t o be used f o r t o o n s e t w e i g h t code I . 

( I S T ( J ) , J = 1 , N S ) (1615) 

IST . ' S t a t i o n numbers. 

L i s t o f E v e n t d a t a . One e v e n t p e r c a r d . 

IT,ELT,ELN,DPT,EMG,IR,IH,IM,SC,DL,BB,AZ,IWE 

(I 8 , 2 F 9 . 3 , F 4 . 0 , F 4 . 1 , T 4 , 2 I 3 , F 6 . 2 , 3 F 4 . 0 , I 2 ) 

I T 

ELT 
ELN 
DPT 
EMG 
IR 
IH 
IM 
SC 
DL 
BB 
AZ 

:Event number ( t i m e ) as f o r ITMAX and ITMIN (=0 
f l a g s end o f l i s t ) . 

r E p i c e n t r a l l a t i t u d e i n d e g r e e s N (S n e g a t i v e ) . 
: E p i c e n t r a l l o n g i t u d e i n d e g r e e s E (W n e g a t i v e ) . 
: F o c a l d e p t h s i n k i l o m e t e r s . 
:Magni t u d e . 
: G e o g r a p h i c a r e a number. 
:Hour p a r t o f o n s e t t i m e . 
: M i n u t e p a r t o f o n s e t t i m e . 
rSeconds p a r t o f o n s e t t i m e . 
: A p p r o x i m a t e e p i c e n t r a l d i s t a n c e . 
r A p p r o x i m a t e b a c k - b e a r i n g o f e p i c e n t r e . 
: A p p r o x i m a t e a z i m u t h o f n e t w o r k f o r e p i c e n t r e . 
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IWE :Event w e i g h t c o d e . 

L i s t o f raw d e l a y t i m e s , u s i n g as many c a r d s as i t t a k e s . 

Up t o 7 d e l a y s f o r any one e v e n t may be e n t e r e d on e a c h 

c a r d . A s i n g l e e v e n t may use as many c a r d s as r e q u i r e d . 

I T D , ( I S ( J ) , D R ( J ) , I W ( J ) , J = 1 , 7 ) 

( I 8 , 2 X , 7 ( I 3 , F 5 . 2 , I 2 ) ) 

ITD :Event number as I T , ITMAX and ITMIN. 
I S T ( J ) : S t a t i o n number f o r J d e l a y t i m e . 
DR(J) : J raw d e l a y t i m e ( s e c o n d s ) . 
I W ( J ) :Onset w e i g h t code f o r J raw d e l a y t i m e . 

N o t e f i e l d s f o r w h i c h I S ( J ) = 0 a r e i g n o r e d , and may 
be l e f t b l a n k . 

$ENDFILE f l a g s end o f i n p u t . 

OUTPUT 

UNIT 6 A l l o u p u t a p p e a r s on t h i s u n i t , i n a f o r m a t s u i t a b l e 

f o r t h e l i n e p r i n t e r . 

EXTERNAL SUBROUTINES 

The DURH:SUBLIB l i b r a r y r o u t i n e DYNMIC i s c a l l e d t o g e t 

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

The NAG Mk V l i b r a r y f u n c t i o n s and s u b r o u t i n e s X02AAF and 

F04AMF a r e a l s o r e q u i r e d f o r l e a s t s q u a r e s i n v e r s i o n . 

A d d i t i o n a l N o t e s 

As w r i t t e n t h e p r o g r a m may a c c e p t up t o 30 s t a t i o n s , 

130 e v e n t s and 500 raw d e l a y t i m e s . These l i m i t s c a n e a s i l y 

be r e s e t as d e s c r i b e d i n comments ( l i n e s 2 0 - 2 8 ) . 
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1 Q » » * » » » * * I t * * » » » M * » » » » » # » » » » * » » 

2 C * PROGRAM SEPD J.E.G.SAVAGE » 
M C 
5 C THIS PROGRAM SEPARATES DELAY TIKES OF UP TO 130 EVENTS, 
6 C RECORDED AT UP TO 30 SEISMIC STATIONS INTO SOURCE AND RECEIVER 
7 C COMPONENTS. EACH EVENT IS ASSUMED TO HAVE A DELAY E(I) ASSOCIATED 
8 C WITH IT, AND EACH RECEIVER A DELAY S( J ) . THUS THE DELAY OBSERVED 
9 C AT STATION J FROM EVENT I IS D ( I , J ) = E ( I ) + S ( J ) . 
10 C PROVIDING THERE ARE MORE MEASUREMENTS OF D THAN UNKNOWNS (TOTAL 
11 C OF NUMBERS OF STATIONS AND EVENTS) THE PROGRAM SOLVES, IN A LEAST 
12 C SQUARES SENSE, THE SET OF OVER DETERMINED SIMULTANEOUS EQUATIONS. 
13 C HOWEVER, SINCE ANY CONSTANT MAY BE ADDED TO EACH OF THE E'S AND 
14 C SUBTRACTED FROM EACH OF THE S'S WITHOUT AFFECTING THE D'S, AN 
15 C ADDITIONAL EQUATION MUST BE ADDED. FOR THIS IT IS CHOSEN THAT A 
16 C WEIGHTED SUM OF THE E'S IS MADE ZERO. A WEIGHT FOR EACH OF THE 
17 C D.S MUST ALSO BE INPUTTED. 
18 C 
19 C 
20 C*** 30 MAX. STATIONS; 130 MAX EVENTS; 500 MAX. DELAYS. 
21 C 
22 C 
23 C*** NOTE THAT WITH MAXIMUM LIMITS SET AS ABOVE, 
2M C THE PROGRAM USES ABOUT 1 .'I MBYTES OF STORAGE, 
25 C WHICH IS REQUESTED USING SUBROUTINE DYNMIC. 
26 C TO REDUCE STORAGE REQUIREMENTS FOR SMALLER 
27 C QUANTITIES OF DATA MERELY CHANGE THE VALUES OF 
28 C ISMAX, IEMAX, AND IDMAX. 
29 C 
30 COMMON ID1,ID2,ID3,IDM,IEMAX,ISMAX,IDMAX 
31 ISMAX=30 
32 IEMAX=130 
33 IDMAX=500 
31 ID1=IDMAX+1 
35 ID2=IEMAX+ISMAX 
36 ID3=IEMAX+1 
37 IDM=ISMAX 
38 JD1=ID1«2 
39 JD2=ID2*2 
MO JD3=ID3*2 
Ml JDM=IDM»2 
M2 JD5=JD1»ID2 
M3 CALL DYNMIC(A,JD5,X,JD2,Y,JD1,IWD,ID1.IT,ID3, 
MM % ELT1JD3,ELN,JD3,DPT,JD3)EMG,JD3,IR,ID3,IH,ID3,IM, 
45 % ID3,SC,JD3,DL,JD3,BB,JD3,AZ,JD3,IWE,ID3,IUS,ID2, 
M6 % IUWS,IDM,IUWE,IDM,IST,IDM,QR,JD5,R1,JD2,R2IJD2, 
17 % R3,JD2,RM,JD2,R5,JD1,IPIV,ID2.E,JD2.R,JD1,NDU,ID2, 
M8 % DUWD,JDM,IUWW,JDM) 
M9 STOP 
50 END 
51 C 
52 c************************************************************************** 
53 C 
5M SUBROUTINE MAINPR(A,11,X,12,Y,I 3,IWD,IM,IT,15,ELT,16,ELN,17 , 
55 % DPT,I8,EMG,I9,IH,I10,IH,I11,IM,I12,SC,I13,DL,I14,BB,I15, 
56 % AZ,I16,IWE,I17,IUS,I18,IUWS,I19,IUWE,I20,IST,I21,QR,I22, 
57 % R1,123,R2,I2M,R3,I25,RM,126,R5,127,IPIV,128,E,129,R,130, 
58 % NDU,131,DUWD,132,IUWW,133) 
59 IMPLICIT REAL*8( A-il.O-Z) 
60 COMMON ID1,ID2,ID3,IDM,IEMAX,ISMAX,IDMAX 
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61 DIMENSION A ( I D 1 , I D 2 ) , X ( I D 2 , 1 ) , Y ( I D 1 , 1 ) , K 1 CO , K 2 ( 4 ) , I W D ( I D 1 ) , 
62 % I S ( 1 2 ) , D R ( 1 2 ) , I W ( 1 2 ) , I T ( I D 3 ) , E L T ( I D 3 ) , E L N ( I D 3 ) , D P T ( I D 3 ) , E M G ( I D 3 ) , 
63 % I R ( I D 3 ) , I H ( I D 3 ) , I M ( I D 3 ) , S C ( I D 3 ) , D L ( I D 3 ) , B B ( I D 3 ) , A Z ( I D 3 ) , 
6H % IWE( I D 3 ) , I U S ( I D 2 ) , IUWS( I D ' I ) , IUWE( I D 4 ) , I S T ( I D 4 ) ,QR(ID1 , I D 2 ) , 
65 $ R K 1 D 2 ) , R 2 ( 1 D 2 ) , R 3 ( I D 2 ) , R 4 ( I D 2 ) , R 5 ( I D 1 ) , I P I V ( I D 2 ) , E ( I D 2 ) , 
66 f. R( I D 1 ) , DC( 12) , RR( 12) ,NDU( I D 2 ) , DUWD( I D 1 ) , IUWW( ID4 ) , REG( 5 ,800) , 
67 % A R ( 5 , 8 0 ) , C H R ( 5 ) , C H A ( 5 ) , N A R ( 8 0 0 ) , W L S T ( 9 ) 
68 DATA BLNK/' V 
69 LOGICAL UWPR,ANG,EWS,PR 1 
70 PR1=.TRUE. 
71 EWS=.FALSE. 
72 WF=2.D0 
73 WF2=DSQRT(WF) 
7M EPS=0.D0 
75 EPS=X02AAF(EPS) 
76 C 
77 C»* READ I N L I S T OF GEOGRAPHICAL AREAS AND REGIONS. 
78 C 
79 DO 53 1=1,80 
80 DO 53 J = 1 ,5 
81 53 A R ( J , I ) = B L N K 
82 DO 55 1=1,800 
83 N A R ( I ) = 8 0 
8 ' l DO 55 J = 1 ,5 
85 55 R E G ( J , I ) = BLNK 
86 5S READ(3,57,END=70)I,CHR 
87 57 FORMAT(I5,5X,5A8) 
88 I F ( I ) 6 0 , 6 0 , 5 8 
89 58 DO 59 J = 1 ,4 
90 59 A R ( J , I ) = C H R ( J ) 
91 GO TO 56 
92 60 READ(3,61,END=70)I,J,CHR 
93 61 F O R M A T ( I 3 , I 5 , 2 X , 5 A 8 ) 
9 1 N A R ( J ) = I 
95 DO 63 KK= 1 ,5 
96 63 REG(KK,J)=CHR(KK) 
97 GO TO 60 
98 70 W K I T E ( 6 , 8 9 ) IEMAX,ISMAX,IDMAX 
99 89 F O R M A T C • 1 ' , 2 5 X , 2 6 ( ) / 2 6 X , * * PROGRAM SEPD (02APR79) *'/ 
100 $ 2 6 X , 2 6 ( ' * ' ) / ' 0 MAXIMUM NUMBER OF EVENTS I S ' , 1 4 , 
101 % ', MAXIMUM NUMBER OF STATIONS I S ' , 1 3 , 
102 % ', MAXIMUM NUMBER OF DELAYS I S ' , 1 4 , ' . ' ) 
103 READ(5,101)ITMIN,ITMAX,DMIN,DMAX,BBMIN,BBMAX,AZMIN,AZMAX,NS,K,L 
10't 101 F 0 R M A T ( 2 ( I 8 , 2 X ) , 6 F 5 . 0 , 3 1 5 ) 
105 I F ( N S . L E . I S M A X ) GO TO 302 
106 W R I T E ( 6 , 9 7 ) NS 
107 97 FORMAT('0 »»» ERROR *** ATTEMPT TO USE',14,' STATIONS.') 
108 STOP 
109 302 R E A D ( 5 , 3 0 3 ) 1 1 , ( W L S T ( I ) , 1 = 1 , 9 ) 
110 303 FORMAT(I5,9F5.2) 
111 I F ( I I ) 3 1 0 , 3 1 0 , 3 0 6 
1 1 2 306 W R I T E ( 6 , 3 0 7 ) 
1 1 3 307 FOHMATCO *** ALL WEIGHTS SET TO UNITY. »»»') 
114 DO 309 1=1 ,9 
115 309 WL S T ( I ) = 1 . D O 
116 GO TO 102 
117 3 1 0 W R I T F ( 6 , 3 1 1 ) ( I , I = 1 , 9 ) , ( W L S T ( I I ) , I I = 1 , 9 ) 
118 3 H FORMAT ( 2X/' 0 ONSET WEIGHT CODE:',915/ 
119 % ' ASSIGNED WEIGHT: ' , 9 F 5 . 2 ) 
120 DO 3 1 5 1=1,9 
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21 315 WLST(I)=DSQRT(WLST(I)) 
22 102 READ(5,103)(IST(J),J=1,NS) 
23 103 F0RMAT(16I5) 
24 DO 10') J=1,NS 
25 IF(IST(J).NE.0)G0 TO 104 
26 WRITE(6,99) 
27 99 FORMATCO »*»ERROR"*» ATTEMPT TO INPUT STATION NUMBERED Z E R O * ) 
28 ST0P5 
29 104 CONTINUE 
30 UWPR=.FALSE. 
31 IF(K.NE.O)UWPR=.TRUE. 
32 CALL DCNT(ITMAX,TMAX,K2(1),K2(2),K2(3),K2(4)) 
33 CALL DCNT(ITMIN.TMIN .K1(1) ,K1(2),K1(3),K1(4)) 
34 IF(TMAX.LE.O.DO) GO TO 107 
35 WRITE(6,105)K1,K2 
36 105 FORMATCO EVENTS USED ONLY FROM ' , 12,3('/',12),' TO ',12,3c/', 
37 % 12) , ' . ' ) 
38 107 TMAX=1.D10 
39 IF(DMAX.LE.O.DO) GO TO 111 
40 WRITE(6,109)DMIN,DMAX 
41 109 FORMATCO EVENTS USED ONLY IF IN DISTANCE RANGE',F7.1,' T0',F7.1, 
42 % ' DEGREES.') 
4 3 GO TO 1 12 
44 111 DMAX=400.0 
45 112 IF(BBMAX.LE.O.DO) GO TO 115 
46 WRITE(6,113)BBMIN,BBMAX 
47 113 FORMAT('0 EVENTS USED ONLY IF BACK-BEARING IN RANGE*,F7.1,' T O * , 
48 % F7.1,' DEGREES.') 
49 GO TO 116 
50 1 15 BBMAX=400.D0 
51 116 IF(AZMAX.LE.O.DO) GO TO 119 
52 WRITE(6,117)AZMIN,AZMAX 
53 117 FORMATCO EVENTS USED ONLY IF AZIMUTH IN RANGE',F7• 1 ,' T0',F7.1, 
54 % 'DEGREES.1) 
55 GO TO 120 
56 119 AZMAX=400.D0 
57 120 Y( 1 , 1 )=0.D0 
58 NW=0 
59 N=0 
60 NEQ=1 
61 C 
62 C*»* READ IN EVENT CARD, CHECK IF TO BE USED, AND IF SO USE TO S E T UP 
63 C FIRST EQUATION. 
64 C 
65 200 N:N+1 
66 READ(5,201)IT(N),ELT(N),ELN(N),DPT(N),EMG(N),IR(N),IH(N),IM(N), 
67 % SC(M),DL(N),BB(N),AZ(N),IWE(N) 
68 201 FORMAT(I8,2F9.3,F4.0,F4.1,I4,2I3,F6.2,3F4.0,I2) 
69 IF(IT(N).EQ.0)GO TO 400 
70 IF(N.LE.IEMAX) GO TO 206 
71 WRITE(6,205) IEMAX 
72 205 FORMATC0»«*ERR0R*»» ATTEMPT TO INPUT MORE THAN',14,' EVENTS') 
73 STOP 1 
74 206 CALL DCNT(IT(N),T,K1(1),K1(2) , K1 ( 3) , K1 ( 4 ) ) 
75 IF(.MOT.ANG(T,TMIN,TMAX)) GO TO 210 
76 IF( . MOT . ANG( DL( N),DMIN, DMAX)) GO TO 210 
77 IF(.NOT. ANG(BB(N),BBMIN,BBMAX)) GO TO 210 
78 IF(.NOT.ANG(AZ(N),AZMIN,AZMAX)) GO TO 210 
79 GO TO 220 
80 210 IUS(N)=0 
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181 GO TO 200 
182 220 NW=NW+1 
183 IUS(N)=NW 
184 IF(IWE(N))800,222,224 
185 222 A(1,NW)=0.D0 
186 GO TO 200 
187 224 A(1,NW)=WF»*(IWE(N)-5) 
188 EWS=.TRUB. 
189 GO TO 200 
190 400 N = N-1 
191 NUWS=0 
192 SW=0.D0 
193 DO 402 1=1,NW 
194 402 NDU(I)=0 
195 NU=NW+NS 
196 JS=NW+1 
197 DO 403 I=JS,NU 
198 A(1,I)=0.D0 
199 403 NDU(I)=0 
200 C 
201 C**» READ DELAY CARD AND MATCH WITH EVENT 
202 C 
203 406 READ(5,407,END=500)ITD,(IS(J),DR(J),IW(J),J=1 ,7) 
204 407 FORMAT(18,2X,7(I 3,F5.2,12)) 
205 DO 409 1=1,N 
206 IF(ITD.NE.IT(I)) GO TO 409 
207 IE=I 
208 GO TO 420 
209 409 CONTINUE 
210 C 
211 C»«« EVENT NOT FOUND, PRINT WARNING MESSAGE 
212 c 
213 IF(PRI) WRITE(6,411) 
214 41 1 FORMAT('0 UNABLE TO MATCH FOLLOWING DELAY CARD(S) WITH EVENT(S):') 
215 WRITE(6, 413)ITD,(IS(J),DR(J),IW(J),J= 1,7) 
216 413 F0RMAT(2X,I8,2X,7(13,F5.2,12)) 
217 PR 1 = .FALSE. 
218 GO TO 406 
219 C 
220 c»»* EVENT FOUND. CHECK IF DELAYS TO BE USED. 
221 C 
222 420 IF(IUS(IE).EQ.O) GO TO 406 
223 C 
224 FOR EACH STATION IN TURN FIND STATION INDEX, AND CONSTRUCT 
225 C EQUATION, AND STORE WEIGHTS. 
226 C 
227 DO 490 J=1,7 
228 IF(ISC J).EQ.O) GO TO 490 
229 DO 440 1=1,NS 
230 IF(ISC J).NE.IST(I))GO TO 440 
231 11 = 1 
232 GO TO 460 
233 440 CONTINUE 
234 IF(NUWS.EQ.0)GO TO 450 
235 DO 448 1=1,NUWS 
236 IFCISCJ).EQ.IUWS(I)) GO TO 490 
237 448 CONTINUE 
238 ^50 NUWS=NUWS+1 
239 IUWSC NUWS) = ISC J) 
240 IUWE(NUWS)=ITD 
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241 DUWD(NUWS)=DR(J) 
242 IUWW(NUWS)=IW(J) 
243 GO TO 490 
244 460 NEQ=NEQ+1 
245 IF(NEQ.LE.ID1) GO TO 465 
246 WRITE(6,463) IDMAX 
247 463 FORMAT (' 0 ***ERR0R*»« ATTEMPT TO USE MORE THAN' , 14 , ' DELAYS') 
248 STOP3 
249 465 DO 466 1=1,NU 
250 466 A(NEQ,I)=0.DO 
251 IWD(NEQ)=IW(J) 
252 TD = WLST(IW(J)) 
253 Y(NEQ,1)=DR(J)*TD 
254 A(NEQ,IUS(IE))=TD 
255 A(NEQ,NW+II)=TD 
256 SW=SW+TD»*2 
257 NDU(IUS(IE))=NDU(IUS(IE))+1 
258 NDU(NW+II)=NDU(NW+II)+1 
259 490 CONTINUE 
260 GO TO 406 
261 C 
262 C*** CHECK FOR OMISSIONS I N DATA 
263 C 
264 500 IF(NUWS.EQ.O) GO TO 512 
265 WRITE(6,501) 
266 501 FORMAT('0 "WARNING* THE FOLLOWING UNDECLARED STATIONS HAVE *, 
267 * 'AT LEAST ONE DELAY INPUTTED '. / 
268 % '0 STATION EVENT NUMBER DELAY WEIGHT') 
269 DO 508 1=1,NUWS 
270 CALL DCNT(IUWE(I),TD,K1(1),K1(2),K1(3),K1(4)) 
271 WRITE(6,505)IUWS(I),K1,DUWD(I),IUWW(I) 
272 505 F0RMAT(1X,19,14,3('/',12),F8.2,18) 
273 508 CONTINUE 
274 512 DO 518 1=1,NU 
275 IF(NDU(I).GT.O) GO TO 518 
276 IF(I.GT.NW) GO TO 514 
277 DO 516 J=1 ,N 
278 IF(IUS(J).NE.I) GO TO 516 
279 CALL DCNT(IT(J),TD,K1(1),K1(2),K1(3),K1(4)) 
280 WRITE(6,513)K1 
281 5 1 3 FORMAT('0 """ERROR*** EVENT NUMBER 1,13,3('/',12), 
282 % ' HAS NO ASSOCIATED DELAYS INPUTTED') 
283 STOP4 
284 5 1 6 CONTINUE 
285 GO TO 800 
286 ^14 WRITE(6,519) IST(I-NW) 
287 5 1 9 FORMATCO ***ERROR*** STATION NUMBER*,13, 
288 % ' HAS NO ASSOCIATED DELAY INPUTTED') 
289 ST0P6 
290 518 CONTINUE 
291 IF(EWS) GO TO 522 
292 WRITE(6,521) 
293 521 FORMATCO """ERROR*** NO EVENT IS ASSIGNED A NON ZERO WEIGHT') 
294 ST0P5 
295 C 
296 C»*» CALCULATE UNKNOWNS 
297 C 
298 522 IFAIL=0 
299 CALL F04AMF( A,ID1,X,ID2,Y,ID1,MEQ,NU,1,EPS, 
300 % OR,ID1,R1,R2,R3,R4,R5,IPIV,IFAIL) 
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301 C 
302 C« * » CALCULATE RESIDUALS, AND USE TO CALCULATE ERRORS IN UNKNOWNS. 
303 C 
304 SR2=0.DO 
305 DO 5 3 0 1=1,NEQ 
306 R ( I ) = Y ( I , 1 ) 
307 DO 5 2 8 J=1,NU 
308 528 R(I)=R(I)-A(I,J)«X(J,1) 
309 530 SR2-SR2+R(I)»»2 
3 1 0 SR2=DSQRT(SR2/SW) 
3 1 1 DO 540 1=1 ,NU 
3 1 2 E(I)=O.DO 
313 IE = 0 
3 1 1 SW=O.DO 
3 1 5 DO 5 3 6 J=1,NEQ 
3 1 6 I F ( A ( J , I ) ) 5 3 6 , 5 3 6 , 5 3 3 
317 5 3 3 IE=IE+1 
3 1 8 E(I)=E(I)+R(J)*»2 
3 1 9 SW=SW+A(J,I)*«2 
320 5 3 6 CONTINUE 
3 2 1 I F ( I E - 1 ) 8 0 0 , 5 3 7 , 5 3 8 
3 2 2 5 3 7 E(I)=-1.DO 
323 GO TO 540 
324 5 3 8 E(I)=DSQRT(E(I)/((IE-1)»SW)) 
325 540 CONTINUE 
3 2 6 C 
327 WRITE EVENT INFORMATION FOR EACH EVENT IN TURN 
3 2 8 C 
329 WRITE(6,601) 
330 601 FORMATCO'.^OC*')) 
3 3 1 DO 6 9 0 1=1,N 
3 3 2 DO 610 J= 1 ,5 
333 IF(IR(I))800,602,606 
334 602 CHR(J)=DLNK 
3 3 5 CHA(J)=BLNK 
3 3 6 GO TO 610 
337 606 CHR(J)=REG(J,IR(I)) 
3 3 8 CHA(J)=AR(J,NAR(IR(I))) 
339 6 1 0 CONTINUE 
340 C 
341 C**» TEST IF EVENT WAS USED 
342 C 
34 3 IF (IUS(I).NE.O) GO TO 6 3 0 
3 4 4 CALL D C N T ( I T ( I ) , T D , K 1 ( 1 ) , K 1 ( 2 ) , K 1 ( 3 ) , K 1 ( 4 ) ) 

IF(UWPR) WRITE(6 ,623)K1 ,1R(I) , CHR,CHA,ELT(I),ELN(I),DPT(I),EMG(I), 3 4 5 
CALL D C N T ( I T ( I ) , T D , K 1 ( 1 ) , K 1 ( 2 ) , K 1 ( 3 ) , K 1 ( 4 ) ) 
IF(UWPR) WRITE(6 ,623)K1 ,1R(I) , CHR,CHA,ELT(I),ELN(I),DPT(I),EMG(I), 

346 $ I H ( I ) , I M ( I ) , S C ( I ) , D L ( I ) , B B ( I ) , A Z ( I ) , I W E ( I ) 
3 4 7 6 2 3 FORMAT('0 EVENT NUMBER ' ,13,3 ( '/' , 12) , ' REGION', 14,2X,10A8/ 
348 % ' LATITUDE',F10.4,' LONGITUDEF10.4,' DEPTH',F5.0, 

% ' MAGNITUDE',F4.1,• ORIGIN T I M E ' , 1 3 1 2 , 349 
% ' LATITUDE',F10.4,' LONGITUDEF10.4,' DEPTH',F5.0, 
% ' MAGNITUDE',F4.1,• ORIGIN T I M E ' , 1 3 1 2 , 

350 i F7.2,* SEC.'/' DISTANCE *,F5.0,' B-BRNG.',F5.0, 
351 „ ' AZMTH',F5.0 * WT=',I1**» EVENT NOT USED *»*'/ 
352 % '0', 1 2 0 ( ' * ' ) ) 
3 5 3 GO TO 690 
354 C 
355 EVENT USED 
356 C 
357 630 IC=IUS(I) 
358 CALL D C N T ( I T ( I ) , T D , K 1 ( 1 ) , K 1 ( 2 ) , K 1 ( 3 ) , K 1 ( 4 ) ) 

WRITE( 6,635 ) K 1,IR(I) ,C!IR,CHA,ELT(I),ELN(I),DPT(I),EMG(I), 
% I I 1 ( I ) , I M ( I ) , S C ( I ) , D L ( I ) , B B ( I ) , A Z ( I ) , I W E ( I ) , X ( I U S ( I ) , 1 ) , E ( I U S ( I ) ) 359 
CALL D C N T ( I T ( I ) , T D , K 1 ( 1 ) , K 1 ( 2 ) , K 1 ( 3 ) , K 1 ( 4 ) ) 
WRITE( 6,635 ) K 1,IR(I) ,C!IR,CHA,ELT(I),ELN(I),DPT(I),EMG(I), 
% I I 1 ( I ) , I M ( I ) , S C ( I ) , D L ( I ) , B B ( I ) , A Z ( I ) , I W E ( I ) , X ( I U S ( I ) , 1 ) , E ( I U S ( I ) ) 360 
CALL D C N T ( I T ( I ) , T D , K 1 ( 1 ) , K 1 ( 2 ) , K 1 ( 3 ) , K 1 ( 4 ) ) 
WRITE( 6,635 ) K 1,IR(I) ,C!IR,CHA,ELT(I),ELN(I),DPT(I),EMG(I), 
% I I 1 ( I ) , I M ( I ) , S C ( I ) , D L ( I ) , B B ( I ) , A Z ( I ) , I W E ( I ) , X ( I U S ( I ) , 1 ) , E ( I U S ( I ) ) 
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361 635 FORMATC 0 EVENT NUMBER ' , I 3 , 3( '/' , 12 ) ,' REGION', 14, 2X,10A8/ 
362 % LATITUDE',F10.4,' LONGITUDE',F10.4,' DEPTH*,F5. 0, 
363 ? • MAGNITUDE',F4.1,• ORIGIN TIME',13,'-',12, 
364 ? F7-2,' SEC.'/' DISTANCE'. ,F5.0, '. B-BHNG *. , F5 . 0, 
365 % ' AZMTH',F5.0, ' WT=',I1,' DELAY =',F7.3,' ERRORS ,F6.3> 
366 IE = 1 
367 640 11 = 0 
368 642 IE=IE+1 
369 IF(NF.Q-IE)655,643,643 
370 64 3 I F ( A ( I E , 10)800,642,644 
371 644 DO 648 IJ=JS,NU 
372 IF(A(IE,IJ))800,648,646 
373 646 JJ = I J 
374 GO TO 650 
375 648 CONTINUE 
376 GO TO 800 
377 650 11=11+1 
378 IS(II)=IST(JJ-NW) 
379 DR(II)=Y(IE,1)/A(IE,JJ) 
330 RR(II)=R(IE)/A(IE,JJ) 
381 DC ( I I ) = D R ( I I ) - R R ( I I ) 
382 IW(II)=IWD(IE) 
383 IF(II-12)642,655 , 8 0 0 
384 655 IF(11)800,690,670 
385 670 WRITE(6,671)(IS(J),J=1,II) 
386 671 FORMATC 0 STATION \8X,12l8) 
337 WRITE(6,673)(DR(J),J=1,II) 
388 673 FORMATC MEASURED DELAY' , 4X , 1 2F8 . 3) 
389 WRITE(6,675)(DC(J),J=1,II) 
390 675 FORMAT(' CALCULATED DELAY',2X,12F8.3) 

WRITE(6,677)(RR(J),J=1,II) 391 
FORMAT(' CALCULATED DELAY',2X,12F8.3) 
WRITE(6,677)(RR(J),J=1,II) 

392 577 FORMATC RESIDUAL* , 10X,12F8.3) 
393 
394 

WRITE(6,679)(IW(J),J=1,II) 393 
394 679 FORMAT(' WEIGHT',12X,1218) 
395 WRITE(6,601) 
396 GO TO 640 
397 690 CONTINUE 
398 WRITE(6,701) 
399 701 FORMAT('1 *,26X,23( ' * ' )/27X,'* STATION INFORMATION » V 
400 27X,23(**')) 
401 11=1 
402 704 IF=II+11 
403 IF(IF.GT.NS)IF=NS 
404 WRITE(6,7 11)(IST(J),J=II,IF) 
405 711 FORMAT('0 STATION NUMBER',6X,1218) 
406 WRITE(6,713)(NDU(J+NW),J=II,IF) 
407 713 FORMATC NO. OF DELAYS USED',2X,1218) 

WRITE(6,715)(X(J+NW,1),J=II,IF) 408 
FORMATC NO. OF DELAYS USED',2X,1218) 
WRITE(6,715)(X(J+NW,1),J=II,IF) 

409 715 FORMAT(' STATION DELAY',7X,12F8.3) 
410 WRITE(6,717)(E(J+NW),J=II,IF) 
4 1 1 717 FORMAT(' ERROR',15X,12F8.3) 
412 IF(IF.EQ.NS)GO TO 730 
4 13 11=11+12 
4 14 GO TO 704 
415 , 30 NEQ=NEQ-1 
416 TD=SR2/DSQRT(DFL0AT(NEQ-NU)) 
417 WRITE(6,731)N,NW,NEQ,NS,SR2,TD 
4 18 731 FORMATC '0'// ' NUMBER OF EVENTS INPUT =',14, 
4 19 ? 1 NUMBER USED =',14,' NUMBER OF DELAYS =',15/ 
420 J • NUMBER OF STATIONS =',13,' R.M.S. OF RESIDUALS =',F8.4 
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421 % ' STANDARD ERROR OF SOLUTION -',F8.5) 
'122 WRITE(6,601 ) 
'123 STOPO 
424 800 WRITE(6,801) 
425 801 FORMAT('0***ERROR»»* BUG IN PROGRAM TERMINATES EXECUTION' ) 
426 STOP2 
427 END 
428 C 
429 
430 C 
431 SUBROUTINE DCNT(I,T,MN,HR,DY,YR) 
432 C 
433 TO CONVERT U.D.K.S.P. EVENT NUMBERS INTO MINUTES, HOURS, DAYS, 
434 C AND YEARS, AND ALSO INTO DAYS AND DECIMALS THEREOF AFTER 1ST 

JANUARY 1976. 435 C 
AND YEARS, AND ALSO INTO DAYS AND DECIMALS THEREOF AFTER 1ST 
JANUARY 1976. 

436 c 
437 REAL*8 T 
4 38 INTEGER MN,HR,DY,YR 

YR=I-100*(I/100) 4 3 ^ 
INTEGER MN,HR,DY,YR 
YR=I-100*(I/100) 

440 DY=I/100-100*(I/10000) 
44 1 HR=1/10000-100»(1/1000000) 
442 MN=I/1000000 
443 T=1.D2*DFL0AT(YR-10)+ DFLOAT(DY) + (DFLOAT(HR)+DFLOAT(MN)/6 . D1 )/2 . 4D1 
444 IF(T.GT.1.D3)T=T-634.DO 
445 RETURN 
446 END 
447 LOGICAL FUNCTION ANC(X,XMIN,XMAX) 
448 REAL*8 X, XMIN,XMAX 
4 49 ANG-.TRUE. 
450 IF(XMAX.LT.XMIN) GO TO 5 
451 IF(X.GT.XMAX.OR.X.LT.XMIN) ANG=.FALSE. 
452 RETURN 
453 5 IF(X.LT.XMIN.AND.X.GT.XMAX) ANG=.FALSE. 
454 RETURN 
455 END 
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APPENDIX 4 

EVENTS USED AND RAW (MEASURED) DELAY TIMES 

As l i s t e d by p r o g r a m SEPD. 

• I ' M . . " . E I ' D ( O / A I ' I C O ) • 

H<->:J;IWM NUMBER OK E V E N T S I S 130 , M A X I M U M NUMBER OK STATIONS I S 3 0 , MAXIMUM NUMBER OF DELAYS I S 500. 

u::.\'-:r W E I G H T COM;: 1 2 3 1 5 6 7 8 9 
A.;:. IHNKD WEIGHT: 0.0 0.06 0 .1 1 0.24 0.86 2.17 0 . 0 0.0 0.0 

E V E N T NUMBER ??/ 0/ 7/10 R E G I O N 269 MOLUCCA SEA BORNEO - CELEBES 
L A T I T U D E -0. 1'1'jO L O N G I T U D E : 1 2 1 . 8 3 2 0 DEPTH 79. MAGNITUDE 5.7 ORIGIN TIME 0 - 9 52.50 SEC. 
D I S T A N C E 88. D-blING 90. A7.MTH 269. WT = 6 DELAY; 1.851 ERROR; 0 . 0 1 3 

S T A T I O N 30 27 
M E A S U R E D D E L A Y 1.090 1.510 
C A L C U L A T E D D E L A Y 1.115 1.185 
R E S I D U A L - 0 . 0 2 5 0 . 0 2 5 
W E I G H T 6 6 

EVENT HUMI1ER 3 3/ 0/ 7 / 1 0 REGION 303 KASKMIR-INDIA BORDER REGION INDIA - TIBET - SZECHWAN 
LATITUDE 12.8510 LONGITUDE 75.9610 DEPTH 50. MAGNITUDE 5.1 ORIGIN TIME 0 - 2 1 5 1 . 1 0 SEC. 
DISTANCE 50. D-DRHG 11. A7.MTH 235. WT = 1 DELAY: 2 . 6 8 9 ERROR: 0.051 

STATION 30 27 
MEASURED DELAY 1.860 5 . 1 1 0 
CALCULATED DELAY 1 . 9 5 0 5 . 3 2 0 
RESIDUAL - 0 . 0 9 0 0 . 0 9 0 
WEIGHT 1 1 

EVENT NUMBER 1 3/21/ 9/10 REGION 277 JAVA SUNDA ARC 
LATITUDE -7.8190 LONGITUDE 108.1970 DEPTH 101. MAGNITUDE 5 . 8 ORIGIN TIME 2 1 - 3 2 1 6 . 1 0 SEC. 
DISTANCE 7 1 . B-BRNG 98. A2MTH 271. WT=5 DELAY: 0 . 0 1 3 ERROR: 0 . 0 1 1 

STATION 30 27 21 
MEASURED DELAY 2 . 3 3 0 2.610 3 - 3 6 0 
CALCULATED DELAY 2.303 2.671 3 .331 
RESIDUAL 0.027 -0 . 0 3 1 0 . 0 2 6 
WEIGHT 5 5 1 

EVENT NUMBER 1 3 / 0 / 1 0 / 1 0 REGION 186 NEW HEBRIDES ISLANDS NEW HEBRIDES ISLANDS 
LATITUDE - 1 5 . 7 5 9 0 LONGITUDE 1 6 7 . 8 6 8 0 DEPTH 168 . MAGNITUDE 6 .1 ORIGIN TIME 2 3 - 5 1 35.60 SEC. 
DISTANCE 1 2 9 . B-BRNG 1 H . AZHTH 255. WT = 5 DELAY: - 1 . 1 1 1 ERROR: 0.089 

STATION 30 27 21 
MEASURED DELAY 1 .220 1.390 2.180 
CALCULATED DELAY 1 .119 1.519 2.180 
RESIDUAL 0.071 -0.129 0.300 
WEIGHT 5 6 5 

EVENT NUMBER 59/ 8/10/10 REGION 125 SOUTH INDIAN OCEAN INDIAN OCEAN 
LATITUDE -35.1010 LONGITUDE 51.3600 DEPTH 33- MAGNITUDE 5.7 ORIGIN TIME 8-52 51.80 SEC. 
DISTANCE J7. B-BRNG 156. A-MTH 330. WT = 1 DELAY: -1.959 ERROR = 0.016 

STATION 30 27 21 
MEASURED DELAY 0.370 0.170 1.320 
CALCULATED DELAY 0.301 0.672 1.332 
RESIDUAL 0.009 -0.202 -0.012 
WEIGHT 5 1 5 

EVENT NUMBER 1 / 1 1 / 1 0 / 1 0 REGION 332 HOli'l lil'liN SINKIANG TROV., CHINA ALMA-ATA TO LAKE BAIKAL 
LATITUDE l.'.Hul) LONG ITU1M-! 8J.VH0 UKPiil j l . MAGNITUDE ' i . 1 ORIGIN TIME 12 -51 25 . 0 0 SEC. 
DI.'.I'ANCK do. II-UHNG ili. A'.'.MTU 2 3 7 . WT = * DELAY: - 0 . ' i 7 0 EKROR= 0 . 1 0 0 

.-.TAT I ON ::i 
M E A S U R E D D E L A Y ;> .;VO 
C A L C U L A T E D D E L A Y 2 . O V . 
HE:i I UtlAL O.lo'i 
W E I G H T 1 

21 30 
2.110 1.600 
2.Y1'i l . d l K 
-0.275 -0.0M5 

J 3 



EVENT AND RAW DELAY TIME L I S T 30fe 

I V . U T NUMBER 1 1 / 1 ; / I :/ 10 MEG TON 6)7 I C E L A N D I'KGION A R C T I C ZONE 
!.,'[! I riJDE 66,l',''y i/u'.r, r riJL'K - 16. ',11,'0 D E P T H M A G N I T U D E 6 . 0 O R I G I N T I M K 13-29 1 9 . 0 0 SEC. 
D I S T A N C E 77. [J--!:!::."; J"0. ft'/.H n i 125. WT = 2 D E L A Y = 3 . 5 1 1 EHROR= 0.094 

'/TAT I ON 19 30 27 21 
MEA.'.IIRKD D E L A Y 6.270 6.1 30 6.270 6.790 

n i l . A T K D UEI.AY 6. 'I '16 5.U01 6.172 6 . 3 3 2 
P l . M D U A L -0.176 0 . 3 2 9 0.098 - 0 . 0 ' l 2 
//EIGHT 1 3 3 3 

..v:»r NUMBER 5 8 / >\/\'\i io R E G I O N 6 ' I J S V A I J I A R D R E G I O N A R C T I C ZONE 
:.f, i i r i i i i i : Y / . a v i o L O N G I T U D E 1 8 . 6 3 0 0 D E P T H 3 3 . M A G N I T U D E 5 . 6 O R I G I N T I M E 1 - I 6 2t.uo SEC. 
D I S T A N C E (io. L I - ; ;H I I G j 5 o . A Z M T H 1 0 2 . WT=3 D E L A Y = 0 . 1 1 1 ERROR= 0 . 0 2 6 

S T A T I O N 19 2 7 21 
••!KA:;UKKD D E L A Y 3 . 2 7 0 3 . O H O 3 . 7 9 0 
C A L C U L A T E D D E L A Y 3 . 3 1 6 3 - 0 1 2 3 . 7 0 2 
R E S I D U A L - 0 . 0 1 6 - 0 . 0 0 2 0 . 0 8 8 
W E I G H T 3 3 2 

EVENT NUMBER 5 6 / 5 / 2 3 / 1 0 REGION 2 7 9 F L O H E S SEA SUNDA ARC 
LATITUDE -7.1780 LONGITUDE 1 1 9 . 9 0 5 0 DEPTH 6 1 1 . MAGNITUDE 6 . 1 O R I G I N T I M E 5 - 1 5 3 0 . 5 0 SEC. 
DISTANCE 8 3 . B-BUNG 97. AZMTH 2 7 0 . WT = 7 DELAY= - 0 . 3 0 7 ERROR= 0 . 0 5 1 

.STATION 
M E A S U R E D DELAY 
CALCULATED DELAY 
RESIDUAL 
WEIGHT 

30 27 
1 . 7 3 0 2 . 2 9 0 
1.951 2 . 3 2 1 

- 0 . 2 2 1 - 0 . 0 3 1 
6 5 

26 
2.610 
2 . 3 1 2 
0.268 

6 

21 19 
2 . 8 1 0 2 . 7 1 0 
2 . 9 8 1 2 . 5 9 9 

- 0 . 1 1 1 0 . 1 1 1 
6 6 

E V E N T NUMBER 7 / 2 2 / 2 1 / 1 0 R E G I O N 1 7 7 KERMADEC I S L A N D S R E G I O N KERMADEC - TONGA - SAMOA 
L A T I T U D E - 2 8 . 6 3 5 0 L O N G I T U D E - 1 7 7 . 5 9 3 0 D E P T H 7 8 . M A G N I T U D E 6 . 2 O R I G I N T I M E 2 1 - 1 8 2 5 - 9 0 SEC. 
D I S T A N C E 1 3 6 . B-i-.RNO 1 3 5 . A Z M T H 2 3 8 . WT = 2 D E L A Y = - 0 . 1 0 9 ERROR = 0 . 0 3 0 

S T A T I O N 30 2 1 19 
;:.:ASUI<F.D D E L A Y 1 . 7 8 0 2 . 9 0 0 2 . 5 5 0 
R \ L C U L A TED D E L A Y 1 . S T I 2 . 8 0 2 2 . 1 9 7 
l . i . U D U A L - 0 . U 7 I 0 . 0 1 8 0 . 0 5 3 
W E I G H T 1 1 1 

EVENT NUMBER )(,/ 7/29/10 REGION 278 BALI SEA SUNDA ARC 
LATITUDE -b.8ynO LONGITUDE IW. 1710 DEPTH 1 5 3 . MAGNITUDE 5.1 OKIGIN TIME 7-25 15 . 1 0 SEC. 
DISTANCE 6 0 . B-BHNC 9 7 . AZMTH 2 7 0 . WT = 6 DELAY= - 1 . 1 8 0 

STATION 3 0 2 9 2 7 2 1 19 
MEASURED DELAY 1 . 0 0 0 0 . 9 2 0 1 . 6 5 0 2 . 2 6 0 1 . 7 7 0 
CALCULATED DELAY 1 . 0 8 0 1 . 0 8 9 1 . 1 5 1 2 . 1 1 1 1 . 7 2 6 
KESIDUAL - 0 . 0 8 0 - 0 . 1 6 9 0 . 199 0 . 1 1 9 0 . 0 1 1 
WEIGHT 5 5 1 5 5 

E V E N T NUMBER 3 1 / 1 '/3 2 / 1 0 R E G I O N 5 9 GUERRERO. M E X I C O M E X I C O - G U A T E M A L A AREA 
L A T I T U D E 1 7 . 1 7 : 0 L O N G I T U D E - 1 0 0 . 1 8 9 0 D E P T H 5 2 . M A G N I T U D E 5 . 7 O R I G I N T I M E 1 1 - 1 1 5 7 . 3 0 SEC. 
D I S T A N C E 1 3 5 . B-DRNG 2 9 3 - A Z M T H 7 1 . WT = 3 DEI.AY = 0 . 2 6 9 E!!ROR= 0 . 1 1 2 

- S T A T I O N 30 2 9 1 9 
!":;A.;IH!I-:D D E L A Y 2 . 2 7 0 2 . 3 7 0 3 . 3 7 0 
i A ! C U L A T E D D E L A Y 2 . 5 2 9 2 . 5 3 7 3 . 1 7 1 
K I S I D I I A L - 0 . 2 5 9 - 0 . 1 6 7 0 . 1 9 6 
W E I G H T 3 3 1 

E V E N T NUMBER < r t 1 1 / 3 . V 1 0 R E G I O N 2 0 9 T I M O R SUNDA ARC 
1 A T I T I I I H - : - ' l . ; n " 0 LONG ( T U D E 1 2 3 . 7 5 2 0 DKI'TH 1 r i . M A G N I T U D E 5 . 7 O R I G I N T I M K 1 1 - 2 5 5 1 . 1 0 SF.C. 
:M S T A N O K 8 7 . »-r.KNiS 1 0 0 . A/.MTII 2 / 0 . UT= j DI:I.AY= 1 . 6 6 3 E M R O I U 0 . 1 1 1 

. • ' - T A T I OH 30 29 1 9 

." •: A : -111(1 I •> D E L A Y t . 7 6 0 3. / '10 1 . 8 2 0 

. 111 ,Ai'i:n D E L A Y 3 . ' * . ' 3 t . ' H 2 11.569 
1 D U A L - 0 . W>3 - 0 . 1 9 2 0 . 2 5 1 

WEIGHT 1 J 1 

http://2t.uo
file:///LCULA


EVENT AND RAW DELAY TIME L I S T 3 0 ? 

EVKNT NUMHEM ! ' , / O / V ' / I O REGION 202 CEI.EkES SEA nOIINKO - CEI.EBE3 
L A . - : i u i n . ' . . i o i o L O N G I T U D E \;>?.<IHM) i r . r n i 5 Y 6 . M A G N I T U D E 5 . 1 O R I G I N T I M E 5 - 2 3 3 7 . 1 0 S E C . 
D I S T A N C I - ; H I , . 1!-UltNG H C . A Z M T I I 2 6 8 . W T . - 5 I J K L A Y = - O . Y O O E R R O R : 0 . 0 6 9 

.".TAT I OH 30 29 27 19 
MEASURED OKI,AY 1 . 6 5 0 1 . 3 0 0 2 . 0 7 0 2 . 0 7 0 
CAI.CIJI.ATED DELAY 1 . 5 6 0 1 . 5 6 8 1 . 9 3 1 2 . 2 0 6 
IIK.j 1 DUAL. 0 . 0 9 0 - 0 . 2 6 8 0 . 1 SO - 0 . 1 3 6 
WEIGHT 6 5 6 6 

EVENT MUMUKIt VI110/3'l/ 10 REGION 200 BAIIDA SEA S U N D A A R C 
LATITUDE - Y . U 5 9 0 LONGITUDE 1 2 3 . 7 1 3 0 DEPTH 6 1 1 . MAGNITUDE 5 . 2 O R I G I N TIME 1 0 - 1 5 5 8 . 1 0 S E C . 
D I STANCE BY. Il-URNG 9 7 . AZMTH 2 7 0 . WT = 6 DELAY: - 0 . 0 6 5 ERROR: 0 . 0 3 0 

STATION 19 30 27 
MEASURED DELAY 2 . 8 2 0 2 . 1 2 0 2 . 7 0 0 
CALCULATED DELAY 2 . 8 1 1 2 . 1 9 5 2 . 5 6 6 
RESIDUAL - 0 . 0 2 1 - 0 . 0 7 5 0 . 1 3 1 
WEIGHT 6 5 5 

EVENT NUMBER ' 1 5 / 1 2 / 3 " / 1 0 REGION 171 SOUTH OF F I J I ISLANDS K E R M A D E C - T O N G A - S A M O A A 
LATITUDE - 2 5 . 1 3 6 0 LONGITUDE 1 7 9 . 6 9 3 0 DEPTH 1 7 7 . MAGNITUDE 5 . 8 ORIGIN T I M E 1 2 - 2 7 3 0 . 1 0 S E C . 
DISTANCE 1 3 6 . n-BHNG 1 2 9 . AZMTH 2 3 9 . WT = 2 DELAY: - 2 . 0 0 7 ERROR-- 0 . 0 0 7 

STATION 30 2 7 
MEASURED DELAY 0 . 2 8 0 0 . 6 2 0 
CALCULATED DELAY 0 . 2 5 3 0 . 6 2 3 
RESIDUAL 0 . 0 2 7 - 0 . 0 0 3 
WEIGHT 3 5 

EVENT NUMBER 1 8 / 1 6 / 3 1 / 1 0 REGION 3 1 1 N.W. IRAN-USSR BORDER R E G I O N W E S T E R N A S I A 
LATITUDE 3 9 . 9 3 3 0 LONGITUDE 1 8 . 1 1 5 0 DEPTH 5 8 . MAGNITUDE 5 . 2 O R I G I N T I M E 1 6 - 1 0 1 0 . 6 0 S E C . 
DISTANCE 1 2 . B-BRNG 1 3 . AZMTH 1 9 7 . WT = 3 DELAY; - 0 . 0 5 1 ERROR= 0 . 1 0 3 

STATION 30 29 27 
MEASURED DELAY 1 . 9 5 0 2 . 3 3 0 2 . 2 3 0 
CALCULATED DELAY 2 . 2 0 6 2 . 2 1 1 2 . 5 7 6 
RESIDUAL - 0 . 2 5 6 0 . 1 1 6 - 0 . 3 1 6 
WEIGHT 1 5 3 

EVENT NUMBER 6 / 2 0 / 3 5 / 1 0 REGION 278 B A L I SEA S U N D A A R C 
LATITUDE - 6 . 9 8 3 0 LONGITUDE 1 1 5 . 7 1 7 0 DEPTH 1 1 3 . MAGNITUDE 5 . 0 ORIGIN T I M E 1 9 - 5 5 3 0 . 5 0 S E C . 
DISTANCE 7 9 . B-BRNG 9 7 . AZMTH 2 7 0 . WT=5 DELAY: - 0 . 9 1 6 ERROR: 0 . 0 2 3 

STATION 30 27 
MEASURED DELAY 1 . 3 5 0 1 . 6 5 0 
CALCULATED DELAY 1 . 3 1 5 1 .685 
RESIDUAL 0 . 0 3 5 - 0 . 0 3 5 
WEIGHT 6 6 

EVENT MUMUEH 2 0 / d / M / l O REGION 219 LUZON, P H I L I P P I N E ISLANDS P H I L I P P I N E S 
LATITUDE 1 5 . 6 7 0 0 LONGITUDE 1 2 1 . 7 0 3 0 DEPTH 1 7 . MAGNITUDE 5 . 1 ORIGIN TIME 8 - 7 3 2 . 6 0 S E C . 
DISTANCE 0 5 . B-BRNG I'l. AZMTH 2 6 7 . '.<'T = 6 DELAY = 0 . 9 0 6 ERROR: 0 . 0 1 8 

STATION 30 28 27 
MEASURED DELAY 3 . 2 8 0 3 . 1 0 0 3 - 3 5 0 
CALCULATED DELAY 3 - H i Y 3 . 1 1 8 3 - 5 3 7 
RESI DUAL 0 . 1 1 3 - 0 . 0 1 8 - 0 . 1 8 7 
WE I GUT 6 6 5 

EVENT NIIMHE!! l o / 1 0 / l l / I O REG ION ."50 MINPOKO. P H I L I P P I N E ISLANDS P H I L I P P I N E S 
LATITUDE I J . ^ i u O LONGITUDE l . . V . 1 2 t O DEPTH . N . MAGNITUDE 5 . 0 O R I G I N T IME 1 0 - 3 ! 1 2 . Y O S E C . 
DISTANCE 111. H-11HNG Yi>. AZMTII 2 u Y . KT = '. DELAY = 0 . 9 0 6 ERROR: 0 . 0 3 1 

STATION JO 29 i'3 2Y 
MEASURED DELAY i . l l O 1 .110 3 . ( 7 0 1 .610 
I 'A l . i l l l .A TED DELAY i . 1 6 6 J . 17II 1 .113 .1.537 
HES I I III A I. - O . I K ' O - O . O o l - 0 . 0 7 3 6 . 0 ' l j 
WEIGHT 1 5 1 5 



EVENT AND RAW DELAY TIME L I S T 

E V E N T N U M B E R ti ? / n 6 / i o i i r o i o r ; r>ifi P H I L I P P I N E I N L A N D . " R E G I O N P H I L I P P I N E S 

I . A r i T U O K 1 3 . 0 0 0 0 I . O N C I T U D K ».-'».7RriO D K I ' T I I M A ' J N J T U U K U. 1 O R I G I N T I M E 1 - 5 " 2 3 . 1 0 S E C . 
D I S T A N C E H ' J . I J - I I R N G n . A / . M : H ?b<). W T = 3 D E L A Y = - o . y I E R R O H = 0 . 0 3 7 

STAT ION 30 29 27 
MEASURED DELAY 1 . 1 7 0 1 . 3 0 0 1 . 6 9 0 
CALCULATED DELAY 1 . 3 9 0 1 . 3 9 8 1 . 7 6 0 
RESIDUAL 0 . 0 8 0 - 0 . 0 1 8 - 0 . 0 7 0 
WEIGHT I I H 3 

EVENT NUMBER 5 7 / 7 / 5 3 / 1 0 REGION 706 NORTHERN SUMATRA A N D A M A N I S L A N D S T O S U M A 
LAT ITUDE 3 - 1 6 0 LONGITUDE 9 9 . 0 1 5 0 DEPTH 1 2 0 . MAGNITUDE 5 . 6 O R I G I N T I M E 7 - '17 5 9 . 5 0 S E C . 
DISTANCE 6 2 . B-BUNG 8 6 . AZMTH 2 6 7 . WT = 5 DELAY: - 0 . 0 0 3 ERROR; 0 . 0 1 8 

STAT ION 30 29 27 
MEASURED DELAY 2 . 2 7 0 2 . 2 8 0 2 . 5 6 0 
CALCULATED DELAY 2 . 2 5 2 2 . 2 6 0 2 . 6 2 2 
RESIDUAL 0 . 0 1 8 0 . 0 2 0 - 0 . 0 6 2 
WEIGHT 1 6 5 

EVENT NUMRER 1 5 / 9 / 5 1 / 1 0 REGION 2 1 1 T A I W A N T A I W A N 
LAT ITUDE 2 3 . 0 1 9 0 LONGITUDE 1 2 1 . 6 8 7 0 DEPTH 3 3 . MAGNITUDE 5 . 5 O R I G I N T I M E 9 - 2 3 1 . 6 0 S E C . 
DISTANCE 8 6 . IJ-BRNG 6 7 . AZMTH 2 6 7 . WT = 1 DELAY; 0 . 1 7 6 E R R O R ; 0 . 0 2 0 

STAT ION 30 29 2 7 
MEASURED DELAY 2 . 3 9 0 2 . 3 7 0 2 . 8 3 0 
CALCULATED DELAY 2 . 1 3 6 2 . 1 1 1 2 . 8 0 7 
RESIDUAL - 0 . 0 1 6 - 0 . 0 7 1 0 . 0 2 3 
WEIGHT 5 1 6 

EVENT NUMBER 3 9 / 1 1 / 5 5 / 1 0 REGION 280 BANDA S E A S U N D A A R C 
LAT ITUDE - 7 . 2 5 7 0 LONGITUDE 1 2 9 . 1 6 1 0 DEPTH 1 2 1 . MAGNITUDE 5 . 3 O R I G I N T I M E 1 1 - 2 6 1 5 . 1 0 S E C . 
DISTANCE 9 2 . B-BRNG 9 7 . AZMTH 2 6 8 . WT ;1 DELAY; 0 . 1 2 7 ERROR= 0 . 0 5 0 

STAT ION 30 29 27 
MEASURED DELAY 2 . 7 2 0 2 . 5 6 0 3 - 1 6 0 
CALCULATED DELAY 2 . 6 8 7 2 . 6 9 5 3 . 0 5 8 
RESIDUAL 0 . 0 3 3 - 0 . 1 3 5 0 . 1 0 2 
WEIGHT 1 1 1 

EVENT NUMBER 2 / 2 3 / 6 3 / 1 0 REGION 286 FLORES ISLAND REGION SUNDA A R C 
LAT ITUDE - 8 . 2 3 2 0 LONGITUDE 1 2 1 . 1 3 8 0 DEPTH 3 0 . MAGNITUDE 6 . 0 ORIGIN T IME 2 2 - 5 0 1 0 . 0 0 S E C . 
DISTANCE 8 5 . B-BRNG 9 8 . AZMTH 2 7 0 . WT=6 DELAY; - 0 . 0 1 1 ERROR; 0 . 0 2 3 

STATION 30 29 
MEASURED DELAY 2 . 2 9 0 2 . 2 1 0 
CALCULATED DELAY 2 . 2 1 6 2 . 2 5 1 
RESIDUAL 0 . 0 1 1 - 0 . 0 1 1 
WEIGHT 6 6 

EVENT NUMBER 8 / 1 / 6 1 / 10 REGION 186 N E W HEBRIDES ISLANDS NEW HEBRIDES I S L A N D S 
LAT ITUDE - 1 1 . 7 1 1 0 LONGITUDE 1 6 7 . 1 0 1 0 D E P T H 9 0 . MAGNITUDE 6 . 1 O R I G I N T IME 2 - 5 0 0 . 5 0 SEC. 
DISTANCE 1 2 8 . 13-BRNC 1 1 0 . AZMTH 2 5 6 . WT = 1 DELAY; - 1 . 0 2 2 ERROR; 0 . 0 2 1 

STATION 30 29 27 
MEASURED DELAY 1 . 2 7 0 1 . 2 1 0 1 . 5 2 0 
CALCULATED DELAY 1 . 2 3 9 1 . 2 1 7 1 . 6 0 9 
RESIDUAL 0 . 0 3 1 - 0 . 0 0 7 - 0 . 0 3 9 
WEIGHT 5 5 1 

EVENT NIJMHEH 1 ' ) / 1 1 / 6 6 / 1 0 REGION 265 NORTIIKKN SULAWESI BORNEO - C E L E B E S 
I . A l l TUIIK O . i i l f l O LONGITUDE 1 . V . 6 0 0 0 DEI ' I ' l l 1 . MAGNITUDE ' i . 5 O R I G I N T IME I I - 7 1 1 . 30 S E C . 
DISTANCE flu. U-HUHG 0 9 . A'/.MTN 2 to 9 . W V ; j DELAY; - 0 . 1 1 0 ERROR; 0 . 0 J 7 

STATION 25 27 18 29 
MEASURED DEI.AY 2 . 1 5 0 2 . 2 8 0 2 . 6 1 0 1 .760 
I 'AI. : i l l .ATED DELAY 2 . M O 2 . . ' . ' 1 2 . 7 ' M l . l l ' W 
RESIDUAL - 0 . 0 1 0 O.O'jO - 0 . 1 1 > L> - 0 . 0 9 9 
WEIGHT 1 5 j 1 



EVENT AND RAW DELAY TIME L I S T 

i V K N T N U M B E R r . / y / ' / i / i o R E G I O N j ' i ? S O O T I I E M I I H A N W E S T E R N A S I A 

I A T I T H D E . ' y . n . " i i . o t j - ; 1 i U I I K ' , 5 . 0 1 . 3 0 U M ' T I I n . M A G N I T U D E 5 . 4 O R I G I N T I K E 7 - 2 8 ' J 7 . 6 0 S E C . 
L > I . - . r A : J i J J . B - I J R ; I G J O . A / . H T I I 2 1 5 . W T : 5 D K L A Y = O . ' I J I E I I K O R = 0 . 0 3 0 

" T A T I O H 2 5 2 7 29 2 8 1 8 
M E A S U R E D D I M . A Y 3 . 0 5 0 2 . 9 7 0 2 . 7 8 0 2 . 9 3 0 3 - 5 2 0 
C A I . C I J I . A rKlJ D E L A Y 3 . 0 " j l 3 . 0 6 2 2 . 7 0 0 2 . 9 7 4 3 . 6 4 0 

Hi-.:1. I D U A L 0 . 0 1 9 - 0 . 0 9 2 0 . 0 3 0 - 0 . 0 ^ M - 0 . 1 2 0 
W K I G I I T 6 6 6 4 2 

EVENT NUMBER J' l / 1 ' 1 / 7 7 / 1 0 REGION 41 SOUTHERN N E V A D A C A L I F O R N I A - N E V A D A RE< 
LATITUDE 3 7 . 2 5 0 0 LONGITUDE - 1 1 6 . 3 1 2 0 DEPTH 0 . MAGNITUDE 6 . 1 O R I G I N T I M E 1 4 - 1 5 0 . 1 0 S E C . 
DISTANCE 1 3 6 . B-DRNC 3 2 8 . AZMTH ' I I . WT:2 DELAY: - 1 . 2 7 1 ERROR: 0 . 1 0 4 

STATION 27 29 28 
MEASURED DELAY 1 . 1 9 0 1 . 2 5 0 1 . 1 9 0 
CALCULATED DELAY 1 . 3 6 0 0 . 9 9 8 1 . 2 7 2 
RESIDUAL - 0 . 1 7 0 0 . 2 5 2 - 0 . 0 8 2 
WEIGHT 4 4 4 

EVENT NUMBER V / ' 3 / 7 9 / 1 0 REGI2H 7 18 HINDU KUSH R E G I O N 
LATITUDE 3 & - 6 0 7 0 LONGITUDE 6 7 . 7 8 5 0 DEPTH 3 3 - MAGNITUDE 5 . 6 
DISTANCE 4 7 . B-BRNG 3 4 . AZMTH 2 2 4 . WT = 5 DELAY = - 0 . 1 9 1 E R R O R : 

STATION 28 27 25 1 8 29 
MEASURED DELAY 2 . 1 5 0 2 . 4 8 0 2 . 3 3 0 3 . 0 4 0 2 . 1 4 0 
CALCULATED DELAY 2 . 3 5 2 2 . 4 4 0 2 . 4 0 9 3 - 0 1 8 2 . 0 7 8 
RESIDUAL - 0 . 2 0 2 0 . 0 4 0 - 0 . 0 7 9 0 . 0 2 2 0 . 0 6 2 
WEIGHT 5 5 5 6 6 

H I N D U K U S H A N D P A H I R 
O R I G I N T I M E 1 3 - 3 3 8 . 4 0 S E C . 
0 . 0 3 5 

EVENT NUMBER 1 9 / 1 / 8 0 / 1 0 REGION 244 TAIWAN 
LATITUDE 2 4 . 2 8 4 0 LONGITUDE 1 2 1 . 8 0 0 0 DEPTH 4 0 . MAGNITUDE 5 . 5 ORIGIN TIME 
DISTANCE 8 6 . B-BRNG 6 6 . AZMTH 2 6 7 . WT=3 DELAY: 0 . 0 3 2 ERROR: 0 . 0 3 9 

STATION 29 28 27 25 
MEASURED DELAY 2 . 2 6 0 2 . 5 8 0 2 . 8 6 0 2 . 6 0 0 
CALCULATED DELAY 2 . 3 0 0 2 . 5 7 4 2 . 6 6 2 2 . 6 3 1 
RESIDUAL - 0 . 0 4 0 0 . 0 0 6 0 . 1 9 8 - 0 . 0 3 1 
WEIGHT 6 5 5 n 

T A I W A N 
1 - 6 5 8 . 7 0 S E C . 

EVENT NUMBER b' 5 / 8 4 / 1 0 REGION 178 KERMADEC ISLANDS XERMADEC - TONGA - S A M ( 
LATITUDE - 2 9 - 8 8 7 0 LONGITUDE - 1 7 7 . 8 7 3 0 DEPTH 3 3 . MAGNITUDE 6 . 4 O R I G I N T I M E 4 - 4 6 4 . 4 0 S E C . 
DISTANCE 1 3 5 . 3-3RMG 1 3 6 . AZMTH 2 3 3 - W T : 2 DELAY: 1 . 7 8 5 E R R O R : 0 . 0 1 4 

STATION 29 28 27 25 
MEASURED DELAY 4 . 0 1 0 4 . 3 6 0 4 . 4 1 0 4 . 4 0 0 
CALCULATED DELAY 4 . 0 5 3 4 . 3 2 7 4 . 4 16 4 . 3 8 4 
RESIDUAL - 0 . 0 4 3 0 . 0 3 3 - 0 . 0 0 6 0 . 0 1 6 
WEIGHT 4 4 4 4 

H«l » i t l l f t l » » l l » « t t « « * * » l l f e»ttVN » * * * l l»*ll«M#fl*fl«»fttl«»«flMfftttfl « l*»fl»«flItK«tl«lflllMII«flfltll>llffllltflfll««tlllll 

EVENT NUMBER 5 7 / 9 / 8 4 / 1 0 REGION 153 SOUTH SANDWICH ISLANDS REGION SOUTHERN A N T I L L E S 
LATITUDE - ' j o . l ' l l ' O LONGITUDE - 2 7 . 4 2 7 0 DEPTH .< 1 . MAGNITUDE 5 - 9 O R I G I N T I M E 4 - 4 5 4 3 . 0 0 S E C . 
DISTANCE 7 5 . B-BRNG 2 1 1 . AZMTH 6 9 - WT = 5 DELAY: 2 . 1 9 7 ERROR: 0 . 0 3 5 

STATION 25 29 28 27 
MEASURED DELAY 4 . 6 9 0 4 . 5 7 0 4 . 8 9 0 4 . 7 7 0 
CALCULATED DELAY 4 . 7 < ) 6 4 . 4 6 5 4 . 7 3 9 4 . 8 2 8 
RESIDUAL - 0 . 1 0 6 0 . 1 0 5 0 . 1 5 1 - 0 . 0 5 0 
WEIGHT 3 4 4 5 

E V E N T NUMBER 2 6 / d / 8 ' . / 1 0 REGION 704 NK'OBAR ISLANDS REGION ANDAMAN ISLANDS T O S U M / 
LATITUDE 7 . 4 7 7 0 l.Olh', I TUPE >l'l . .'•> jO DI- ' .VTI I j f . MAGNITUDE 5 . 3 O R I G I N T I M E 8-1t> 3 0 . 3 0 S E C . 
DISTANCE SU. B-BHNC 1)0. AI'.MTH 2 t i 4 . WT = 5 DELAY: 1 . 4 0 9 ERROR: 0 . 0 6 4 

•"• TA T I ON 25 29 28 27 
M; 'V ' . i l l t i T ) DELAY 4 . 1 9 0 3 . 7 0 0 3 . 6 9 0 4 . 1 0 0 
C M . r i l l . A 1'KI) DELAY 4 , 0 0 ' ) 3.6YD 3 . 9 5 2 4 . 0 4 0 
I l l ' s I DUAL ( ) . I a 1 0 . 0 2 2 - 0 . 2 6 2 0 . 0 6 0 
M : M H T 5 6 5 4 



EVENT AND RAW DELAY TIME L I S T 310 

I V ' . I J T Ni i ! ! i !Kit . ' , / r . / u v / t n | ' K ; I I / ; I : M ».] ;<-: ! A N H I : ' - E I N D I A N O C E A N 

' . . . . i i I I : H - . - : M . I . D M I ; I T U M . iH.;•>,<)> n . v \\\ '• \ . I T U U K 5 . 0 o m o I N T I M E 6 - I « 3 2 . 8 0 S E C . 

D I S T A N C E <, > . H - U H N G vio. A / M T H 3 0 « . W T - . J D E L A Y * 0 . 0 7 3 KHnons 0 . 0 7 3 

S T A T I O N 25 29 28 

K E A . - . U R E D D E L A Y 2 . 9 1 0 2 . 2 8 0 2 . 5 3 0 

L A , ' . C H E A T E D D E L A Y 2 . 6 7 2 2 . 3 1 1 2 . 6 1 5 

H I : : ; I D U A L 0 . 2 6 8 - 0 . 0 6 1 - 0 . 0 8 5 
W K I G I I T 2 3 3 

EVENT HUMMER ' . » / 8 / 8 7 / 1 0 REGION 129 M I D - I N D I A N RISE 
LATITUDE -:>'•.l'!',0 LONGITUDE 7 8 . 3 2 8 0 DKl'TH 3 3 . MAGNITUDE 5 . 6 O R I G I N T IME 
DISTANCE 5 3 . II-DRNG I ' lO . AZMTH 3 0 ' ) . WT=3 DELAY: - 0 . 5 3 5 ERROR: 0 . 0 6 1 

I N D I A N O C E A N 

8 - 1 9 3 2 . 0 0 S E C . 

-STATION 
MEASURED DELAY 
CALCULATED DELAY 
RE:; l DUAL 
WEIGHT 

25 29 28 27 
2 . 2 1 0 2 . 0 0 0 1 . 9 1 0 2 . 0 7 0 
2 . 0 6 1 1 . 7 3 1 2 . 0 0 7 2 . 0 9 6 
0 . 1 7 6 0 . 2 6 6 - 0 . 0 9 7 - 0 . 0 2 6 

1 1 5 5 

EVENT NUMBER 1 / 2 0 / 8 7 / 1 0 REGION 178 KERMADEC ISLANDS 
LATITUDE - 3 0 . 5 7 7 0 LONGITUDE - 1 7 3 . 1 9 8 0 DEPTH 5 9 . MAGNITUDE 5 . 8 
DISTANCE I J t . H-BRNC 1 J 7 . AZMTH 2 3 3 . WT=« DELAY: - 0 . 8 6 6 E R R O R : 

K E R M A D E C - T O N G A - S A M O A 

O R I G I N T I M E 1 9 - 1 2 0 . 8 0 S E C . 

0 . 0 1 5 

STATION 
MEASURED DELAY 
CALCULATED DELAY 
RESIDUAL 
WEIGHT 

25 29 28 27 
1 . 6 8 0 1 . 3 5 0 1 . 7 1 0 1 . 7 6 0 
1 . 7 3 3 1 .102 1 . 6 7 6 1 . 7 6 5 

- 0 . 0 5 3 - 0 . 0 5 2 0 . 0 3 1 - 0 . 0 0 5 
H 1 5 5 

EVENT NUMBER 3 1 / 2 0 / 8 8 / 1 0 REGION 103 NORTH ATLANTIC RIDGE ATLANTIC O C E A N 
LATITUDE 3 3 . 7 7 9 0 LONGITUDE - 3 8 . 6 2 9 0 DEPTH 3 3 . MAGNITUDE 5 . 5 O R I G I N TIME 2 0 - 1 9 1 5 . 6 0 S E C . 
DISTANCE 7 9 . B-BRNG 3 0 5 . AZMTH 9 9 . WT = 3 DELAY: - 1 . 3 5 2 ERROR: 0 . 1 7 7 

STATION 29 28 27 25 
MEASURED DELAY 1 . 1 0 0 1 . 1 8 0 0 . 9 8 0 0 . 6 8 0 
CALCULATED DELAY 0 . 9 1 7 1 . 1 9 0 1 . 2 7 9 1 . 2 1 8 
RESIDUAL 0 . 1 8 3 - 0 . 0 1 0 - 0 . 2 9 9 - 0 . 5 6 8 
WEIGHT 3 3 2 2 

EVENT NUMBER 5 8 / 5 / 8 9 / 1 0 REGION 76 OFF COAST OF CENTRAL AMERICA CENTRAL AMERICA 
LATITUDE 3 . 9 2 9 0 LONGITUDE - 8 5 . 8 8 0 0 DEPTH 3 3 - MAGNITUDE 5 - 9 O R I G I N TIME 5 - 3 9 3 5 . 5 0 S E C . 
DISTANCE 1 2 3 . U-BRNG 2 7 1 . AZMTH 8 9 . WT=2 DELAY= - 0 . 6 6 3 ERROR; 0 . 0 9 8 

STATION 25 29 28 27 
MEASURED DELAY 1 . 7 6 0 1 . 8 7 0 2 . 0 0 0 1 . 7 6 0 
CALCULATED DELAY 1 . 9 3 7 1 . 6 0 6 1 . 8 8 0 1 . 9 6 8 
HESI DUAL - 0 . 1 7 7 0 . 2 6 1 0 . 1 2 0 - 0 . 2 0 8 
WEIGHT 3 3 3 3 

EVENT NUMBER 6 / 1 7 / 9 6 / 1 0 REGION 658 NORTHEASTERN CHINA EASTERN A S I A 
LATITUDE 1 0 . 2 1 7 0 LONGITUDE 1 1 2 . 2 1 9 0 DEPTH 2 7 . MAGNITUDE 5 . 3 O R I G I N T IME 1 6 - 5 1 1 0 . 1 0 S E C . 
DISTANCE 8 0 . U-DRNG 1 9 . AZMTH 2 6 0 . WT=5 DELAY: 0 . 8 5 6 ERROR= 0 . 0 3 0 

STATION 28 27 25 
MEASURED DELAY 3 - 3 3 0 3 . 6 0 0 3 . 1 1 0 
CALCULATED DELAY 3 . 3 ' ) 8 3 . 1 8 7 3 . 155 
RESIDUAL - 0 . 0 6 8 0 . 1 1 3 - 0 . 0 1 5 
WEIGHT 1 1 1 

I-VENT NlfMliV II 1 0 / j / ' ) f / 1 0 REGION 129 M I D - I N D I A N RISE INDIAN OCEAN 
I.A'l ITUDE - 1 0 . ' M O O LONGITUDE 7 8 . 7 5 10 DEPTH 53- MAGNITUDE 5 . 1 O R I G I N T IME 3 - 0 1 1 . 0 0 S E C . 
DISTANCE ' ) ' ) . 11-nilNG 1 1 2 . A.'.MTH 3 0 5 . W T O DELAY: O . d y ' i ERROR: 0 . 0 2 1 

STATION 28 27 
MEASURED DELAY 3 . 2 0 0 3 . 3 6 0 
CAI . I I I I . A TED DELAY i . •' io 3 . 121 
Hi::'-1 DUAL - I ) . H i d 0 . 0 3 6 
I.IM GU T 1 1 



EVENT AND RAW DELAY TIME L I S T 

K V K I J ( I l l l i l l l - H ' ! •>/ ; • / » l / 1 0 HKOION 3 W OZHKK ."..IK W K S T K H H ASIA 
I./, i m i n i : 1 0 . 3110 ].• >;:•: i : ' JD I - : 6 3 . 7 7 3 0 D E P T H " ;3 . M A G N I T U D E C i o n i c i i i T I M E ? - ' I O 2 7 . 0 0 S E C . 
1 . 1 : ; i A N C E i u . U - M H I K ; A Z M T H 2 1 7 . wr = i L I K I . A Y = 0 . 6 7 3 E R R O R : 0 . 0 2 8 

S T A T I O N 25 28 27 

M E A S U R E D D E L A Y 3 . 2 2 0 3 . 2 8 0 3 . 2 9 0 
C A L C U L A T E D D E L A Y 3 . 2 7 2 3 . 2 1 5 3 . 3 0 3 
in::; i D U A L - 0 . 0 5 2 0 . 0 6 5 - 0 . 0 1 3 
W E I G H T 6 6 6 

EVENT NUMBER 7 / 3 / 9 9 / 1 0 REGION 339 UZBEK SSR WESTERN A S I A 
LATITUDE ' 1 0 . 1 6 7 0 LONGITUDE 6 3 . 8 0 6 0 DEPTH 3 3 . MAGNITUDE 6 . 2 O R I G I N TIME 2 - 5 9 5 . 5 0 S E C . 
DISTANCE ' | 8 . U-URNG 2 8 . AZMTH 2 1 8 . WT = " DELAY= 1 . 1 8 8 ERROR: 0 . 0 2 1 

25 28 27 
3 . 7 0 0 3 . 7 7 0 3 . 8 1 0 
3 . 7 8 8 3 - 7 3 0 3 . 8 1 9 
0 . 0 8 8 0 . 0 1 0 - 0 . 0 0 9 

5 6 6 

STATION 
M E A S U R E D D E L A Y 

C A L C U L A T E D D E L A Y 

R E S I D U A L 

W E I G H T 

EVENT NUMBER = > 3 / i O / 9 9 / 1 0 REGION 275 JAVA SEA SUNDA ARC 
LATITUDE - 5 . 6 0 8 0 LONGITUDE 1 1 1 . 5 2 3 0 DEPTH 5 0 3 . MAGNITUDE 5 . 2 O R I G I N T IME 1 0 - 1 2 5 3 . 0 0 S E C . 
DISTANCE 7 5 . B-BRNG 9 5 . AZMTH 2 7 0 . WT=5 DELAY: - 0 . 3 5 5 ERROR: 0 . 0 0 8 

STATION 27 25 
MEASURED DELAY 2 . 2 9 0 2 . 2 3 0 
CALCULATED DELAY 2 . 2 7 6 2 . 2 1 1 
RESIDUAL 0 . 0 1 1 - 0 . 0 1 1 
WEIGHT 5 5 

EVENT NUMBER 2 7 / 7 / 0 / 1 1 REGION 105 NEAR COAST OF ECUADOR 
LAT ITUDE 0 . 7 8 2 0 LONGITUDE - 7 9 . 8 0 1 0 DEPTH 9 . MAGNITUDE 6 . 1 O R I G I N TIME 
DISTANCE 1 1 7 . B-BRNG 2 7 0 . AZMTH 9 1 . WT=3 DELAY: - 0 . 5 3 1 ERROR: 0 . 0 3 1 

A N D E A N S O U T H AME 
7 - 8 1 7 . 0 0 S E C . 

STATION 25 
MEASURED DELAY 1 . 9 9 0 
CALCULATED DELAY 2 . 0 6 9 
RESIDUAL - 0 . 0 7 9 
WEIGHT 3 

28 27 
2 . 0 9 0 2 . 1 0 0 
2 . 0 1 1 2 . 1 0 0 
0 . 0 7 9 - 0 . 0 0 0 

3 3 

EVENT NUMBER I f / 1 1 / 0 / 1 1 REGION 265 NORTHERN SULAWESI BORNEO - CELEBES 
LAT ITUDE O.'JOSO LONGITUDE 1 2 2 . 3 7 5 0 DEPTH 1 0 5 . MACNITUDE 5 . 5 O R I G I N TIME 1 1 - 3 5 3 1 . 0 0 SEC. 
DISTANCE 6 6 . 3-BRNG l ! 9 . AZMTH 2 * 9 . WT:5 DELAY: - 0 . 1 0 0 ERROR: 0 . 0 2 3 

STATION 25 28 27 
MEASURED DELAY 2 . 1 5 0 2 . 1 1 0 2 . 5 8 0 
CALCULATED DELAY 2 . 1 9 9 2 . 1 1 2 2 . 5 3 1 
RESIDUAL - 0 . 0 1 9 - 0 . 0 3 2 0 . 0 1 9 
WEIGHT 5 6 6 

EVENT NUMBER 3 0 / 1 7 / 1 / 1 1 REGION 181 F I J I ISLANDS REGION F I J I ISLANDS ARE 
LATITUDE - 1 7 . 6 5 o O LONGITUDE - 1 7 8 . 5 0 1 0 DEPTH * i>0 . MACNITUDE 5 . 7 O R I G I N T IME 1 7 - 1 2 9 . 2 0 SEC. 
DISTANCE 1 1 0 . B-DRNG 1 2 0 . AZMTII 2 1 5 . WT: 1 DELAY: - 0 . 7 1 7 ERROR: 0 . 0 1 7 

STATION 25 28 27 
MEASURED DELAY 1 . 8 9 0 1 . 9 2 0 1 . 8 1 0 
CALCULATED DELAY 1 . 8 8 2 1 .825 1 .913 
RESIDUAL 0 . 0 0 8 0 . 0 9 5 - 0 . 1 0 3 
WEIGHT 1 1 1 

EVENT NUMBER 1 5 / 1 1 / 2 / 1 1 REGION 657 E. U S S R - N . E . CHINA BORDER REGION EASTERN ASIA 
LATITUDE ' I 2 . i l . ' ' H i LONGITUDE l i O . H V I O DEPTH ' . . ' • ) . MAGNITUDE '1 .0 O R I G I N TIME I I - 1 3 5 . 7 0 SEC. 
DISTANCE ' H i . U-1MING 1 7 . AZMTII 2 7 2 . WT = 1 DELAY: - 1 . 1 9 7 ERROR: 0 . 0 1 1 

. . I AT ION 28 2(i 25 
MKA.'.IIKiMl DELAY O.O' iO 1 . 110 1 . 2 1 0 
1 AI.CUI.ATKI) DELAY 1 . 0 1 0 1 . t'>2 1 . I 0 3 
III'.". I DUAL - 0 . 091) - 0 . 0 12 0 . 107 
WEIGHT 1 1 1 

http://'I2.il


EVENT AND RAW DELAY TIME L I S T 312. 

E V E N T N U M B E R I • , / U / . ' I I 

i A T I run ; - : '<.•. M . - W O L O N G I i 
D I S T A N C E 9 4 . M-HIINi; 

R E G I O N 6 ' . 7 E . U S S K - N . E . 

Ilir. I ' 0 . 1)7 10 D E P T H ' , . " J . I 
A Z M T H 2 7 2 . WT = « D E L A Y : 

' ' I I M I A L O U D E R R E G I O N E A S T E R N ASIA 
A ' , I I I I ' I D E ' , . < > O H I O I N T I H E I 3 - 3 3 5 . 7 0 SEC. 
- 1 . ' I ' J V E R R O R : 0 . O'l 1 

S T A T I O N 

M E A S U R E D D E L A Y 

C A L C U L A T E D D E L A Y 

R E S I D U A L 
W E I G H T 

28 26 25 
0 . 9 5 0 l . l ' I O 1 . 2 1 0 
I . O H O 1 . 1 5 2 1 . 1 0 3 

- 0 . 0 9 6 - 0 . 0 1 2 0 . 1 0 7 
4 4 4 

E V E N T N U M B E R 1 / 1 7 / 7 / 1 1 R E G I O N 704 N I C O B A R I S L A N D S R E G I O N 

L A T I T U D E 7 . 4 9 4 0 L O N G I T U D E 9 4 . 3 9 8 O D E P T H 6 9 . M A G N I T U D E 5 . 2 O R I G I N T I M E 

D I S T A N C E 8 6 . B - B R N G 9 9 . A Z M T H 2 6 9 . W T : 6 D E L A Y : 0 . 2 5 1 E R R O R : 0 . 0 5 3 

A N D A M A N I S L A N D S TO SUMA 

5 - 5 3 5 6 . 10 SEC. 

S T A T I O N 

M E A S U R E D D E L A Y 

C A L C U L A T E D U E L A Y 

R E S I D U A L 

W E I G H T 

25 27 26 
2 . 9 2 0 2 . 7 5 0 3 . 0 8 0 
2 . 8 5 1 2 . 8 8 2 2 . 9 0 0 
0 . 0 6 9 - 0 . 1 3 2 0 . 1 8 0 

u o 5 

E V E N T N U M B E R 3 0 / 0 / 9 / 1 1 R E G I O N 430 S O U T H O F A F R I C A I N D I A N OCEAN 

L A T I T U D E - 5 3 - 1 6 3 0 L O N G I T U D E 2 5 . 3 1 6 0 D E P T H 3 3 . M A G N I T U D E 5 . 4 O R I G I N T I M E 0 - 2 1 2 4 . 5 0 SEC. 
D I S T A N C E 5 2 . B - B R N G I 8 8 . A Z M T H 1 4 . W T = 5 D E L A Y : 0 . 8 6 7 ERROR: 0 . 0 5 2 

S T A T I O N 25 27 26 

M E A S U R E D D E L A Y 3 . 5 3 0 3 . 5 7 0 3 . 3 8 0 
C A L C U L A T E D D E L A Y 3 . 4 6 6 3 . 4 9 8 3 - 5 1 6 
R E S I D U A L 0 . 0 6 4 0 . 0 7 2 - 0 . 1 3 6 
W E I G H T 6 6 6 

E V E N T N U M B E R 1 8 / 1 9 / 1 0 / 1 1 R E G I O N 2 6 2 C E L E B E S S E A B O R N E O - C E L E B E S 

L A T I T U D E 4 . 1 3 2 0 L O N G I T U D E 1 2 4 . 8 0 6 0 D E P T H 3 0 3 . M A G N I T U D E 5 . 5 O R I C I N T I M E 1 9 - 6 1 1 . 2 0 S E C . 

D I S T A N C E 8 8 . B - B R N G 8 5 . A Z M T H 2 6 8 . W T : 6 D E L A Y : - 0 . 7 7 6 E R R O R : 0 . 0 2 3 

S T A T I O N 27 26 25 

M E A S U R E D D E L A Y 1 . 9 2 0 1 . 8 6 0 1 . 7 7 0 

C A L C U L A T E D D E L A Y 1 . 855 1 . 8 7 2 1 . 8 2 3 

R E S I D U A L 0 . 0 6 5 - 0 . 0 1 2 - 0 . 0 5 3 
W E I G H T 6 6 6 

E V E N T N U M B E R 9 / 1 7 / 1 3 / 1 1 R E G I O N 353 S O U T H E R N I R A N W E S T E R N AS IA 
L A T I T U D E 2 8 . 7 140 L O N G I T U D E 5 2 . 1 2 8 0 D E P T H 2 4 . M A G N I T U D E 6 . 0 O R I G I N T I M E 1 7 - 3 7 . 9 0 SEC. 
D I S T A N C E 3 3 . B - B R N G 2 4 . A Z M T H 2 0 7 . W T = 4 D E L A Y : - 0 . 1 9 0 E R R O R : 0 . 0 1 9 

S T A T I O N 25 27 26 

M E A S U R E D D E L A Y 2 . 4 4 0 2 . 3 6 0 2 . 4 5 0 
C A L C U L A T E D D E L A Y 2 . 4 0 9 2 . 4 4 1 2 . 4 5 8 
R E S I D U A L 0 . 0 3 1 - 0 . 0 8 1 - 0 . 0 0 8 
W E I G H T 5 4 5 

E V E N T N U M B E R 5 2 / 6 / 2 0 / 1 1 R E G I O N 177 K E R M A D E C I S L A N D S R E G I O N K E R M A D E C - T O N G A 

L A T I T U D E - 2 8 . 1 9 7 0 L O N G I T U D E - 1 7 6 . 8 8 7 0 D E P T H 6 2 . M A G N I T U D E 5 - 3 O R I G I N T I M E 6 - 3 2 4 9 . 0 0 SEC. 
D I S T A N C E 1 3 7 . B - B R N G 1 3 5 . A Z M T H 2 3 4 . W T = 6 D E L A Y : 0 . 5 3 2 E R R O R : 0 . 0 2 0 

SAW 

S T A T I O N 28 27 26 25 

M E A S U R E D D E L A Y 3 - 2 0 0 3 - 1 5 0 3 - 0 6 0 3 . 1 3 0 
C A L C U L A T E D D E L A Y 3 - 0 7 4 3 - 1 6 2 3 . 1 8 0 3 . 131 

R E S I D U A L 0 . 1 2 6 - 0 . 0 1 2 - 0 . 1 2 0 - 0 . 0 0 1 
W E I G H T 4 3 4 3 

E V E N T N U M B E R 

L A T I T U D E - ' ' 

D I S T A N C E I I D 

1 1 / 5 / 2 1 , / I I R E G I O N 170 K E R M A D E C I S L A N D S 

, '13' IU L O N G I T U D E - 1 7 7 . 8 ',70 D E P T H 3 ' . . M A G N I T U D E 6 . 2 O R I G I N 

I U I 1 R N G 1 U , . A . ' . M T H 2 3 3 - Wl ' : 5 D E L A Y : - 1 . 2 2 8 E R R O R : 0 . 0 5 0 

T I M E 

K E R M A D E C - T O N G A - S A M ( 

4 - 5 2 5 1 . 0 0 S E C . 

S T A N UN 25 28 
M'-'ASUIIED DELAY 1 . 5 ) 0 1 . 450 
wU.LULA IT-'D DELAY I . 17 1 1 .314 
HI'S I DUAL 0 . I W 0 . 1 3t> 
WEIGHT I 4 

2 b 
1 . 2 2 0 
1 . 4 , ' U 

0 . 2 0 0 
4 



EVENT AND RAW DELAY TIME L I S T 313 

i v t ir i i i i n i iK i i < , / ; • ( ) / ; 7 / 1 1 R E G I O N s i r , A U S T R I A H O R T H W E " T E R N E U R O P E 

I .A ; I Turn-: hi,.','.!•() L O N G I T U D E \ i . : ' i i , o D E P T H 9 . M A G N I T U D E 6 . 9 O R I G I N T I M E . . O - O 1 1 . 6 0 S E C . 

D I S T A N C E 5 2 . H - I O I N G 3 i 9 . A Z M T H I ' I 9 . W T = 5 D E L A Y : - O . j ' l ' i E R R O R : 0 . 0 9 9 

. S T A T I O N 25 20 26 

M E A S U R E D D E L A Y 2 . 1 0 0 2 . 3 / 0 2 . 0 9 0 
C A L C U L A T E D D E L A Y 2 . 2 5 6 2 . 1 9 9 2 . 3 0 5 
R E S I D U A L 0 . 1 2 1 0 . 1 7 1 - 0 . 2 1 5 
W E I G H T 5 6 6 

EVENT NUMBER 1 / 1 6 / 3 2 / 1 1 REGION 137 SOUTH OF AUSTRALIA I N D I A N OCEAN 
LAT ITUDE - 5 1 . 6 0 3 0 LONGITUDE 1 3 9 . 6 8 3 0 DEPTH 3 3 - MAGNITUDE 5 . 8 O R I G I N TIME 1 5 - 5 0 1 1 . 6 0 SEC. 
DISTANCE 9 6 . B-BRNG 1 1 2 . AZMTH 2 5 9 . WT = 2 DELAY: 0 . 9 8 1 ERROR: 0 . 0 2 6 

STATION 25 26 
MEASURED DELAY 3 . 6 2 0 3 . 5 9 0 
CALCULATED DELAY 3 . 5 8 0 3 . 6 3 0 
RESIDUAL 0 . 0 1 0 - 0 . 0 1 0 
WEIGHT 2 2 

EVENT NUMBER 7 / 1 7 / 3 2 / 1 1 REGION 399 I O N I A N SEA WESTERN MEDITERRANEAN Al 
LATITUDE 3 7 . 5 6 0 0 LONGITUDE 2 0 . 3 5 2 0 DEPTH 3 3 . MAGNITUDE 5 . 8 O R I G I N TIME 1 6 - 5 9 1 8 . 2 0 SEC. 
DISTANCE 1 2 . B-BHHG 3 3 9 . AZMTH 1 5 1 . WT=2 DELAY: - 0 . 8 7 2 ERROR: 0 . 0 7 0 

STATION 25 28 26 
MEASURED DELAY 1 . 0 6 0 1 . 6 5 0 1 . 6 5 0 
CALCULATED DELAY 1 . 7 2 8 1 . 6 7 1 1 . 7 7 7 
REST DUAL 0 . 1 3 2 - 0 . 0 2 1 - 0 . 1 2 7 
WEIGHT 5 1 5 

EVENT NUMBER 7 / 3 / 3 3 / ' 1 REGION 339 UZBEK SSR 
LATITUDE 1 0 . 3 B 1 0 LONGITUDE 6 3 . 6 7 2 0 DEPTH 10 . MAGNITUDE 6 . 3 O R I G I N TIME 
DISTANCE 1 8 . B-BRNG 2 7 . AZMTH 2 1 7 . WT=5 DELAY: - 0 . 1 0 0 ERROR: 0 . 0 5 1 

WESTERN A S I A 
2 - 5 8 1 0 . 6 0 SEC. 

STATION 31 26 25 2 1 23 
MEASURED DELAY 2 . 9 9 0 2 . 5 3 0 2 . 3 7 0 2 . 3 0 0 2 . 8 2 0 
CALCULATED DELAY 2 . 8 6 9 2 . 5 1 8 2 . 1 9 9 2 . 1 2 1 2 . 6 7 0 
RESIDUAL 0 . 1 2 1 - 0 . 0 1 8 - 0 . 1 2 9 - 0 . 1 2 1 0 . 1 5 0 
WEIGHT 6 6 6 6 6 

EVENT NUMBER 2 3 / 1 / 1 2 / 1 1 REGION 2 6 3 TALAUD ISLANDS BORNEO - CELEBES 
LAT ITUDE 3.68-10 LONGITUDE 1 2 5 . 0 7 7 0 DEPTH 1 7 3 . MAGNITUDE 5 . 9 O R I G I N T IME 1 - 1 1 1 5 . 2 0 SEC. 
DISTANCE 3 8 . B-BRNG 8 6 . AZMTH 2 6 9 . WT = 6 DELAY: - 0 . 9 1 8 ERROR 

STATION 31 26 25 2 1 23 
MEASURED DELAY 1 . 9 0 0 1 . 3 3 0 1 . 6 8 0 1 . 6 9 0 1 . 6 7 0 
CALCULATED DELAY 2 . 0 2 1 1 . 7 0 0 1 . 6 5 1 1 . 5 7 6 1 . 8 2 2 
RESIDUAL 0 . 1 2 1 0 . 1 30 0 . 0 2 9 0 . 1 1 1 - 0 . 1 5 2 
WEIGHT 6 6 6 6 6 

EVENT NUMBER j 1 / 1 2 / 5 0 / 1 1 REGION 318 YUNAN PROVINCE, CHINA I N D I A - T I B E T - SZECHWAN 
LATITUDE 2 1 . '"* / GO LONGITUDE 9 8 . 9 5 3 0 DEPTH 3 . MAGNITUDE 6 . 1 O R I G I N TIME 1 2 - 2 3 1 3 . 7 0 SEC. 
DISTANCE 6 5 . I>-BHNC 6 2 . AZMTH 2 5 6 . WT:2 DELAY: - 1 . 5 0 6 ERROR: 0 . 0 1 8 

STATION 50 2 1 23 22 18 12 
MEASURED DELAY l . b l O 1 . 0 6 0 1 . 2 9 0 1 . 5 6 0 1 . 6 9 0 1 . 3 3 0 
CALCULATED DELAY 1 .663 1 . 0 1 9 1 . 2 6 1 1 . 5 1 1 1 . 7 0 3 1 .911 
RESIDUAL - 0 . 0 2 3 0 . 0 1 1 0 . 0 2 6 0 . 0 1 9 - 0 . 0 1 3 - 0 . 0 8 1 
WEIGHT 5 5 5 5 5 5 

EVENT NUMBER 10 ' 1 1 / 5 0 / 1 I REGION . '97 BURMA-CHINA HORDE II REGION BURMA AND SOUTHEAST A S I A 
LAT ITUDE 21 . ' , . 510 LONGITUDE 911 .7100 DEPTH ' 0 . MAGNITUDE b . 0 O R I G I N TIME 1 1 - 0 1 8 . 5 0 S E C . 
DISTANCE b 5 . H-BUNG o . ' . A'.'.MTH 2 5 6 . WT=3 DELAY: - 1 . 8 5 8 ERROR: 0 . 0 2 2 

STAT ION 50 2 1 22 13 12 
MEASURED DELAY 1 . 1 1 0 1 . 0 1 0 1 . 1 6 0 1 .21,0 1 . 6 2 0 
C H GUI.A •TED DELAY 1 . ( 1 1 0 . 0 1 2 1 .15 ' t I . ! M 1 . 5 5 9 
L I '• I DUAL 0 . 0 2 9 0 . 0 9 H 0 . 0 0 1 - O . O ' l l 0 . 0 6 1 
WEIGHT J J •_, 



EVENT AND RAW DELAY TIME L I S T 

! . V I - : I I T N I I M H I U >n/]•)/•,!)/\\ i -K ' ; j r , i i 297 f 11 p K I < A - r 111 N A B O R D E R R E G I O N B U R M A . M I D S O U T H E A S T A S I 

: . A r n i i D ! - . v i y o i . o r ; - ; I T » I I « : ' j«.93 '<o i>i: i-rn 3 2 . M A G N I T U D E 5 . 2 on 1 0 I N T I M E 1 9 - 3 6 y>.io S E C . 
D I S T A N C E 0 5 . H - D K I J G L , ' . A / . M i l l 2 5 6 . W T = ' I D E L A Y : - 1 . 1 1 0 E R R O R : 0 . 0 2 7 

S T A T I O N 50 21 23 22 18 12 

KKA. ' IUHKI ) D E L A Y 1 . 9 0 0 1 .500 1 . 6 9 0 1 . 9 '10 2 . 0 1 0 2 . 2 9 0 
C A L C U L A T E D D E L A Y 2 . 0 5 9 1 . 1 1 5 1 . 6 6 0 1 . 9 0 7 2 . 0 9 9 2 . 3 0 7 
R E S I D U A L - 0 . 1 5 9 0 . 0 8 5 0 . 0 3 0 0 . 0 3 3 - 0 . 0 5 9 - 0 . 0 1 7 
W E I O U T 1 1 1 5 1 1 

EVENT NUMBER ' ) / 3 / 5 1 / 1 1 REGION 267 1IAI.MAI1ERA B O R N E O - C E L E B E S 
LATITUDE - 1 . 0 5 2 0 LONGITUDE 1 2 7 . 0 3 6 0 DEPTH 3 3 . MAGNITUDE 5 . 5 ORIGIN T I M E 2 - 5 6 3 9 . 6 0 S E C . 
DISTANCE 9 0 . H - i i l I N C 9 1 . A/.MTil 2 6 9 . WT= 3 DELAY = - 0 . 5 3 9 ERROR = 0 . 0 5 6 

STATION 50 21 23 22 18 12 
MEASURED DELAY 2 . 3 2 0 2 . 1 1 0 2 . 2 5 0 2 . 5 0 0 2 . 1 8 0 2 . 9 5 0 
CALCULATED DELAY 2 . 6 2 9 1 .986 2 . 2 3 1 2 . 1 7 8 2 . 6 7 0 2 . 8 7 8 
RESIDUAL - 0 . 3 0 9 0 . 1 5 1 0 . 0 1 9 0 . 0 2 2 - 0 . 1 9 0 0 . 0 7 2 
WEIGHT 3 1 1 1 3 3 

S7ENT NUMBER 1 9 / 5 / 5 2 / 1 1 REGION 297 BURMA-CHINA BORDER REGION BURMA AND S O U T H E A S T A S I 
LATITUDE 2 1 . 3 1 3 0 LONGITUDE 9 8 . 6 1 2 0 DEPTH 1 1 . MAGNITUDE 5 . 5 ORIGIN TIME 5 - 8 2 8 . 5 0 S E C . 
DISTANCE 6 5 . B-BRNG 6 2 . AZMTH 2 5 6 . WT:5 DELAY: - 0 . 1 7 0 ERROR: 0 . 0 1 1 

STATION 50 2 1 23 22 18 
I'SASURED DELAY 2 . 9 1 0 2 . 3 7 0 2 . 6 1 0 2 . 8 6 0 3 . 0 1 0 
CALCULATED DELAY 2 - 9 9 8 2 - 3 5 5 2 . 6 0 0 2 . 8 1 7 3 . 0 3 9 
RESIDUAL - 0 . 0 5 8 0 . 0 1 5 0 . 0 1 0 0 . 0 1 3 0 . 0 0 1 
WEIGHT 5 1 5 5 5 

E V E N T NUMBER 3 / 1 7 / 5 5 / 1 1 REGION 190 NEW IRELAND REGION BISMARCK AND SOLOMON I S 
LATITUDE - 5 . 2 0 1 0 LONGITUDE 1 5 3 . 1 1 2 0 DEPTH 8 8 . MAGNITUDE 6 . 2 ORIGIN T I M E 1 6 - 1 1 3 3 . 8 0 S E C . 
DISTANCE 1 1 6 . B-BRNG 9 6 . AZMTH 2 6 6 . W T : 2 DELAY: 1 . 0 8 3 ERROR: 0 . 0 1 2 

STATION 50 2 1 23 18 12 
MEASURED DELAY 1 . 1 5 0 3 - 7 0 0 3 . 9 1 0 1 . 1 0 0 1 . 5 1 0 
CALCULATED DELAY 1 . 2 5 1 3 - 6 0 8 3 - 8 5 3 1 . 2 9 2 1 . 5 0 0 
P . E S I DUAL - 0 . 1 0 1 0 . 0 9 2 0 . 0 5 7 - 0 . 1 9 2 0 . 0 1 0 
WEIGHT 1 1 1 3 1 

EVENT NUMBER M / 0 / 5 6 / 1 l REGION 712 I N D I A - P A K I S T A N BORDER REGION BALUCHISTAN 
LATITUDE 2 1 . 5 7 0 0 LONGITUDE 6 8 . 1 1 0 0 DEPTH 3 3 - MAGNITUDE 5 . 2 ORIGIN T IME 0 - 1 3 1 3 - 1 0 S E C . 
DISTANCE 1 0 . B-BRNG 1 8 . AZMTH 2 3 5 . WT=5 DELAY: - 0 . 6 7 1 ERROR: 0 . 0 9 7 

STATION 50 2 1 23 18 12 
MEASURED DELAY 2 . 9 8 0 1 . 1 6 0 1 . 9 1 0 2 . 5 1 0 2 . 8 3 0 
CALCULATED DELAY 2 . 1 9 5 1 . 3 5 1 2 . 0 9 6 2 . 5 3 5 2 . 7 1 3 
l iESIDUAL 0 . 1 8 5 - 0 . 3 9 1 - 0 . 1 8 6 0 . 0 0 5 0 . 0 8 7 
WEIGHT 1 1 1 1 1 

EVENT NUMBER 3 3 / 8 / 5 7 / 1 1 REGION 193 SOLOMON ISLANDS BISMARCK AND SOLOMON I S I 
LATITUDE - 1 0 . 0 3 6 0 LONGITUDE 1 u 1 . 0 1 2 0 DEPTH 6 1 . MAGNITUDE 6 . 2 ORIGIN T IME 8 - 2 0 7 . 2 0 S E C . 
DISTANCE 123- B-BRNG 1 0 3 . AZMTH 2 6 2 . WT = 1 DELAY: - 1 . 1 7 2 ERROR: 0 . 0 2 9 

STATION 23 18 12 
MEASURED DELAY 1 . 3 6 0 1 . 6 6 0 1 . 9 6 0 
CALCULATED DELAY 1 . 2 9 3 1.7 37 1 . 9 1 5 
RESIDUAL 0 . 0 6 2 - 0 . 0 7 7 0 . 0 1 5 
WEIGHT 1 1 1 

E V E N T N U M B E R 1 ' ) / 7 / 5 » / 1 l R E G I O N 2Mq I . I I S O N , P H I L I P P I N E I S L A N D S P H I L I P P I N E S 

F. 7 - 3 6 5 5 . 1 0 S E C . LATITUDE l l . O i l V U Ll'IIG ITUDi : 121.112 no Di-r PI >3 . MAGN I rUl 'E 6 . 1 ORIGIN 
IMS IANCE M.'l. I l-DRNG 7 ( i . A .MTII 2 6 U . WT = 5 DE .AY= 0 . 1 37 ERROR: 0 . 0 1 1 

STATION 50 23 18 12 
\ ;" .ni i i : i i I K LAY 3 . 3 7 0 3 . 0 30 3 . 2 1 0 3 . 5 0 0 

CALCUI.A TEI DELAY 1. (0'> 2 . '>0(i 3 . i l l . 3 3 
IMS 1 I ' l lA l . 0 , 01.'i 0 . 121 - 0 . 1 J d - 0 . 0 5 3 
US 1011 T 5 -



EVENT AND RAW DELAY TIME L I S T 

E V E N T u'i'i':i n 4 5 / 1 4 / 1/ I I P I T , I ' j i j ',•) fill E l l ! EHO, M E X I C O 
M l lll 'K I V . ' i : i l O ' lG 1 T T J D K - 100 . 1. '. Ml D ' I - i! '15. M A G N I T U D E 6 . 1 OH I C I K 

u i s i rtfjfi-: I j • i . B-l:IOit 2 9 4 . A / . M T H 7 J . WT : 5 D E I , A Y = 0 . 5 1 ? ERROR: 0 . 1 3 " 

S T A T I O N 5 0 2 3 18 12 
M E A S U R E D I I I - L A Y i . 190 ! . 5 2 0 3 . 9 7 0 H . 0 5 0 
I : A I . I ' I I I . A T K D D E L A Y 7 . '/ 1 0 j . j H 3 - 7 5 1 3 . 9 5 8 
U K . " . 1 D U A L - 0 . 5 2 0 0 . . 7 0 9 0 . 2 1 9 0 . 0 9 2 
W E I G H T 5 5 5 5 

M E X I C O - G U A T E M A L A A R E A 

T I M E 1 1 - 2 6 3 9 . 1 0 S E C . 

EVENT N U M B E R 3 1 / 0 / 5 1 / 1 1 R E G I O N 297 B U R I ' . A - C ' I I N A B O R D E R R E G I O N B U R M A A N D S O U T H E A S T A S I 
L A T I T U D E 2 4 . 6 9 4 0 L O N G I T U D E 9 8 . 7 5 2 0 D E P T . : 3 3 . M A G N I T U D E 5 . 7 O R I G I N T I M E 0 - 2 0 3 9 . 5 0 S E C . 
D I S T A N C E 6 5 - 6 - B R N G 6 2 . A Z M T H 2 5 6 . W T : 4 D E L A Y : 0 . 0 8 2 E R R O R : 0 . 0 1 8 

S T A T I O N 5 0 2 3 11 18 

M E A S U R E D D E L A Y 3 . 2 6 0 2 . 9 1 0 3 • 'J 6 0 3 . 2 5 0 

C A L C U L A T E D D E L A Y 3 . 2 5 0 2 . 8 5 2 3 - 4 8 6 3 - 2 9 1 

R E S I D U A L 0 . 0 1 0 0 . 0 5 8 - 0 . 0 2 6 - 0 . 0 1 1 

W E I G H T 5 5 5 5 

E V E N T N U M B E R 7 / 1 / 6 ' I / 1 1 R E G I O N 3 9 9 I O N I A N S E A W E S T E R N M E D I T E R R A N E A N 

L A T I T U D E 3 7 . 5 4 5 0 L O N G I T U D E 2 D . 5 5 1 0 D E P T H 8 . M A G N I T U D E 5 . 5 O R I G I N T I M E 0 - 5 9 1 6 . 9 0 S E C . 

D I S T A N C E 4 1 . B - B R N G 3 4 0 . A Z M T H 1 5 5 . W T = 3 D E L A Y : - 0 . 7 3 1 E R R O R : 0 . 1 4 4 

S T A T I O N 5 0 2 3 18 11 

M E A S U R E D D E L A Y 1 . 8 2 0 2 . 1 6 0 2 . 7 7 0 2 . 5 2 0 

C A L C U L A T E D D E L A Y 2 . 4 3 7 2 . 0 3 9 2 . 4 7 8 2 . 6 7 3 
R E S I D U A L - 0 . 6 1 7 0 . 1 2 1 0 . 2 9 2 - 0 . 1 5 3 

W E I G H T 4 4 5 5 

E V E N T ' N U M B E R 4 S / 1 i ' 6 / 11 R E G I O N 2 6 9 M O L U C C A S E A B O R N E O - C E L E B E S 

i . A i i n i D K - o . i / - . f O L O N G I T U D E 1 2 5 . 0 3 6 0 D E P T H 3 3 . M A G N I T U D E 5 . 7 O R I G I N T I M E 1 8 - 3 6 3 . 1 0 S E C . 
D I S T A N C E 8 8 . B - B R N G 9 0 . A Z M T H 2 6 9 . W T : 5 D E L A Y : 1 . 1 4 2 E R R O R : 0 . 0 4 4 

S T A T I O N 5 0 23 18 11 

M E A S U R E D D E L A Y 4 . 1 8 0 3 . 9 8 0 4 . 3 4 0 4 . 6 7 0 
C A L C U L A T E D D E L A Y 4 . 3 1 1 3 . 9 1 2 4 . 3 5 1 4 . 5 4 7 

R E S ^ D U A L - 0 . 1 3 1 0 . 0 6 8 - 0 . 0 1 1 0 . 1 2 3 
W E I G H T 5 4 5 5 

E V E N T N U M B E R 4 3 / 2 3 / 6 7 / 1 1 R E G I O N 4 0 7 N O R T H O F A S C E N S I O N I S L A N D 

L A T I T U D E - 1 . 4 3 : 1 0 L O N G I T U D E - 1 4 . 0 6 9 0 D E P T H 3 3 - M A G N I T U D E 5 . 4 O R I G I N T I M E 

D I S T A N C E 5 1 . D - H ' I N G 2 7 0 . A Z M T H 9 0 . W T : 4 D E L A Y : - 0 . 1 6 5 E R R O R : 0 . 0 7 7 

S T A T I O N 5 0 2 3 1 8 1 1 

M E A S U R E D D E L A Y 2 . 7 8 0 2 . 3 0 0 3 - 2 1 0 3 - 2 2 0 

C A L C U L A T E D D E L A Y 3 - 0 0 3 2 . 6 0 5 3 - 0 4 4 3 - 2 3 9 

R E S I D U A L - 0 . 2 2 3 - 0 . 3 0 5 0 . 1 6 6 - 0 . 0 1 9 

W E I G H T 4 4 5 5 

A T L A N T I C O C E A N 
2 3 - 3 4 3 5 - 6 0 S E C . 

E V E N T N U M B E R 7 / 1 5 / 7 1 / 1 1 R E G I O N 4 2 7 M A S C A R E N E I S L A N D S R E G I O N I N D I A N O C E A N 
T I M E 1 5 - 0 4 6 . 7 0 S E C . LA T IT'UDE - I B . 0 2 0 0 EON j IT'UDE 0 5 - 4 1 40 DEPT H 3 ! . MAGNITUDE 5 . 6 ORIGIN 

DISTANCE 3 ? . fi-DRNG 1 2 2 . AZMTH 2 9 7 . WT:4 DELAY: - 2 . 0 1 0 ERROR: 0 . 0 3 2 

STATION 50 2 3 18 1 1 
MEASURED DELAY 1 . 2 6 0 0 . 7 10 1 . 1 30 1 . 4 5 0 
CAI.CULATI D DELAY 1 . 150 0 . 7 6 0 1 . 199 1 . 3 " 5 
RES 1 DUAL 0 . 1 0 1 - 0 . 0 5 0 - 0 . 0 6 9 0 . 0 5 5 
WT; 1 GUT 4 4 5 5 

EVENT NIIMIIKh 5 1 , ' T / 7 V 1 I REGION . ' ' 4 6 SOU V H W I ' S ! ' ! U N HYI'K YU ISLANDS TAIWAN 
LATITUDE / H . M LONG [TUBE 1.•'•.•), '90 DE: ' . : i Ic . *'AGN I [TIDE •'. . 8 ORIGIN TIME 4 - 3 8 8 . 0 0 S E C . 
DISTANCE '10. B-BRNG 0 5 . A'.'.MTII 21.I I . W T : 4 DELAY: -O . ' lB . . ' EII I IOR: 0 . 0 6 6 

STATION 5 0 2 3 18 I I 
MEASURED DELAY 2 . 2 7 0 1 . ,'MO I . 9 ' .0 2 . I O D 
I ' l l TULA TED DELAY 2 . 180 1.7811 2 . 2 2 7 2 . 4 2 2 
RESIDUAL O.Dmi 0 . 0 4 2 - 0 . 2 7 7 - i ) . j . ' 2 
WEIGHT 5 5 3 4 



EVENT AND RAW DELAY TIME L I S T 

E V E N T NUMHK'i ; / : ' l / 7 ' / l l III . W i l l 7 Oh H ' . l i : H :h!l S U M A T R A A N D A M A N I S L A N D " TO SUMA 
I .ATITI IDh ',.',)'/'> L O N G I T ' I D F M . . H B O D I . M i l : 3. MAGfl I T U D E u . 3 Oil IG I H T 1 M K 2 0 - 5 J 1 3 . '10 SKC. 
D I S T A N C E i.u. M - B I I I K ; B O . A . : : : T ; I , f i . W I - I M . L A Y : - O . . " O E R R O R - . 0 . 0 9 2 

.".TATJOH 50 23 18 11 
MEASURED DELAY 2 . 6 8 0 1 . 7 0 0 2 . 3 0 0 2 . 6 2 0 
CALCULATED DELAY 2 . 3 7 5 1 .977 2 . 1 1 6 2 . 6 1 1 
I I I : . ; [DUAL 0 . 3 0 5 - 0 . 1 9 7 - 0 . 1 1 6 0 . 0 0 9 
W E I G H T 5 5 5 5 

EVENT NUMBER 2 7 / 7 / 7 3 / 1 1 REGION 706 NORTHERN SUMATRA ANDAMAN ISLANDS TO SUMA 
LATITUDE 3 . 3 5 6 0 LONGITUDE 9 6 . 1 0 1 0 DEPTH 3 2 . MAGNITUDE 5 . 8 O R I G I N T IME 7 - 1 7 3 1 . 8 0 SEC. 
DISTANCE 6 0 . U-BRNG 8 5 . AZMTH 2 6 7 . W T O DELAY: 0 . 1 6 0 ERROR: 0 . 0 8 6 

STATION 50 2 3 18 11 
MEASURED DELAY 3 - 6 2 0 2 . 7 1 0 3 - 2 0 0 3 - 6 3 0 
CALCULATED DELAY 3 - 3 2 8 2 - 9 3 0 3 - 3 6 9 3 - 5 6 1 
RESIDUAL 0 . 2 9 2 - 0 . 1 9 0 - 0 . 1 6 9 0 . 0 6 6 
WEIGHT 5 5 5 5 

EVENT NUMBER 3 1 / 2 / 7 1 / 1 1 REGION 706 NORTHERN SUMATRA ANDAMAN ISLANDS TO SUMA 
LATITUDE 3 . 1 3 6 0 LONGITUDE 9 6 . 3 6 3 0 DEPTH 13 - MAGNITUDE 5 - 3 O R I G I N T IME 2 - 2 1 9 . 9 0 SEC. 

0 . 3 1 6 ERROR: 0 . 0 8 2 DISTANCE 6 0 . B-BRNG 8 5 . AZMTH 2 6 7 . WT = 3 DELAY: 

STATION 50 23 18 1 1 
MEASURED DELAY 3 . 8 3 0 2 . 9 1 0 3 - 3 7 0 3 - 8 5 0 
CALCULATED DELAY 3 . 1 8 1 3 . 0 8 6 3 - 5 2 5 3 . 7 2 0 
RESIDUAL 0 - 3 1 6 - 0 . 116 - 0 . 1 5 5 0 . 1 3 0 
WEIGHT 2 1 3 1 

EVENT NUMBER 5 1 / 2 0 / 7 5 / 1 1 REGION 153 SOUTH SANDWICH ISLANDS REGION SOUTHERN A N T I L L E S 
LATITUDE - 5 9 . 6 6 1 0 LONGITUDE - 2 6 . 1 1 3 0 DEPTH 5 9 . MAGNITUDE 5 . 8 ORIGIN T IME 2 0 - 1 3 1 3 - 1 0 SEC. 
DISTANCE 7 6 . B-BRNG 2 0 8 . AZMTH 6 7 . WT=3 DELAY: 3 . 1 7 8 ERROR: 0 . 0 2 2 

STATION 50 23 22 
MEASURED DELAY 6 . 3 0 0 5 - 9 1 0 6 . 2 5 0 
CALCULATED DELAY 6 . 3 1 7 5 . 9 1 8 6 . 1 9 5 
RESIDUAL - 0 . 0 1 7 - 0 . 0 0 8 0 . 0 5 5 
WEIGHT 3 3 3 

EVENT NUMBER 1 1 / 1 0 / 7 8 / 1 1 REGION 263 TAI.AUD ISLANDS BORNEO - CELEBES 
LATITUDE 3 . & 6 5 0 LONGITUDE 1 2 6 . 7 5 0 0 DEPTH 3 3 . MAGNITUDE 5 . 8 O R I G I N T IME 1 0 - 3 0 5 9 . 1 0 SEC. 
DISTANCE 9 0 . B-BRNG 8 6 . AZMTH 2 6 9 . WT=3 DELAY: 0 . 3 9 2 ERROR: 0 . 1 1 ) 

STATION 50 23 22 
MEASURED DELAY 3 - 3 1 0 3 - 3 0 0 3 . 5 9 0 
CALCULATED DELAY 3 - 5 6 0 3 . 1 6 2 3 . 1 0 8 
RESIDUAL - 0 . 2 2 0 O . 1 3 8 0 . 1 8 2 
WEIGHT 5 1 5 

EVENT NUMBER <l •) / 1 / I I I / 1 1 REGION 179 SOUTH OF KERMADEC ISLANDS KERMADEC - TONGA - SAMO 
LATITUDE - l i . l l o l ! LONGITUDE - 1 7 7 . 8 3 1 0 DEPTH 1 3 . MAGNITUDE 6 . 1 O R I C I N T IME 1 8 - 3 0 9 . 1 0 SEC. 
DISTANCE 1 3 J . B-BKNG 1 1 0 . AZMTH 2 3 0 . W T O DELAY: 0 . 0 9 6 ERROR: 0 . 0 1 8 

STATION 50 23 22 
MEASURED DELAY 3 . 1 0 0 2 . 7 8 0 3 . 2 2 0 
CALCULATED DELAY 3 . 2 6 5 2 . 8 6 6 3 . 1 1 3 
RESIDUAL - 0 . 1 6 5 - 0 . 0 8 6 0 . 1 0 7 
WEIGHT 3 5 5 

E V E N T N U M B E R '«1 / 11 / 82 / 1 1 R E G I O N 2 7 1 S O U T H E R N S U M A T R A S U N D A A R C 

I . A I ' [ T I : : > ' - : 11 ?o L O N G I T U D E 1 0 1 . 9 1 7 0 n r r r i i u s . M A G N I T U D E 5 . 5 O R I G I N T I M E 1 1 - 1 1 5 1 . 1 0 S E C 

D I S T A N C E t i ' j . B-IMtNG '.>.'. A . ' . M T I I 2 7 0 . W T = 'i D E L A Y - 0 . 5 8 3 E R R O R : 0 . 0 9 2 

S T A T I O N 50 23 22 

M E A S U R E D D E L A Y 1 . 1 1 0 3 . 3 t - 0 3 . 1 6 0 
C A L C U L A T E D D I N . A Y 3 . 7 5 1 ) . ! V ) 3 . 5 9 9 

RES. I D U A L 0 . 379 0 . 0 0 7 - 0 . 139 
W E I G H T 5 6 6 



EVENT AND RAW DELAY TIME L I S T 3 1 7 

i - V K I I T i i ' i i i i i i ii ' ( ( / , • ! . r, • / 1 . m- . t i io i i i i i z o t i , i i n 1 . 1 I T i i n - : i r . i . A H i r . n m . i r i M N K 3 
u . r i i . i u i : l ' t . v i : . i i • r i s n u i " . 1 2 1 . J O J O m:{- H I f iA ' ;u 1 T U I J I - . ' . . . / O H I C I M T I M K 2 1 - 5 3 1 . 0 0 S E C . 

i > i . ; r * m : k >»•... : » - • » » ! ; 7 1 . A X K T H 2 0 / . w r - ^ H E I . A Y : - 1 . 7 1 3 K H J I O I U 0 . 0 1 6 

S T A T I O N 9 10 1? 11 13 

» ' A D E L A Y 1 . 9 0 9 2 . 1 3 0 1 . 7 8 0 1 .650 1 . 9 7 0 

. 7 . 1 . G U I . A T E D D E L A Y 1 . 8 7 3 ? . 1 5 } 1 . 7 0 1 1 . 6 9 1 1 . 9 7 1 

R E G I D U A L 0 . 0 2 7 - 0 . 0 2 3 0 . 0 7 6 - 0 . 0 H - 0 . 0 0 1 
W E I C U T 3 3 2 3 3 

E V E N T N U M B E R 2 1 / 2 2 / 0 1 /12 R E G I O N 262 C E L E B E S S E A B O R N E O - C E L E B E S 

L A T I T U D E 1 . 3 5 0 0 L O N G I T U D E 1 2 1 . 8 3 1 0 D E P T H 3 5 . M A G N I T U D E 5 . 5 O R I G I N T I M E 2 2 - 8 1 1 . 1 0 S E C . 

D I S T A N C E 8 8 . B - B R N G 8 6 . A Z M T H 2 6 9 . W T = 3 D E L A Y = - 0 . 6 7 9 E R R O R : 0 . 0 2 9 

S T A T I O N 1 3 12 11 10 9 

M E A S U R E D D E L A Y 2 . 9 7 0 2 . 6 5 0 2 . 8 0 0 3 - 2 1 0 2 . 9 2 0 
C A L C U L A T E D D E L A Y 3 - 0 0 8 2 . 7 3 8 2 . 7 2 5 3 . 1 8 7 2 . 9 0 7 
R E S I D U A L - 0 . 0 3 8 - 0 . 0 8 8 0 . 0 7 5 0 . 0 5 3 0 . 0 1 3 
W E I G H T 3 1 1 3 3 

E V E N T N U M B E R 2 1 / 7 / 7 / 1 3 R E G I O N 129 M I D - I N D I A N R I S E I N D I A N O C E A N 

L A T I T U D E - 2 9 . 3 1 9 0 L O N G I T U D E 7 7 . 6 5 9 0 D E P T H 3 3 . M A G N I T U D E 5 . 8 O R I G I N T I M E 7 - 1 3 1 5 . 7 0 S E C . 

D I S T A N C E 1 8 . B - P R N G 1 3 0 . A Z M T H 2 9 8 . W T = 5 D E L A Y ; - 0 . 2 3 8 E R R O R : 0 . 0 6 1 

S T A T I O N 9 13 10 I I 

M E A S U R E D D E L A Y 3 - 5 2 0 3 - 3 6 0 3 - 7 1 0 3 - 0 0 0 
C A L C U L A T E D D E L A Y 3 - 3 1 7 3 . 1 1 9 3 - 6 2 8 3 . 1 6 6 

R E S I D U A L 0 . 1 7 3 - 0 . 0 8 9 0 . 0 8 2 - 0 . 1 6 6 
W E I G H T 6 6 6 6 

E v . n r mmw.H i / < 3 R E G I O N 307 S Z E C H W A N P R O V I N C E , C H I N A I N D I A - T I B E T - S Z E C H W A N 

L A T I T U D E V . L ' O - . i f l L O N G I T U D E 1 0 1 . 0 5 2 0 D E P T H 33- M A G N I T U D E 5 . 8 O R I G I N T I M E 1 8 - 1 8 . 9 0 S E C . 

D I S T A N C E 611. B-UPf.'G 6 0 . A Z M T H 2 5 6 . W T : 3 D E L A Y : - 0 . 9 7 2 E R R O R : 0 . 0 2 1 

S T A T I O N 13 10 11 8 12 

M E A S U R E D D E L A Y 2 . 7 1 0 2 . 9 6 0 2 . 3 9 0 2 . 5 7 0 2 . 5 1 0 
C A L C U L A T E D D E L A Y 2 . 7 1 5 2 . 8 9 1 2 . 1 3 2 2 . 6 3 2 2 . 1 1 1 

P E S I D U A L - 0 . 0 0 5 0 . 0 6 6 - 0 . 0 1 2 - 0 . 0 6 2 0 . 0 9 6 
.Y E i G H f 5 5 1 5 3 

E V E A ' T N U M B E R 8 / 1 / ' 2 / 1 3 R E G I O N 318 I R A N W E S T E R N A S I A 

L A I I T , I D E 33 . (3020 L O N G I T U D E 5 9 . 1 5 5 0 D E P T H 13 . M A G N I T U D E 5 . 6 O R I C I N T I M E 1 - 0 5 1 . 6 0 S E C . 

D I S T A N C E 1 1 . B - B I I N S 2 9 - A Z M T H 2 1 6 . W T : - ' I D E L A Y : 0 - 3 5 8 E R R O R : 0 . 0 3 9 

S T A T I O N 

M E A S U R E D D!-

C A L C U L A T E D 

R E S I D U A L 

W E I G H T 

L A Y 

D E L A Y 

13 
3 . 9 5 0 
1 . 016 

- 0 . 0 9 6 
5 

9 
1 . 090 
3 - 9 1 1 
0 . 116 

1 

10 
1 . 3 1 0 
1 . 2 2 5 
0 . 0 8 5 

1 

I 1 
3 . 3 8 0 
3. J63 
0 . 1 1 7 

3 . 9 0 0 
3 . 9 6 3 

- 0 . 0 6 3 
5 

12 
3 • 690 
3 . 7 7 5 

- 0 . 0 8 5 
1 

E V E N T N U M B E R 2 2 / 1 7 / I V I j R E G I O N 2 5 9 M I N D A N A O , P H I L I P P I N E I S L A N D S P H I L I P P I N E S 

L A T I T U D E 8 . 1 V 3 0 I O H O I T U P S 1 2 0 . 3 7 5 0 D E P T H 6 0 . M A G N I T U D E l>. 0 O R I G I N T I M E 1 7 - 9 6 . 1 0 S E C . 

DISTANCE 9G. l i -P lH. ' ' (12 . \ZMTH 2 u 9 . WT = 1 DELAY: - 0 . 3 1 2 

STAT I O N 1 3 10 1 1 8 12 
MEASURED DELAY 3. 390 3 . 500 2 . 9 7 0 3 . 3 " 0 3 . 1 0 0 
CAI.CUl ATED DELAY 3 . 3 1 6 3 . 5 2 5 3 . 0 6 3 3 - 2 6 3 3 - 0 7 5 
RES I DUAL 0 . 0 1 1 - 0 . 0 2 5 - 0 . 0 9 3 0 . 0 7 7 0 . 0 2 5 
WEIGHT 3 1 3 3 3 

E V E N T N U M B E R 1 / 1 1 / 1 1 /13 R E G I O N 25') M I N D A N A O , P H I L I P P I N E I S L A N D S P H I L I P P I N E S 

L A T I T U D E B . ' . V ' O L O N G I T U D E I S ' - . "1 320 D E P T H 1 1 2 , M A G N I T U D E ' - . 1 O R I G I N T I M E 1 0 - 1 8 1 1 . 5 0 S E C . 

D I S T A N C E (19. H - I ' H N G 8 1 . A Z M T I I SuO, W T : 1 D E L A Y - - 0 . 6 3 3 E R R O R : 0 . 0 5 1 

S ' A T I O N 13 12 I I 8 
l-s- AIM H E D D E L A Y 1 . 1 7 0 2 .H1O 2 . 7 8 0 2 . 7 7 0 

• A C , - H E A T E D D E L A Y . 1 .051 2 . ,' 11 2 . 7 7 1 2. '17 I 

LI - . : I D U A L 0 . 1 16 0 . 0 Mi 0 . 0 0 9 - 0 . 2 0 1 
W E I G H T 1 1 1 1 

http://Ev.nr
file:///ZMTH


EVENT AND RAW DELAY TIME L I S T 

I - V E N T HI , - , , ! „ • ; , / I O / l ' . / H : .. ; ( o i l ' 7 3 r - V M A I . • • . L A N D * . KKIiMADKC - TONGA 
: . / . : : ' T i D i . - i . .< . ' , - . • . :. ••: i s . > - i ' - , . < . i •• i : n M A H M T U D E 0 . 3 O I I I G I N T I M E I O - ? O 9 . 7 0 S E C . 

DISTANCE I 'i 0 . H - r S B C ; I / O . A'—,rH •> 3 -> - WT* j DELAY: U.L ' iO E R R O R ; 0 . 1 7 9 

STATION 13 12 ' 1 9 8 
MEASURED DELAY 3 . 8 1 0 3 . 5 ' 0 3 . 7 30 1 . 6 5 0 1 . 600 
CALCULATED DELAY 1 . 2 0 7 3 . 9 9 7 3 . '»81 1 . 1 6 6 1 . 1 8 1 
Hi.S I DUAL - 0 . 1 5 7 - 0 . 1 3 7 - 0 . 2 0 1 0 . 1 3 1 0 . 1 1 6 
WEIGHT 3 1 1 1 1 

EVENT HUMI'.El! 5 / 11 / . • 0 / 1 j REGION 6'.R NORTHEASTERN CHINA EASTERN ASIA 
I.ATI MID!-: <,->.Vl'.0 i .ONGirL 'Di : l W . k d - M O DEPTH 15 . MAMUTUDE 6 . 0 O R I G I N T IME 1 3 - 0 3 0 . 6 0 S E C . 
DISTANCE 6 1 . D-iiRNG 0 0 . AZMTH 2 0 3 . WT = 1 DELAY: - 0 . 1 / 6 ERROR: 0 . 0 1 1 

STATION 13 9 10 8 12 
MEASURED DELAY 3 . 0 9 0 3 . 2 2 0 3 . 3 9 0 3 . 2 1 0 2 . 8 7 0 
CALCULATED DELAY 3 - 2 1 1 3 . 110 3 - 3 9 0 3 - 1 2 8 2 . 9 1 1 
RESIDUAL - 0 . 1 2 1 0 . 1 1 0 - 0 . 0 0 0 0 . 1 1 2 - 0 . 0 7 1 
WEIGHT 0 5 5 1 1 

EVENT NUMBER 3 1 / 1 7 / 2 2 / 1 3 REGION 717 AEGIIANISTAN-USSR BORDER REGION HINDU KUSH A N D P A M I R 

L A T . r i l D E 1680 LONGITUDE 7 1 . 1 7 2 0 DEPTH 2 3 3 - MAGNITUDE 5 . •'• O R I G I N T IME 1 7 - 2 3 2 3 - 6 0 S E C . 
DISTANCE >lj. H-BIING 37 . AZMTH 2 2 9 - WT = 1 DELAY: 1 . 1 2 9 ERROR: 0 

STATION 13 9 1 1 0 12 10 
MEASURED DELAY 5 - 0 8 0 5 . 0 5 0 1 . 8 9 0 5 . 0 6 0 1 . 7 9 0 5 . 2 9 0 
CALCULATED DELAY 5 - 1 1 6 5 . 0 1 5 1 . 8 3 3 5 . 0 3 3 1 . 8 1 6 5 . 2 9 5 
RES I DUAL - O . O 3 6 0 . 0 3 5 0 . 0 5 7 0 . 0 2 7 - 0 . 0 5 6 - 0 . 0 0 5 
WEIGHT 1 3 1 2 3 5 

EVENT NUMBER 1 5 / 2 / 2 3 / 1 3 REGION 173 TONGA ISLANDS K E R X A D S C - TONGA - SA 
LATITUDE - 1 9 . 1 3 5 0 LONGITUDE - 1 7 3 . 6 1 7 0 DEPTH 3 8 . MAGNITUDE 5 . 1 O R I G I N T IME 1-55 1 6 . 7 0 S E C . 
DISTANCE 1 1 5 . B-BRNG 1 2 0 . AZMTII 2 1 0 . WT = 1 DELAY: 0 . 1 9 6 E R R O R : 0 . 0 9 9 

STATION 13 9 11 10 8 12 
MEASURED DELAY 3 - 9 5 0 3 - 9 5 0 3 . 1 6 0 3 . 8 9 0 1 . 0 2 0 3 - 7 3 0 
CALCULATED DELAY ' . 3 8 1 3 - 7 8 2 3 . 6 0 0 1 . 0 6 2 3 - 3 0 0 3 - 6 1 3 
RESIDUAL 0 . 0 0 7 0 . 1 6 8 - 0 . 1 1 0 - 0 . 1 7 2 0 . 2 2 0 0 . 1 1 7 
WEIGHT 0 5 5 1 5 1 

EVENT NUMBER 1 2 / l / . l / l j REGION 193 SOLOMON ISLANDS BISMARCK AND SOLOMON 
LATITUDE - " . ( I J I ' LONGITUDE 1 5 6 . 9 1 1 0 DEPTH 33 - MAGNITUDE 6 . 1 ORIGIN TIME 3 - 2 1 0 . 2 0 SEC. 
DISTANCE K M . B-HHNG 1 0 1 . AZMTII 2 6 1 . WT:0 DELAY: - 0 . 7 3 0 ERROR: 0 . 0 6 1 

STATION 13 12 11 10 9 
MEASURED DELAY J . 9 0 0 2 . 1 1 0 2 . 6 0 0 3 . 2 5 0 2 . 8 3 0 
CALCULATED DELAY 2 . 9 0 7 2 . 6 36 2 . 6 2 1 3 - 0 3 6 2 . 8 0 6 
RESIDUAL 0 . 0 1 3 - 0 . 1 9 6 - 0 . 0 2 1 O . l o ' l 0 . 0 2 1 
WEIGHT 3 3 3 3 2 

EVENT NUMBER 5 7 / ' i / . M / M REGION 116 WEST I R I A N REGION NEW GUINEA 
LATITUDE - 1 . 1 7 0 0 LONGITUDE 1 3 5 . 1 1 1 0 DEPTH 3 3 . MAGNITUDE 5 . 8 O R I G I N TIME 5 - 1 3 1 1 . 3 0 S E C . 
DISTANCE 0 3 . B-BRNG 9 1 . AZMTH 2 6 8 . WT=1 DELAY: 0 . 0 3 3 ERROR; 0 . 0 6 3 

STATION 13 12 I I 10 8 
MEASURED DELAY 1 . 7 2 0 3 . 2 0 0 1 .110 1 . 0 8 0 3 . 8 2 0 
CALCULATED DELAY 1 .721 3 . 1 5 0 1 .118 3 . 9 0 0 3 . 6 3 8 
RESIDUAL - 0 . 0 0 1 - 0 . 2 5 0 - 0 . 0 2 8 0 . 1 8 0 0 . 1 8 2 
WEIGHT 1 3 3 3 2 

EVENT NUMBER ,'9 / I . V / 1 1 REGION 3 1 1 N.W. I HA N-USSR BORDER REGION WESTERN ASIA 
I H ' I T I I D E M . l . ' I O LONGITUDE 1 1 . U . M O DEPTH <(.. MAGNITUDE i>. 1 O R I G I N T IME 1 2 - 2 2 1 8 . 8 0 SEC. 
DISTANCE I I . B-BliNG 9 . AZMTII I ' M . WT;5 DELAY: 0 . 1 0 ! ) ERROR; 0 . 0 6 8 

STATION I I 11 3 12 10 9 
MEASURED DELAY I . 0 1 0 3 . 7 10 1.0,'U 3 . S / 0 3 . ') 10 J . '100 
C\\ CHEATED DELAY '../"'• 3. 5 12 1 .712 ; . ' •', i . ' l ' / l 3 . M l 
RESIDUAL 0 . 1 1 ' . 0 . 1 •>,'" - 0 . 1 1 2 O . O V , - 0 . 0 1 1 - 6 . 2 ' | 1 
WEIGHT I' (' ' . 11 (. 6 



EVENT AND RAW DELAY TIME L I S T 

E V E N T N U M B E R . < ) / • • ! / P M .. i r 1 ; : .•; 7 17 /, i- •; i t r » i : : ; r A K - u . " r< I I O I I D K H I I K G I O N H I N D O K U S H A N D P A M I R 
I . A T I T U D K '.<..:;'•> L i " ; ; : . ' / n . o n , - ' . i I - : H \ic>. M A U N 1 H I D E I > . 1 O I U G I H T I M E ? t - ' t 2 1 2 . 2 0 S E C . 
D I S T A N C E 4 J . i : - i ; ' ( N ; < ' . . .-• j . D E L A Y : U . j U l ERROR: 0 . 0 2 V 

S T A T I O N I I 10 1 ^ 8 13 9 
M i . A S U R E D D E L A Y l .P l 'O - . . ' 0 0 3 . ," 0 3.TOO 3.9'TO 3 . 9 6 0 
C A L C U L A T E D D E L A Y .i.'.-'i-j T . '< (7 1.79V J . 085 ' 1 .068 3 . 9 6 7 
R E S I D U A L D . 2 9 ' ' 0 . C 3 - 6 . 0 '17 - 0 . 0 8 5 - 0 . 1 2 8 - 0 . 0 0 7 
WEIGHT 6 6 5 6 5 5 

EVENT NUMBER 1 I 1 8 / 1 | 6 / 1 3 REGION 7 0 1 NICOBAR ISLANDS REGION ANDAMAN ISLANDS T O S U M A 
LATITUDE 7 . ' j ' 1 0 LONGITUDE 9 3 . 8 1 1 0 DEPTH 3 3 . MAGNITUDE 5 . 6 O R I G I N TIME 1 8 - 8 U . : i 0 S E C . 
DISTANCE 5 / . B-BRNG 8 0 . AZMTH 2 6 4 . WT=3 DELAY: 2 . 7 0 1 ERROR: 0 

STATION 13 9 10 12 1 1 
MEASURED DELAY 6 - 3 2 0 b . 3 " 0 6 . ' 140 6 . 6 2 0 6 . 1 0 0 5 . 9 9 0 
CALCULATED DELAY 6 . 189 6 . 2 8 7 6 . 5 6 7 6 . 305 6 . 1 1 8 6 . 1 0 5 
RESIDUAL - 0 . 0 6 9 0 . 0 5 3 - 0 . 1 2 7 0 . 3 1 5 - 0 . 0 1 8 - 0 . 1 1 5 
WEIGHT 5 4 5 5 5 5 

EVENT NUMBER 4 7 / 6 / 4 8 / 1 3 REGION 307 SZECHWAN PROVINCE, CHINA I N D I A - T I B E T - S Z E C H W A 
LAT ITUDE 2 7 - 3 9 5 0 LONGITUDE 1 0 ) . 0 5 5 0 DEPTH 1 7 . MAGNITUDE 5 . 4 O R I G I N T I M E 6 - 3 6 5 8 . 3 0 S E C . 
DISTANCE 6 8 . B-BRNG 6 0 . AZMTH 2 5 7 . WT = 4 DELAY: - 0 . 4 2 5 ERROR: 

STATION 13 10 8 12 1 1 
MEASURED DELAY 3 - 3 1 0 3 - 3 9 0 3 . 2 6 0 2 . 9 4 0 2 . 9 7 0 
CALCULATED DELAY 7, .262 3 - 4 4 1 3- 179 2 - 9 9 2 2 . 9 7 9 
RESIDUAL 0 . 0 4 8 - 0 . 0 5 1 0 . 0 8 1 - 0 . 0 5 2 - 0 . 0 0 9 
WEIGHT 4 4 3 3 4 

EVENT NUMBER I'I / 16 /4 ' 1 / 1 3 REGION 238 SYUK'YU ISLANDS SOUTHWESTERN J A P A N A N D 
LATITUDE 2 5 1 , 0 LONGITUDE 1 3 0 . 6 9 6 0 D.'-.P Ti: 4 1 . MAGNITUDE 6 . 3 O R I G I N TIME 1 6 - 6 4 4 . 4 0 S E C . 
DISTANCE 9 4 . B-BRNG 6 2 . AZMTH 27 1 . WT=4 DELAY: - 1 . 0 1 5 ERROR: 0 . 0 4 1 

STATION 11 10 8 12 13 
MEASURED DELAY 2 . 5 1 0 2 . 8 0 0 2 . 7 2 0 2 . 5 9 0 2 . 6 0 0 
CALCULATED DELAY 2 . 3 8 9 2 . 8 5 1 2 - 5 8 9 2 . 4 0 1 2 . 6 7 2 
RESIDUAL 0 . 1 2 1 - 0 . 0 5 1 0 . 1 3 1 0 . 1 8 9 - 0 . 0 7 2 
WEIGHT 4 5 4 4 5 

EVENT NUMBER 5 2 / 2 C / 5 S / 1 3 REGION 25 VANCOUVER ISLAND REGION EASTERN A L A S K A TO VANCO 
LATITUDE 48 .8 (120 LONGITUDE - 1 2 9 - 2 9 2 0 DEPTH 10. MAGNITUDE 5 . 9 O R I G I N T IME 2 0 - 3 3 7 . 8 0 S E C . 
DISTANCE 93 - H-3SHG 4 1 . AZMTH 27 1 . WT:1 DELAY: - 1 . 5 2 2 ERROR: 0 . 1 7 9 

STAT ION 11 10 12 9 13 
MEASURED DELAY 2 . 2 5 0 2 . 1 0 0 2 . 4 5 0 1 . 9 1 0 1 . 6 4 0 
CALCULATED DELAY 1 . 3 8 2 2 . 3 4 4 1 .895 2 . 0 6 4 2 . 1 6 5 
RESIDUAL 0 . 3 6 8 - 0 . 2 4 4 0 . 5 5 5 - 0 . 1 5 4 - 0 . 5 2 5 
WEIGHT 3 3 3 3 3 

EVENT NUMBER 0 / C / 5 6 / 1 3 REGION 266 MOLUCCA PASSAGE EORNEO - C E L E B E S 
LATITUDE O . ' - ' S : ) IONOITUDE 1 2 6 . 0 7 4 2 DEE Til 3 » . MAGNITUDE 5 . 5 O R I G I N T IME 2 3 - 5 6 5 4 . 6 0 S E C . 
DISTANCE 8 9 . h-HIING (19. AZMTH 2 6 9 . WT = 4 DELAY: 1.14 3 ERROR: 0 . 0 2 8 

STATION I I 10 12 9 13 
MEASURED DELAY 4 . 6 ) 0 4 . 9 5 0 4 . 4 7 0 4 . 6 9 0 4 . 8 3 0 
CALCULATED DELAY 4 . 5 ' l t i 5 . 0 1 0 -l.l-toO 4 . 7 2 9 4 . 8 3 1 
RESIDUAL 0 . 0 0 2 -O.OoO - 0 . 0 - > 0 - 0 . 0 3 9 - 0 . 0 0 1 
WEIGHT 5 5 3 4 4 

EVENT MUriMKB I T ' I O / M ' M REGION M O S1V.1 : | | ATLANTIC RIDGE ATLANTIC OCEAN 
I .AT' I Til PE - ' 1 0 . V 2 0 H W . l T U r K I P . ' , ' I I 0 D. i lTH i » . IMCC 1 HIDE 5 . 8 O R I G I N TIME l ' ) - 3 3 5 5 . 9 0 S E C . 
DISTANCE i i . ' . B - I I I ING 2 2 4 . A'.'.MTH t>5. W T - 4 DELAY: 0 . 6 6 4 ERROR: 0 . 1 4 1 

STATION 8 9 10 I I 12 13 
MEASURED DELAY I . (,00 ( . 0 1 0 4 . 0 0 0 4 . 0 3 0 4 . OSO 4 . 7 0 0 
C i l .CHEATED DELAY -T . 21,8 4 . 2 ' . 0 4 . M i l 4 . Cell 4.0111 4 . 3 5 1 
RESIDUAL - 0 . l i l , ! l - 0 . 1 4 0 - 0 . 4 4 0 - O . l H t l - 0 . 0 0 1 0 . 3 4 9 
WEIGHT 4 4 I 4 4 5 



EVENT AND RAW DELAY TIME L I S T T>20 

• V'.rr :iUMi:r:!< i / ; ' ; / • ' ' , / i n I f f;! . : ; 2 7 7 J A V A 

L A r.-iu;.h -''. > ; ' ' • ! • ; ; T U I . I m i l . 6 0 7 0 D E I M T 1 0 3 . M A G N I T U D E 5 . 9 O R I G I N 

D I.,,"ilNCE v . ' . > ; - : sc : ' . U . A Z K I H 2 / 1 . W T = 1 D E I . A Y = 0 . 0 3 6 E R R O R : 0 . 0 3 9 

: ; T A T l O N 30 2 9 2 8 2 7 
K I : A . ; u I I I : D D E L A Y 1 . 0 3 0 . 9 2 0 3 . 0 9 0 3 . 3 9 0 

' . A L C I I I . A T E D D E L A Y r . b i t 2 . 1 0 1 3 . 1 / 8 3 . 2 6 6 
RES 1 D U A L 0 . 1 3 " 0 . 0 1 6 - 0 . 0 3 3 0 . 1 2 1 

W E I G H T i 5 5 1 

MINDA ARC 
TIME 2 0 - 3 1 3 8 . 2 0 SEC. 

E V E N T N U M B E R 6 / 1 0 / 6 1 / 2 0 I ' E C I O N 2 5 9 M I N D A N A O , P H I L I P P I N E I S L A N D S P H I L I P P I N E S 

L A T I T U D E 6 . 7 7 2 0 L O N G I T U D E 1 2 3 . 7 1 0 0 D E P T H 5 2 . M A G N I T U D E 6 . 1 O R I G I N T I M E 9 - 5 3 2 3 - 2 0 S E C . 

D I S T A N C E 8 7 . L - B R N G 8 3 - A Z M T H 2 6 7 . W T = 6 D E L A Y : - 0 . 0 7 7 E R R O R : 0 

S T A T I O N 18 1 7 1 6 1 5 1 1 1 1 
M E A S U R E D D E L A Y 3 - 2 0 0 3 . 2 7 0 3 . 6 1 0 3 . 1 3 0 3 . 7 1 0 3 . 2 8 0 

C A L C U L A T E D D E L A Y 3 . 132 3 . 2 3 6 3 . 5 7 2 3 . 1 0 7 3 . 8 1 0 3 . 3 2 7 

R E S I D U A L 0 . 0 6 8 0 . 0 3 1 0 . 0 3 8 0 . 0 2 3 - 0 . 1 0 0 - 0 . 0 1 7 

W E I C U T 5 5 5 1 5 5 

E V E N T ' N U M B E R 3 0 / 1 9 / 6 3 / 2 0 R E G I O N 358 R U M A N I A M I D D L E E A S T - C R I M E A 

L A T I T U D E 1 5 . 7 7 2 0 L O N G I T U D E 2 6 . 7 6 1 0 D E P T H 9 1 . M A G N I T U D E 6 . 1 O R I G I N T I M E 1 9 - 2 1 5 1 . 1 0 S E C . 

D I S T A N C E 1 3 . B - B R N G 3 5 0 . A Z M T I I 1 6 6 . W T = 3 D E L A Y : - 1 . 7 0 2 E R R O R : 0 . 0 1 1 

S T A T I O N 18 1 7 16 15 I I 11 

M E A S U R E D D E I A Y 1 . 5 3 0 1 . 5 5 0 2 . 1 5 0 1 . 8 7 0 2 . 1 3 0 1 . 7 3 0 

C A L C U L A T E D D E L A Y 1 . 5 0 7 1 . 6 1 1 1 . 9 1 7 I . 7 8 2 2 . 2 1 5 1 . 7 0 2 

R . - . S I D U A L 0 . 0 2 3 - 0 . 0 6 1 0 . 2 0 3 0 . 0 8 6 - 0 . 0 8 5 0 . 0 2 8 
W E I G H T 1 j 

EVENT NUMBER 1 0 / 1 1 / 6 8 / 2 0 REGION 659 NORTH KOREA EASTERN A S I A 

LATITUDE 1 1 . 6 0 6 0 LONGITUDE 1 3 0 . 8 7 8 0 DEPTH 5 2 8 . MAGNITUDE 5 . 9 ORIGIN T IME 1 1 - 2 7 5 3 . 6 0 S E C . 
DISTANCE 9 1 . B-BRNG 1 9 . A/.MTH 2 7 2 . W T = 1 DELAY: - 1 . 8 7 7 

STATION 18 16 15 1 1 1 1 
MEAoUHED DELAY 1 . 6 1 0 1 . 6 9 0 1 . 620 2 . 100 1 . 6 2 0 

CALCULATED DELAY ; . 3 3 2 1 . 7 7 2 1 . 6 0 7 2 . 0 1 0 1 . 5 2 7 
RESIDUAL 0 . 308 - 0 . 0 8 2 0 . 0 1 3 0 . 0 6 0 0 . 0 9 3 
WEIGHT 3 6 5 6 3 

E V E N T N U M B E R 5 6 / 2 1 / 7 7 / 2 0 R E G I O N 219 L U Z O N , P H I L I P P I N E I S L A N D S P H I L I P P I N E S 

L A T I T U D E l b . 7 7 3 0 L O N G I T U D E 1 2 2 . 3 2 7 0 D E P T H 3 7 . M A G N I T U D E 6 . 2 O R I G I N T I M E 2 1 - 1 3 5 2 . 6 0 S E C . 

DISTANCE 8 6 . B-BKNG 7 3 . AZMTH 2 6 8 . WT = 1 DELAY: - 0 . 8 5 0 ERROR: 0 

STATION 18 17 16 15 1 1 1 1 
MEASURED DELAY 2 . 2 6 0 2 . 1 0 0 2 . 9 0 0 2 . 5 9 0 2 . 9 7 0 2 . 6 1 0 
CALCULATED DELAY 2 . 359 2 . 1 6 3 2 . 7 9 9 2 . 6 31 3 . 0 6 8 2 . 5 5 1 
RESIDUAL - 0 . 0 9 9 - 0 . 0 6 3 0 . 1 0 1 - 0 . 0 1 1 - 0 . 0 9 8 0 . 0 5 6 

WEIGHT 1 1 5 5 1 1 

EVENT NUMBER 
I ATITUDE - \ 'i 
DISTANCE 1 1 1 . 

• ' 2 0 RE 
' N C 1 T U . ' -

1 2 1 . A.. 

,' 17 3 T O N G A 
, ' • '1. 1170 D E P T ' i 

2 1 0 . W T = 0 

ISLANDS 
0 1 . MAGNI TUDE 5 . 6 ORIGIN 

DELAY: 3 . 9 6 0 ERROR: 0 . 1 3 3 
. ' I ME 

K E R M A D E C - T O N G A 

3 - 19 1 8 . 5 0 S E C . 

STAT ION 
MEASURED DEI 
CALCULATED I 
RES I DUAL 
WE I Gil T 

AY 
SLAY 

18 
. 8 1 0 

109 
3 2 " 

1 

16 
7 . 5 3 0 
7 . o09 

- 0 . 0 / 9 
1 

11 
170 
077 
29 3 

1 

I I 
100 
361 
1 16 

1 

EVENT NUMBER {•>/ 7 / " 2 / 2 0 REGION 173 'TONGA ISLANDS KEliMADEC - TONGA 
' A i ' m i n i : - H ' . o ' U ' O i n N c i r i G v . - s ; . \ o « r : 0 D E P T H \\. M A G N I T U D E 6 . 3 O R I G I N T I M E 0 - I \ I 1 8 . 5 0 S E C . 

DISTANCE l i s . B-BRNG 1 2 1 . A.'.M I'll 2 1 1 . WT = 5 DELAY = 0 . 3 3 0 ERROR: 0 . 0 1 8 

STATION I I I 10 11 I I 
MEASURED D I N . A Y 3 . 1 3 0 t . ' I ' i l ) 1 . 3 0 0 I . 7 1 0 
CALCULATED DELAY 1 . 5 1 ' , 1.135 1 . . " . t 1 . 7 K ) 
M'S I DUAL - O . I IS - 0 . 0 15 0 . 0 1 7 - 0 . 0 0 0 
WEIGHT' 1 (> 0 6 



EVENT AND RAW DELAY TIME L I S T 321 

r :v i- :NT N U M B E R 
L A T I T U D E / . 
D I S T A N C E 7 . ' . 

_ ; / l > 1 / i " , ' 0 REG TON 1 0 5 CENTRA!. MI D-A Tl .ANTIC RIDGE ATLAS ' . " : : - V E I A N 
' J O : . o l , \ ; I T U . D E - 3 1 . 8 5 7 0 DEPTH MAGNITUDE 5 . 5 ORIGIN TIME 1 7 - 5 2 ' ? . 7 0 S E C . 
b-BRIIG . ' / B . AZMTH V ' l . WT = 3 DELAY ; 0 . ' ; , - " ! ERROR; 0 . 0 0 3 

S T A T I ON 
M E A S U R E D 
C A I . C U I . A T I 
R E S I D U A L 
WE I G U T 

LAY 
DELAY 

18 
'I . '100 
1 . I 3 3 
0 . 267 

1 

16 
U . 620 
1 . 5 7 3 
0 . 0 1 7 

1 

1 1 
1 . 8 5 0 
1 . 8 1 2 
0 . 0 0 8 

3 

1 1 
1 . 2 1 0 
1 . 3 2 9 

- 0 . 0 8 9 

EVENT NUMBER 1 3 / ' 3 / 9 6 / 2 0 REGION 318 IRAN W E S T E R N A S I A 
LAT ITUDE 3 1 . 5 3 3 0 LONGITUDE 5 0 . 6 8 3 0 DEPTH 1 1 . MAGNITUDE 5 . 5 ORIGIN TIME 1 3 - 3 6 3 7 . 1 0 S E C . 
DISTANCE 3 5 . B-BRI.'C 2 1 . AZMTH 2 0 1 . WT;2 DELAY; 1 . 9 3 5 ERROR; 0 . 0 5 1 

STATION 18 1 6 11 1 1 
MEASURED DELAY 1 . 9 1 0 5 . 5 9 0 5 . 8 0 0 5 . 1 8 0 
CALCULATED DELAY 5 . 1 1 1 5 . 5 8 1 5 . 8 5 3 5 . 3 1 0 
RESIDUAL - 0 . 2 0 1 0 . 0 0 6 - 0 . 0 5 3 0 . 1 1 0 
WEIGHT 3 1 1 1 

http://ITU.de
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APPENDIX 5 

DETAILS OF ALGORITHM FOR FINDING THE RAY LENGTH 

WITHIN THE ANOMALOUS ZONE 

I n t r o d u c t ion 

We w i s h to s o l v e E q u a t i o n 6.18, which we r e p r o d u c e 

h e r e : 

f ( r ) = a + r U - z + (A5.1) z z o v ' 
* 0 0 

y C / U + A (a -X.+rU ) + B . ( a -Y.+rU ) r 1 l x l x' l v y \ y' 

+D. (a -X.+rU ) (a -Y.+rU ) ] = 0 
I X l x ' v y l y •> 

The f u n c t i o n f ( r ) i s i n f a c t the d i f f e r e n c e i n depth 

between the p o i n t a l o n g the r a y c h a r a c t e r i s e d by the 

d i s t a n c e parameter r , and the upper i n t e r f a c e . F i g u r e A5.1 

r e p r e s e n t s the v e r t i c a l p l a n e through the r a y and 

i l l u s t r a t e s the geometry, w h i l e F i g u r e A5.2 shows 

q u a l i t a t i v e l y how f ( r ) behaves. 

f ( 0 ) i s g r e a t e r than z e r o and f ( r ) may be c a l c u l a t e d 

r e a d i l y from E q u a t i o n A5.1. Thus the s m a l l e s t p o s i t i v e 

r o o t of E q u a t i o n A5.1 may be o b t a i n e d by a m o d i f i e d 

i n t e r v a l h a l v i n g method. I t i s e s s e n t i a l t h a t the method 

used r e l i a b l y c o n v e r g e s on the s m a l l e s t r o o t , and d e s i r a b l e 

t h a t the number e v a l u a t i o n s of f ( r ) be kept to a minimum. 
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Method 

The method d e v i s e d f i r s t f i n d s two v a l u e s o f r , r . 
rain 

a n c ^ r , s u c h t h a t r . l i e s i n Range 1 , t h a t i s t h e f i r s t max mm 
p o s i t i v e r a n g e o f f ( r ) , and ^ m a x l i e s i n Range 2, t h e f i r s t 

n e g a t i v e r a n g e o f f ( r ) ( F i g u r e A 5 . 2 ) . 

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

z e r o c r o s s i n g b e t w e e n r .„ and r and can be f o u n d by a 
m m max J 

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

3 min 
and r , i s g i v e n i n t h e f o r m o f a f l o w d i a g r a m i n max 3 3 

F i g u r e A5.3. T h i s p r o c e d u r e i s v e r y s i m p l e , t h e o n l y 

d i f f i c u l t y b e i n g t o f i n d a s u i t a b l e v a l u e o f g. S m a l l 

v a l u e s o f g r e q u i r e many e v a l u a t i o n s o f f ( r ) , w h i l e l a r g e 

v a l u e s r u n t h e r i s k o f p u t t i n g r i n t o h i g h e r p o s i t i v e r a n g e s 

o f f ( r ) t h a n Range 2. A s a f e upper l i m i t o f g c a n be 

c a l c u l a t e d f r o m f . , p r o v i d i n g a l o w e r bound, f * . , f o r 
nun r ^ ' nun 2 2 d f / d r and an upper b o u n d , f " , f o r d f / d r a r e known c c max ' 

F i g u r e A5.4 i l l u s t r a t e s t h e r e g i o n n e a r t h e f i r s t 

p o s i t i v e g o i n g z e r o c r o s s i n g a t r = r ^ . The s h a d i n g 

i n d i c a t e s t h e r e g i o n where c u r v e s w i t h maximum c u r v a t u r e 
f ' and minimum g r a d i e n t f . . c a n n o t l i e . I n t h e r a n g e max min 3 

{ r : r , - g < r < ri]> t n e l o w e r b o u n d a r y t o t h i s r e g i o n i s a 

p a r a b o l a w i t h c u r v a t u r e f " m a x / t a n g e n t i a l t o t h e l i n e f = 0 f 

a t r = r-^. I n t h e r a n g e ^ r : r < r i ~ 9 p } f t h e l o w e r b o u n d a r y i s 

a s t r a i g h t l i n e w i t h g r a d i e n t f * . . g„ i s s u c h t h a t t h e 
m i n 3 p 

g r a d i e n t s o f t h e two l i n e s a r e e q u a l a t r = r , - g . E l e m e n t a r y 
P 

f o r m u l a e f o r p a r a b o l a s g i v e 
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FIGURE A5.1 

VERTICAL SECTION THROUGH RAY PATH 

u 

F(u) top 
interface 

r 

/ / r 

V 

FIGURE A5.2 

FORM OF f ( r ) 

f(r) 

Range.2 

\ R 3 Range 1 
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FIGURE A5.3 

FLOWCHART FOR FINDING r . AND r mm max 

'rnin = f ( 0 ) 

r= ','nin*y 

f= f(r) 

' nvax f 

ma:< 

r is required 
value 

FIGURE A5.4 

DIAGRAM ILLUSTRATING CALCULATION OF g ( f . ) — ^ mm' 



326 

g = - f ' . / f " 
mm' max 

f = f " g 2 (A5.3) p max^p v ' 
Thus s a f e v a l u e s o f g may be c a l c u l a t e d u s i n g 

^ m i n ) = ( f p - f m i n ) / f ' m i n + 9 p ' C m i n > f p ( A 5 4 ) 

9 ( f m i n > = ( 2 f m i n / f " m a x ) 1 / 2 ' f m i n < f
P 

V a l u e s o f f ' • and f " may be o b t a i n e d f r o m t h e mm max 1 

h e i g h t and X- and Y - d i m e n s i o n s o f t h e humps. C o n s i d e r an 

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

s t r u c t u r e as i l l u s t r a t e d i n F i g u r e A5.5, and w i t h l o c a l 

c o o r d i n a t e axes as shown. The f o r m o f t h e upper i n t e r f a c e 

i s 

z» = z Q - h / ( l + k x f 2 ) (A5.5) 

Whence 

d z f / d x ' = 2 h k x V ( l + k x ' 2 ) 2 (A5.6) 

d 2 z ' / d x ' 2 = 2 h k ( l - 3 k x * 2 ) / ( 1 + k x * 2 ) 3 (A5.7) 

d 3 z ' / d x ' 3 = 2 4 h k 2 x ' ( 1 - k . x * 2 ) / ( 1 + k x * 2 ) 4 (A5.8) 

P u t t i n g t h e second and t h i r d d e r i v a t i v e s e q u a l t o z e r o 

r e s p e c t i v e l y g i v e s 

( d z ' / d x , ) m i n = -2hk (A5.9) 

( d 2 z ' / d x ' 2 ) m a x = ( 9 / 8 ) h ( k / 3 ) 1 / 2 (A5.10) 

E x t r e m e v a l u e s f o r t h e s e q u a n t i t i e s a r e o b t a i n e d when h 

and k a r e as l a r g e as p o s s i b l e . T h i s o c c u r s f o r t h e s e c t i o n 

c u t t h r o u g h t h e peak o f t h e hump a l o n g t h e l i n e o f t h e m i n o r 

a x i s . Then 

h -- C 
, ( A 5 . l l ) 

k MAX(1/L ,\/W-) 

where C i s t h e h e i g h t and L and M a r e t h e X- and 

http://A5.ll
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FIGURE A5.5 

DIAGRAM ILLUSTRATING THE CALCULATION OF THE BOUNDS OF THE 

FIRST AND SECOND DERIVATIVES OF f 

X' 
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Y - d i m e n s i o n s o f t h e hump. By a d d i n g t h e l o w e r bounds on 
1 2 2 2 d z ' / d x ' and t h e upper bounds on d z'/dx' t o g e t h e r f o r a l l 

t h e humps we o b t a i n c o r r e s p o n d i n g bounds on t h e c u r v a t u r e 

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

R e f e r r i n g once a g a i n t o F i g u r e A 5 . 1 , where t h e upper 

s u r f a c e i s r e p r e s e n t e d as a f u n c t i o n F ( u ) o f t h e d i s t a n c e , 

u, c o r r e s p o n d i n g t o x', a l o n g t h e t r a c k o f t h e r a y on t h e 

x-y p l a n e , i t i s c l e a r t h a t 

f ( u ) = zQ + rUz - F ( u ) (A5.15) 

and 

d = r ( U x
2 + U y

2 ) 1 / 2 = r ( l + U z
2 ) 1 / 2 (A5.14) 

whence 

f ( r ) = z q + r U z - F ( r ( 1 - U z
2 ) 1 / 2 ) (A5.15) 

t h u s 
2,1/2 

m m z v z 

and 

f ' m i n = V ^ " " z > ( d F / d u , m a x ( A 5 ' 1 6 ) 

f " = - ( 1 - U 2 ) ( d 2 F / d u 2 ) . (A5.17) max z ' ' mm 
2 2 (dF/du) and (d F/du ) . b e i n g t h e bounds on t h e v ' max ' rain ^ 

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

t h r e e o r f o u r e v a l u a t i o n s o f f a r e r e q u i r e d t o f i n d r 
^ max 

H a v i n g o b t a i n e d r e l i a b l e v a l u e s o f r . and r , ^ mm max' 
t o g e t h e r w i t h c o r r e s p o n d i n g v a l u e s o f f . and f , t h e ^ t- -3 m i n max' 
a l g o r i t h m r e p r e s e n t e d by t h e f l o w d i a g r a m o f F i g u r e A5.6, 

i s used t o " c l o s e down" on t h e v a l u e o f r . D u r i n g each 
o 

i t e r a t i o n , a new e s t i m a t e o f r , r , i s c a l c u l a t e d by f i n d i n g 

t h e p o i n t where t h e s t r a i g h t l i n e b etween ( r . , q . f . ) c 3 mm ^ m i n m i n 
and ( r , q f ) i n t e r s e c t s t h e r - a x i s . q . and q m 

max ' ^max max' M m i n Mmax 
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a r e r e l a x a t i o n f a c t o r s whose v a l u e s l i e b e t w e e n z e r o and 

one. f ( r ) i s t h e n e v a l u a t e d , and d e p e n d i n g on w h e t h e r i t i s 

p o s i t i v e o r n e g a t i v e , r and f ( r ) become new v a l u e s o f e i t h e r 

r , and f • o r r = „ and f The v a r i a b l e r e l a x a t i o n m i n m i n max max 
f a c t o r s o p e r a t e i n such a way t h a t b o t h r . and r 

mm max 
c o n t r a c t t o w a r d s r . The a l g o r i t h m c o n v e r g e s more q u i c k l y 

t h a n w i t h q •„ = q m , „ = 1 , and has t h e a d v a n t a g e s t h a t t h e ill i n ntax 
e r r o r m a r g i n s a r e w e l l c o n t r o l l e d , and e r r o r s a r e e q u a l l y 

l i k e l y t o be p o s i t i v e o r n e g a t i v e . Between f i v e and e i g h t 

i t e r a t i o n s a r e u s u a l l y r e q u i r e d t o g i v e a f r a c t i o n a l e r r o r 
-4 

i n r o f 1 p a r t m 10 , o r a p p r o x i m a t e l y 50 m a b s o l u t e . 

FlG-UftE R5-6 

FLO W-PlftG-ftfl rt FoR F I » J 3 > I W & r e 

max 

m n 

f =f 
'mm 1 

'mm 

f = f (r) 

f f 
'max" 1 
r ~ 
'fTiOX r 

1 
0"8q m i n 
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APPENDIX 6 

SUBROUTINE MHUMP 

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

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

a number o f e v e n t s , a t a number o f s t a t i o n s , f o r a 

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

d e s c r i b e d i n C h a p t e r 6. The t h e o r e t i c a l d e l a y t i m e s a r e 

compared w i t h i n p u t measured d e l a y t i m e s , and an o b j e c t i v e 

f u n c t i o n v a l u e , d e p e n d e n t on t h e c l o s e n e s s o f f i t b e t w e e n 

t h e r e l a t i v e t h e o r e t i c a l d e l a y s and t h e r e l a t i v e m e a sured 

d e l a y s , i s c a l c u l a t e d . 

The s u b p r o g r a m i s w r i t t e n t o be used w i t h MINUIT (James 

and Roos, 1969) a n o n - l i n e a r o p t i m i z a t i o n p ackage w h i c h 

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

t h e anomalous z o n e , t o g i v e t h e c l o s e s t f i t . 

The m a i n c a l c u l a t i o n s a r e d e s c r i b e d i n C h a p t e r 6 and 

A p p e n d i x 5. 

C a l l i n g 

The s u b r o u t i n e i s c a l l e d t h u s : 

CALL FCN(N,G,F,U,IND) 

DIMENSION G ( 1 5 0 ) , U ( 1 5 0 ) 

N :Number o f a d j u s t a b l e p a r a m e t e r s , s e t by MINUIT. 
G : I n t e n d e d t o r e t u r n a v e c t o r g r a d i e n t t o MINUIT. 

Not used i n t h i s s u b p r o g r a m . 
U : A r r a y o f v a r i a b l e p a r a m e t e r s , as f o l l o w s : 
U ( ( I - 1 ) * 6 + 1 ) : L a t i t u d e i n d e g r e e s N (S n e g a t i v e ) o f c e n t r e 

o f I hump. 
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U ( ( 1 - 1 ) * 6 + 2) 

U( ( 1 - 1 ) 
U( (1-1) 

U( ( 1 - 1 ) 
U( ( 1 - 1 ) 
U(5) 
U ( 6 ) 

IND 

*6 + 3) 
*6 + 4) 

: L o n g i t u d e i n , d e g r e e s E (W n e g a t i v e ) , o f 
c e n t r e o f I hump. , 

: H e i g h t , i n k i l o m e t e r s , o f t h e I hump. 
X - d i m e n s i o n o f I 

*6+5) 
*6 + 6) 

hump, e x c e p t f o r 1 = 1 . 
Fo r 1=1 a c i r c u l a r hump i s assumed w i t h 
r a d i u s U ( 4 ) . h 

Y - D i m e n s i o n o f I . , hump, e x c e p t f o r 1 = 1 . 
O r i e n t a t i o n o f I hump, e x c e p t f o r 1 = 1 . 

: S e i s m i c v e l o c i t y i n t h e anomalo u s zone. 
:Depth o f t h e base o f t h e anomalo u s zone, i n 
k i l o m e t e r s . 

: T h i s v a r i a b l e c o n t r o l s t h e a c t i o n o f t h e 
s u b p r o g r a m . 
=1 D i r e c t s s u b p r o g r a m t o i n p u t d a t a . T h i s v a l u e 
must be used on t h e f i r s t c a l l . 
=4 P e r f o r m s r a y t r a c i n g c a l c u l a t i o n s and 
c a l c u l a t e s o b j e c t i v e f u n c t i o n v a l u e , w h i c h i s 
r e t u r n e d i n F. 
=3 P e r f o r m s c a l c u l a t i o n s as f o r IND=4, and 
p r o c e e d s t o p r i n t c o m p r e h e n s i v e o u t p u t . 
=6 A l l o w s i n t e r n a l c o n s t a n t s and e r r o r t o l e r a n c e s 
t o be r e s e t . Used d u r i n g d e b u g g i n g . 
=7 P e r f o r m s c a l c u l a t i o n s as f o r IND=4, and 
p r o c e d e s t o p l o t t i n g mode. 

INPUT 

UNIT 3 U n p e r t u r b e d v e l o c i t y s t r u c t u r e , s t a t i o n d a t a and raw 

d e l a y s : 

( V ( I ) , H ( I ) , 1 = 1 , 5 ) ( 5 ( F 5 . 2 , F 1 0 . 2 ) ) 

V ( I ) : S e i s m i c v e l o c i t y i n km/sec i n I t l n l a y e r , c o u n t i n g 
f r o m t h e s u r f a c e . , 

H ( I ) :Depth i n k i l o m e t e r s t o t h e base o f I l a y e r . 
D e e p e s t l a y e r f l a g g e d w i t h H ( I ) g r e a t e r t h a n 
looo.o. 

S t a t i o n c o o r d i n a t e s one c a r d p e r s t a t i o n : 

KST,SLAT,SLON,SMT (12,8X,3F10.5) 

KST : S t a t i o n number. 
SLAT . - S t a t i o n l a t i t u d e i n d e g r e e s N (S n e g a t i v e ) . 
SLON : S t a t i o n l o n g i t u d e i n d e g r e e s E (W n e g a t i v e ) . 
SHT r S t a t i o n h e i g h t i n m e t e r s above sea l e v e l . 

End o f s t a t i o n l i s t f l a g g e d by c a r d w i t h KST=0 

Onse t w e i g h t v a l u e s : 
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KWUS,(WLST(I),1=1,9) ( I 5 , 9 F 5 . 2 ) 

KWUS :Less t h a n o r e q u a l t o z e r o w e i g h t s used as 
i n p u t . 
G r e a t e r t h a n z e r o w e i g h t s s e t t o 1 . 

WLST(I) r W e i g h t a s s i g n e d t o o n s e t w e i g h t code I . 

E v e n t d a t a - one c a r d p e r e v e n t : 

KEV,ELAT,ELON,EDPT,EMG,IR,IH,IM,SC,DL,EBB,EAZ,IWE,EVEL 

( 1 8 , 2 F 9 . 3 , 2 F 4 . 1 , I 4 , 2 I 3 , F 6 . 2 , 3 F 4 . 0 , 1 2 , F 7 . 2 ) 

KEV :Event number. 
ELAT : E p i c e n t r a l l a t i t u d e i n d e g r e e s N ( S n e g a t i v e ) . 
ELON : E p i c e n t r a l l a t i t u d e i n d e g r e e s E (W n e g a t i v e ) . 
EDPT : F o c a l d e p t h i n k i l o m e t e r s . 
EMG : M a g n i t u d e . 
IR : G e o g r a p h i c a r e a number. 
I H :Hours p a r t o f o n s e t t i m e . 
IM r M i n u t e s p a r t o f o n s e t t i m e . 
SC :Seconds p a r t o f o n s e t t i m e . 
DL : A p p r o x i m a t e e p i c e n t r a l d i s t a n c e i n d e g r e e s . 
EBB r E p i c e n t r a l b a c k - b e a r i n g i n d e g r e e s . 
EAZ r A z i m u t h o f s t a t i o n n e t w o r k f r o m e p i c e n t r e s . 
IWE : E v e n t w e i g h t c o d e . 
EVEL : T h e o r e t i c a l a p p a r e n t s u r f a c e v e l o c i t y a t a 

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

End o f e v e n t l i s t i s f l a g g e d w i t h KEV=0. 

D e l a y c a r d s . One e v e n t p e r c a r d w i t h up t o sev e n d e l a y s . 

Use as many c a r d s as r e q u i r e d f o r each e v e n t : 

K R , ( I S R ( J ) , D R ( J ) , I W R ( J ) , J = 1 , 7 ) 

( 1 8 , 2 X , 7 ( I 3 , F 5 . 2 , I 2 ) ) 

KR :Event number. , 
I S R ( J ) : S t a t i o n number f o r t h e J d e l a y . 
DR(J) : J t n d e l a y . 
IWR(J) :Onset w e i g h t code f o r J d e l a y . 

^ E N D F I L E " f l a g s end o f i n p u t . 
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UNIT 5 T h i s u n i t i s used by MINUIT t o i n p u t i t s own command 

sequence as d e s c r i b e d i n t h e MINUIT m a n u a l . MHUMP a l s o uses 

command c a r d s i n p u t on U n i t 5, b u t o n l y i n t h e p l o t t i n g 

mode. These a r e o u t w a r d l y s i m i l a r t o t h e MINUIT commands. 

Each command i s i n p u t t h u s : 

CWD,{COM(I),1=1,7) (A10,7F10.0) 

CWD :command w o r d . 

COM : A r r a y o f g e n e r a l p u r p o s e i n p u t v a r i a b l e s . 

P l o t t i n g mode i s e n t e r e d w i t h t h e MINUIT command: 

CALL FCN 7.0 
MHUMP r e c o g n i s e s 3 commands, PLOT, MAP, and STOP. 

PLOT :Draws a v e r t i c a l s e c t i o n t h r o u g h t h e anomal o u s zone 
between any two p o i n t s . The l a t i t u d e and 
l o n g i t u d e o f t h e f i r s t p o i n t a r e i n COM(l) and 
COM(2) r e s p e c t i v e l y , and t h e l a t i t u d e and 
l o n g i t u d e o f t h e s e c o n d p o i n t a r e i n COM(3)and 
COM(4). The s e c t i o n i s drawn t o a d e p t h g i v e n i n 
COM(5), i n k i l o m e t e r s . 

MAP: Draws a map be t w e e n l o n g i t u d e s g i v e n i n COM(l) and 
COM(2) and l a t i t u d e s g i v e n i n COM(3) and COM(4). 
If.COM(5) i s n o t n e g a t i v e , c o n t o u r s o f t h e upper 
i n t e r f a c e a r e d r a w n . The c o n t o u r i n t e r v a l i n 
k i l o m e t e r s i s g i v e n i n COM(5) ( d e f a u l t v a l u e i s 10 
k i l o m e t e r s ) . I f COM(6) i s n o t z e r o , p o s i t i o n s 
w here r a y s e n t e r a n d / o r l e a v e t h e a n o m a l o u s zone 
a r e p l o t t e d . I f |COM(6)l =2 o r 3 t h e n t h e e n t r y 
p o s i t i o n i s marked w i t h a'tft 1'. 
I f |COM(6)l = 1 o r 3 t h e e x i t p o s i t i o n i s marked 
w i t h a "O \ 
I f COM(6) i s p o s i t i v e , t h e e n t r y and e x i t p o i n t s 
a r e j o i n e d . 
I f COM(6) i s n e g a t i v e , t h e e n t r y and e x i t p o i n t s 
a r e n o t j o i n e d . 

STOP : H a l t s t h e p l o t t i n g mode and r e t u r n s t o t h e m a i n MINUIT 
command s e q u e n c e . 
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OUTPUT 

UNIT 6 T h i s u n i t o u t p u t s a l l p r i n t e d m a t t e r . 

UNIT 9 T h i s u n i t o u t p u t s a s t a n d a r d p l o t f i l e . 

EXTERNAL ROUTINES 

The s u b r o u t i n e i s d e s i g n e d t o be c a l l e d f r o m MINUIT. A 

c o m p i l e d v e r s i o n o f t h i s p r o g r a m i s h e l d i n GPT9:MINUIT. 

The s u b r o u t i n e c a l l s s u b r o u t i n e s i n t h e GHOST p l o t t i n g 

l i b r a r y . 
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1 SUBROUTINE FCN(N,G,F,U,IND) 
2 C 
3 C*** THIS SUBROUTINE CALCULATES AN OBJECTIVE FUNCTION, F 
4 C TO BE MINIMIZED BY MINUIT, A NON-LINEAR OPTIMIZING 
5 C PROGRAM AVAILABLE IN FILE TPT9:MINNEW. 
6 C THE OBJECTIVE FUNCTION IS THE WEIGHTED R.M.S. RESIDUALS, 
7 C THEORETICAL-MEASURED TELESEISMIC DELAYS AS OBSERVED 
8 C AT A NUMBER OF STATIONS. THEORETICAL DELAYS ARE 
9 C CALCULATED THROUGH A STRUCTURE WHOSE LOWER SURFACE 
10 C IS PLANE AND HORIZONTAL, AT DEPTH BASE, AND WHOSE 
11 C UPPER SURFACE IS DEFINED BY AN ANALYTIC FUNCTION. 
12 C 
13 C THE MODEL OUTSIDE THE STRUCTURE IS DEFINE BY PLANE 
14 C HORIZONTAL LAYERS, EACH WITH A UNIFORM VELOCITY. UP 
15 C TO FIVE LAYERS CAN BE ACCOMODATED. 
16 C 
17 COMMON /PAREXT/DUM(150),NAM(150),WERR(150),MAXEXT,NU 
18 % /CARD/CWD,CWRD2,CWRD3,WD7(7) 
19 REAL V(5),H(5),SLAT(40),SLON(40),SHT(40),SX(40),SY(40),EDWT(MOO), 
20 % EDSR(400),ELAT(400),ELON(400),EDIS(400),EBB(400) ,EAZ(400), 
21 % EDPK400),EDEL(400),EMG(400),SC(400),DL(400),DEL(600),DSR(600), 
22 % EVEL(400),ECB(400),ESB(400),U(150),G(150),DR(7),WLST(9),WT(600), 
23 % XB(600),YB(600),ZB(600),ASTR(40),ANMST(40),ASTR2(40),AVDL(40), 
24 % HX(8),HY(8),A(8),B(8),C(8),D(8),DEN(8),XUNP(600),YUNP(600), 
25 % XBASE(600),YBASE(600),C0M(8),ACT(3),X(80),Y(80),R0S(600), 
26 $ P(80,80),CL(500) 
27 INTEGER KST(40),KEV(400),NMS(400),IR(400),IH(400),IM(400), 
28 % ISR(7),IWR(7),L(10),IWE(400),IEV(600),IST(600),NIT(600),IWT(600) 
29 DATA ACT/ ' PROF ', 'MAP ','STOPV 
30 EQUIVALENCE (C0M(2),YS,XMIN),(C0M(3),XS,XMAX), 
31 % (C0M(4),YF,YMIN),(C0M(5),XF,YMAX), 
32 % ( C0M(6),DPT,DINT) 
33 IF(IND.GT.1 ) GO TO 100 
34 WRITE(6,3) 
35 3 FORMATCO *»* MHUMP (NORMAL HUMPS) SUBROUTINE FCN »•« ', 
36 $ 'JOHN E.G. SAVAGE (01AUG79). BEGIN READING DATA.') 
37 C 
38 C**» SET CONSTANTS 
39 C 
40 RTOD=45.0/ATAN(1.0) 
41 NCALL=0 
42 DT0R=1.O/RTOD 
43 DTOK=111.32 
44 RIT=0.93 
45 RITX=0.8 
46 RITN=0.8 
47 DER=.05 
48 ER=5.E-4 
49 NHMP=NU/6 
50 IF(NU-NHMP*6.EQ.0) GO TO 10 
51 NHMPzNHMP+1 
52 WRITE(6,9)NU,NHMP 
53 9 FORMATCO ""WARNING** ONLY',14, 
54 % ' PARAMETERS DECLARED. HUMP NO.*,13, 
55 % ' IS INCOMPLETELY DEFINED, AND WILL BE IGNORED. ') 
56 NHMP=NHMP-1 
57 C 
58 C*«* THIS SECTION READS IN DATA, STARTING WITH VELOCITY STRUCTURE. 
59 C 
60 10 READ(3,11)(V(I),H(I),I=1,5) 
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01 11 F0RMAT(5(F5.2,F10.2)) 
62 DO 12 1=1,5 
63 IF(H(I).LT.900.0) GO TO 12 
61 MLR=I 
65 GO TO 14 
66 12 CONTINUE 
67 C 
68 C»«* READ IN STATION COORDINATES. 
69 C 
70 14 NST = 0 
71 13 NST=NST+1 
72 READ(3,15) KST(NST),SLAT(NST),SLON(NST),SHT(NST) 
73 15 F0RMAT(I2,8X,3F10.5) 
74 IF(KST(NST).GT.0)GO TO 13 
75 C 
76 C*»* CALCULATE INTERNAL COORDINATE ORIGIN AND INT. STN. COORDS. 
77 C 
78 IF(SLAT(NST).GT.90.0) GO TO 5 
79 CLAT=SLAT(NST) 
80 CLON=SLON(NST) 
81 NST=NST-1 
82 GO TO 6 
83 5 NST=NST-1 
84 CLAT=0.0 
85 CLON=0.0 
86 DO 7 1=1,NST 
87 CLAT=CLAT+SLAT(I) 
88 7 CLON=CLON+SLON(I) 
89 CLAT=CLAT/NST 
90 CLON=CLON/NST 
91 6 DO 8 1=1,NST 
92 SX(I)=(SLON(I)-CLON)*DTOK 
93 8 SY(I)=(SLAT(I)-CLAT)»DTOK 
94 C 
95 C*»* READ IN LIST OF WEIGHTS. 
96 C 
97 READ(3,17)KWUS,(WLST(I),1=1,9) 
98 17 FORMAT(I5,9F5.2) 
99 IF(KWUS)20,20,18 
100 18 DO 19 1=1,9 
101 19 WLST(I)=1.0 
102 C 
103 C*»* READ IN EVENT DATA 
104 C 
105 20 NEV=0 
106 21 NEV=NEV+1 
107 READ(3,23) KEV(NEV),ELAT(NEV),ELON(NEV),EDPT(NEV),EMG(NEV), 
108 % IRCNEV),IH(NEV),IM(NEV),SC(NEV),DL(NEV),EBB(NEV),EAZ(NEV), 
109 % IWE(NEV),EVEL(NEV) 
110 23 F0RMAT(I8,2F9.3,2F4.1,I4,2I3,F6.2,3F4.0,I2,F7.2) 
111 ECB(NEV)=COS(EBB(NEV)*DTOR) 
112 ESB(NEV)=SIN(EBB(NEV)*DTOR) 
113 IF(KEV(NEV).GT.0)GO TO 21 
114 NEV=NEV-1 
115 C 
116 C**» READ IN DELAYS 
117 C 
118 NDEL=0 
1 19 40 READ(3,41,END=75)KR,(ISR(J),DR(J),IWR(J),J=1 ,7) 
120 41 FORMAT(I8,2X,7(I3.F5.2,12)) 
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121 '18 DO 50 1=1,NEV 
122 IF(KEV(I).NE.KR)GO TO 50 
123 11=1 
124 GO TO 55 
125 50 CONTINUE 
126 WRITE(6,53)KR,(ISR(J),DR(J),IWR(J),J=1,7) 
127 53 FORMATC ""WARNING** DELAY CARD NOT MATCHED WITH EVENT:', 
123 % I 8 , 2 X , 7 ( I 3 , F 5 . 2 , I 2 ) ) 
129 GO TO 10 
130 55 DO 70 J=1 ,7 
131 IF(ISR(J).EQ.0)CO TO 70 
132 60 DO 58 K=1,NST 
133 IF(ISR(J).NE.KST(K))GO TO 58 
13^ NDELr.NDEL+1 
135 IST(NDEL)=K 
136 GO TO 64 
137 58 CONTINUE 
138 WRITE(6,59)ISR(J),DR(J),IWR(J),KR 
139 59 FORMATC «»WARNING*» UNKNOWN STATION:',13,' DELAY:',F6.2, 
140 % ' WEIGHT:',12,' EV. NO.',19) 
141 GO TO 70 
142 64 IEV(NDEL)=II 
143 IWT(NDEL)=IWR(J) 
144 WT(NDEL)=WLST(IWR(J)) 
145 DEL(NDEL)=DR(J) 
146 70 CONTINUE 
147 GO TO 40 
148 75 RETURN 
149 C 
150 C*»* THIS SECTION CALCULATES THE OBJECTIVE FUNCTION 
151 C 
152 C 
153 C**» ALL CALCLATIONS ARE MADE IN A LOCAL COORDINATE SYSTEM, 
154 C CENTRED ON CLAT,CLON. 
155 C 
156 100 IFCIND.EQ.6) GO TO 600 
157 NORY1=0 
158 N0RY5=0 
159 NORYU=0 
160 ITRT=0 
161 ISTEP=0 
162 IHLF=0 
163 NCALL=NCALL+1 
164 IF(IND.NE.3) WRITEC6,105)NCALL,(U(I),1=1 ,NU) 
165 105 FORMAT(1X,14,6G16.7/(5X,6G16.7,2X)) 
166 DO 604 1=1,NHMP 
167 HX(I)=(U(I*6-4)-CLON)»DTOK 
168 HY(I)=(U(I*6-5)-CLAT)*DTOK 
169 C ( I ) = U ( I « 6 - 3 ) 
170 CTH=COS(U(I»6)*DT0R) 
171 STH=SIN(U(I*6)*DT0R) 
172 DX=1.0/U(I*6-2)»*2 
173 DY=1.0/U(1*6-1)**2 
174 A(I)=CTH*CTH*DX+STH*STH*DY 
175 B(I)=STH*STH*DX+CTH*CTH*DY 
176 604 D(I)=2.0*CTH*STH*(DY-DX) 
177 A(1)=1.0/U(4)**2 
178 B(1)=A(1) 
179 D(1)=0.0 
180 VB=U(5) 
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181 BASE=U(6) 
182 GMAX=1 . 125*C(1)*SQRT(A(1)/3.0) 
183 CMAX = 2.0«C( 1)*A(1) 
181 CSUM=C(1) 
185 IF(NHMP.LT.2) GO TO 608 
186 DO 607 I=2,NHMP 
187 TJ=AMIN1(U(I»6-2),U(I»6-1)) 
188 CSUM=CSUM+C(I) 
189 GMAX=GMAX+0.6195191*C(I)/TJ 
190 607 CMAX=CMAX+2.0*C(I)/(TJ»TJ) 
191 608 DO 610 1=1,NEV 
192 EDEL(I)=0.0 
193 EDSR(I)=0.0 
19^ EDWT(I)=0.0 
195 610 NMS(I)=0 
196 DO 102 1=1,NLR 
197 IF( H( I).LT.BASE)GO TO 102 
198 NBS=I 
199 GO TO 103 
200 102 CONTINUE 
201 C 
202 C*«* FOR EACH MEASURED DELAY TIME CALCULATE A THEORETICAL DELAY. 
203 C THE METHOD FOR DETERMINING THE RAY PATH IS AN ITERITIVE ONE. 
201 C FIRST UNPERTERBED RAY TO BASE OF STRUCTURE. THEN TRACE RAY 
205 C BACK THROUGH STRUCTURE TO SURFACE. THIS WILL EMERGE 
206 C AT A POINT DISPLACED AWAY FROM THE STATION. DISPLACE THE 
207 C POINT AT THE BASE OF THE STRUCTURE BY AN AMOUNT PROPORTIONAL 
208 C TO RIT IN THE OPPOSITE DIRECTION, AND RETRACE THE RAY THROUGH THE 
209 C STRUCTURE FROM NEW INITIAL POINT TO SURFACE. IT SHOULD ARRIVE NEARER 
2 10 C THE STATION THAN BEFORE. THIS IS REPEATED UNTIL THE RAY ARRIVES 
211 C WITHIN SQRT(DER) OF THE STATION. 
212 C 
213 103 VBS=V(NBS) 
211 DVBS=(VB/VBS)»»2 
215 DO 350 I=1,NDEL 
216 RITR=1.0 
217 IS=IST(I) 
218 XST=SX(IS) 
219 YST=SY(IS) 
220 IV=IEV(I) 
221 CBB=ECB(IV) 
222 SBB=ESB(IV) 
223 VS=EVEL(IV) 
22'4 C 
225 C*"* CALCULATE WHERE UNPERTERBED RAY INTERSECTS PLANE OF STRUCTURE BASE 
226 C AND TRAVEL TIME FOR THIS RAY 
227 C 
228 TUnO.O 
229 IF(MBS.GT.1) GO TO 112 
230 SI=V(1)/VS 
231 C.I=SQRT( 1 .0-SI»SI) 
232 DBS=SIBBASE/CI 
233 TU=BASE/(V(1)»CI) 
234 GO TO 122 
235 112 DO 120 J=1,NBS 
236 IF(J.EQ.NBS) GO TO 116 
237 IFCJ.GT. 1) GO TO 114 
238 SI=V(1)/VS 
239 CI=SQRT(1.0-SI*SI) 
210 DBS-H(1)*SI/CI 
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211 TU = H(1)/(V( 1 )»CI) 
212 GO TO 120 
243 111 SI = V(J)/VS 
211 CI=SQRT(1.0-SI»SI) 
245 DBS=DBS+(H(J)-H(J-1))»SI/CI 
246 TU=TU+(H(J)-H(J-1))/(V(J)»CI) 
247 GO TO 120 
248 116 SI=V(J)/VS 
249 CI=SQRT(1.0-SI»SI) 
250 DBS-DBS+(BASE-H(J-1))«SI/CI 
251 TU=TU+(BASE-H(J-1))/(V(J)*CI) 
252 120 CONTINUE 
253 122 CZ=-CI 
254 YBS = YST+DBS*CBB 
255 XBS=XST+DBS*SBB 
256 XSRT=XBS 
257 YSRT=YBS 
258 XUNP(I)=XBS 
259 YUNP(I)=YBS 
260 CX--SBB»SI 
261 CY--CBB»SI 
262 C 
: 6 3 C »*» CALCULATE RAY DIRECTION IN STRUCTURE 
264 C 
265 SI2=1.0-CZ*CZ 
266 SR2=SI2»DVBS 
267 IF(SR2.GT.1.0) GO TO 9022 
268 TMP1=SQRT(SR2/SI2) 
269 FZ=-SQRT(1.0-SR2) 
270 FX=TMP1*CX 
271 FY=TMP1»CY 
272 D0=0.0 
273 ITER=0 
274 ITIR=0 
275 C 
276 C *»* RAY STARTS AT BASE OF STRUCTURE. 
277 C 
278 130 ITER=ITER+1 
279 ITRT=ITRT+1 
280 XBASE(I)=XSRT 
281 YBASE(I)=YSRT 
2 8 2 C 
283 C**» CALCULATE THE POINT (X0.Y0.Z0) WHERE A LINE FROM (XSRT,YSRT,BASE) 
284 C WITH DIRECTION COSINES (FX,FY,FZ) INTERSECTS THE " NHMP" HUMPED 
285 C SURFACE DEFINED BY THE PARAMETERS HX,HY,A,B,C,AND D. THE BASE 
286 C OF THE STRUCTURE IS AT DEPTH "BASE". THE I.TH HUMP IS CENTRED 
287 C ON ( H X ( I ) . H Y ( I ) ) , AND HAS THE FORM :-
2 8 8 C HT(X,Y)=C/(1+A*(X-HX)**2+D(X-HX)*(Y-HY)+B«(Y-HY)*»2) 
289 C WHERE HT IS THE HEIGHT ABOVE BASE. THE SURFACE IS THE SUM OF 
290 C THE HEIGHTS OF ALL THE HUMPS. 
2 9 1 c THE DIRECTION COSINES (BX,BY,BZ) OF THE NORMAL AT (XO,YO.ZO) 
2 9 2 c ALSO CALCULATED. 
293 C 
294 SYBASE 
295 DO 1 3 1 0 IQ=1,NHMP 
296 1 3 1 0 S=S-C(IQ)/(1.0+A(IQ)»(XSRT-HX(IQ))»»2+D(IQ)»(XSRT -HX(IQ))« 
297 % (YSRT-HY(IQ))+B(IQ)»(YSRT-HY(IQ))»»2) 
298 FMIN=BASE-S 
299 IF(FMIN.GT.O.O) GO TO 1315 
3 0 0 R = - 1 .0 
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3 0 1 GO TO 1 3 8 0 
3 0 2 1315 TrSQRT( FX»*2+FY»»2) 
303 IF(T.EQ.O.O) GO TO 1 3 6 0 
304 RMIN=0.0 
305 GLN=FZ/T 
306 IF(-GLN.GT.GMAX)G0 TO 1 3 7 0 
307 GR- (GMAX-GLN)/SQRT(1.0+GLN»«2) 
308 CR=CMAX/(1.0+GLN«»2) 
309 UP=GR/CR 
3 1 0 FP=GR*GR/(2.0*CR) 
31 1 1318 IF(FMIN.LT.FP) GO TO 1 3 2 0 
312 RMAX=RMIN+UP+(FMIN-FP)/GR 
313 GO TO 1325 
314 1320 IF(FMIN.GT.O.O) GO TO 1 3 2 2 
315 R=RMIN 
316 X0=XSRT+R*FX 
317 Y0=YSRT+R*FY 
3 1 8 ZO=BASE+R*FZ 
319 GO TO 1350 
3 2 0 1322 RMAX=RMIN+SQRT(2.0*FMIN/CR) 
3 2 1 1325 X0=XSRT+RMAX»FZ 
322 Y0 = YSRT+RMAX*FY 
323 Z0=BASE+RMAX»FZ 
324 SYBASE 
325 ISTEP=ISTEP+1 
326 DO 1 3 2 8 IQ=1,NHMP 
327 1328 S=S-C(IQ)/(1.0+A(IQ)*(XO-HX(IQ))»»2+D(IQ)»(XO-HX(IQ))• 
3 2 8 I (Y0-HY(IQ))+B(IQ)*(Y0-HY(IQ ) ) »»2 ) 
329 FMAX=ZO-S 
330 IF(FMAX.LT.O.O) GO TO 1 3 3 0 
331 RMIN=RMAX 
332 FMIN-FMAX 
3 3 3 GO TO 1318 
334 C 
335 1MIN AND RMAX NOW LIE EITHER SIDE OF INTERSECTION POINT. 
336 C USE INTERVAL HALVING TO CLOSE DOWN ON THIS POINT. 
337 C 
338 1 3 3 0 QMAXr1.0 
339 QMIN=1.0 
340 1 3 3 3 R =(QMAX*FMAX*RMIN-QMIN*FMIN*RMAX)/(QMAXI,FMAX-QMIN*FMIN) 
341 IHLF:IHLF+1 
342 XO=XSRT+R*FX 
343 Y0=YSRT+R*FY 
34 4 Z0=BASE+R»FZ 
3 4 5 S=BASE 
346 DO 1 3 3 5 IQ=1,NHMP 

DEN(IQ)=1.0/(1.0+A(IQ)»(XO-HX(IQ))»»2+D(IQ)»(XO-HX(IQ)) 347 
DO 1 3 3 5 IQ=1,NHMP 
DEN(IQ)=1.0/(1.0+A(IQ)»(XO-HX(IQ))»»2+D(IQ)»(XO-HX(IQ)) 

348 i i *(YO-HY(IQ))+B(IQ)*(YO-HY(IQ))««2) 
34 9 1335 S=S-C(IQ)*DEN(IQ) 
350 F=ZO-S 
351 IF(F) 1 3 4 0 , 1 3 5 0 , 1 3 4 5 
352 1340 FMAX=F 
353 RMAXzR 
354 QMAX=1.0 
355 QMIN-QMIN^RITN 
356 GO TO 1 3 4 7 
357 1345 FMIN=F 
358 RMIN=R 
359 QMIN=1.0 
3 6 0 QMAX=QMAX*RITX 
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3 6 1 1347 R=RMAX+RMIN 
362 IF(RMAX-RMIN-ER»R)1348,1348,1333 
363 13^8 R = R/2 
364 C 
365 C»»* CALCULATE NORMAL. 
366 C 
367 1350 BX=0.0 
368 BY=0.0 
369 DO 1 3 5 5 IQ=1,NHMP 
370 GR=(DEN(IQ))»»2 
371 BXzBX-C(IQ)»(2.0»A(IQ)»(XO-HX(IQ))+D(IQ)»(YO-HY(IQ)))*GR 
372 1355 BY;BY-C(IQ)»(2.0»B(IQ),«(YO-HY(IQ) ) + D( IQ) * ( X0-HX( IQ) )) *GR 
373 GR=SQRT(1.0+BX*BX+BY*BY) 
374 BX=BX/GR 
3 7 5 BY=BY/GR 
376 BZ=1.0/GR 
377 GO TO 1 3 8 0 
3 7 8 1360 SYBASE 
379 DO 1365 IQ=1,NHMP 
380 DEN(IQ) = 1.0/(1.0+A(IQ)*(XSRT-HX(IQ))»*2+D(IQ)»(XSRT-HX(IQ))» 
381 % (YSRT-HY(IQ))+B(IQ)*(YSRT-HY(IQ))»«2) 
3 8 2 1365 S=S-C(I)*DEN(I) 
383 R=BASE-S 
384 XO=XSRT 
3 8 5 YO=YSRT 
386 ZO-S 
387 GO TO 1 3 5 0 
3 8 8 1370 RMAX=CSUM*SQRT(1.0+(1.0/GLN)»»2) 
389 GO TO 1 3 3 0 
390 1 3 8 0 XB(I)rXO 
391 YB(I)=YO 
392 ZB(I)=ZO 
393 IF(R.LT.O.O) GO TO 9021 
394 Tf(Z0)132,132,136 
3 9 5 132 ZO-0.0 
396 R=-BASE/FZ 
397 XO=R«FX 
3 9 8 YO=R*FY 
399 TT=R/VB 
100 GO TO 300 
'101 136 TT = R/VB 
402 NP=2 
4 0 3 L(1)=0 
404 C 
405 C*»* FIND WHICH LAYER RAY EMERGES INTO. 
406 C 
407 DO 156 J=1,NBS 
408 IF(H(J).LE.ZO) GO TO 156 
409 NL = J 
410 GO TO 158 
4 11 156 CONTINUE 
412 STOP 1 
4 1 3 158 VOzV(NL) 
414 i p = i 
415 C 
416 C»»* CALCULATE DIRECTION COSINES, CX,CY,CZ, OF REFRACTED 
417 C RAY, DUE TO INCIDENT RAY WITH DIRECTION COSINES FX.FY.FZ, 
4 1 8 C WHEN INTERFACE HASE NORMAL TO SURFACE WITH DIRECTION 
419 C COSINES BX,BY,BZ, AND VELOCITIES VB AND VO. 
420 C 
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421 AA=FX*BX+FY«BY+FZ«BZ 
422 AA2=AA*AA 
423 IF(AA2-1.0) 1510,1550,1540 
424 1510 BB2-1.0-VO»VO*(1.0-AA2)/(VB«VB) 
425 IF ( B B 2 ) 9 0 2 0 ,1520,1520 
426 1520 BB=SQRT(BB2) 
427 IF(AA.LE.0.0)BB=-BB 
428 CC=AA*BB+SQRT((1.0-AA2)*(1.0-BB2)) 
429 0=(CC-BB*AA)/(1.0-AA2) 
4 3 0 R=(BB-CC*AA)/(1.0-AA2) 
431 CX-Q^FX+R^BX 
432 CY=Q*FY+R*BY 
433 CZ=Q"FZ+R»BZ 
434 GO TO 160 
435 1540 Q=SQRT(FX«FX+FY*FY+FZ»FZ) 
436 CX=FX/Q 
437 CY=FY/Q 
438 CZ-FZ/Q 
439 GO TO 160 
440 1550 CXrFX 
441 CY = FY 
442 CZ=FZ 
443 GO TO 160 
444 C 
445 C**» TRACE RAY THROUGH LAYER. 
446 C 
447 160 L(NP)=NL 
448 NP-NP+1 
4 4 9 IF(NL.GT. 1 ) GO TO 163 
450 ZL=0.0 
4 5 1 GO TO 164 
452 163 ZL=H(NL-1) 
453 164 RN-(ZL-Z0)/CZ 
454 170 TT=TT+RN/VO 
455 X0=X0+RN*CX 
456 Y0zY0+RN*CY 
457 ZOrZL 
458 IF(ML.LE.1) GO TO 3 0 0 
459 IP = 0 
460 NL=NL-1 
461 VN=V0 
462 V0=V(NL) 
463 DX=CX 
464 DY=CY 
465 DZ = CZ 
466 C 
467 C*** CALCULATE RAY DIRECTION IN NEW LAYER 
468 C 
469 SI2=1.0-DZ*DZ 
470 SR2=SI2*(V0/VN)*»2 
471 IF(SR2.GT.1.0) GO TO 9026 
472 TMP1=SQRT(SR2/SI2) 
473 CZ=-SQRT(1.0-SR2) 
474 CX=TMP1*DX 
475 CYzTMP1*DY 
476 GO TO 160 
477 C 
478 C*»* RAY TRACED TO SURFACE. CALCULATE DELAY TIME, COMPARE 
479 C SURFACE POINT WITH STM. COORDS., AND IF SUFFICIENTLY 
480 C CLOSE STOP ITERATION. 



PROGRAM L I S T I N G : MHUMP 343 

481 C 
482 300 TCRN=((XBS-XSRT)«SBB+(YBS-YSRT)»CBB)/VS 
483 DN-TT-TU+TCRN 
484 XDIF=XST-XO 
485 YDIF=YST-YO 
486 IF(XDIF*tXDIF+YDIF»YDIF-DER) 3 2 0 , 3 2 0 , 3 0 2 
487 302 IF(ITER.GT.10) GO TO 9 0 2 8 
488 C 
489 C*»* NOT YET CONVERGED. GET NEW XSRT & YSRT, AND ITERATE. 
490 C 
4 9 1 XSRT=XSRT+XDIF*RITR 
492 YSRT=YSRT+YDIF»RITR 
493 RITR=RITR*RIT 
494 DO = DN 
495 GO TO 130 
496 C 
497 C**» CONVERGED. 
498 C 
499 3 2 0 DSR(I)=DN 
500 NP=NP-1 
501 EDEL(IV)=EDEL(IV)+WT(I)»DEL(I) 
502 EDSR(IV)=EDSR(IV)+WT(I)»DSR(I) 
503 EDWT(IV)=EDWT(IV)+WT(I) 
504 NMS(IV)=NMS(IV)+1 
505 GO TO 348 
506 9028 DSR(I)=-15.0 
507 N0RY5=N0RY5+1 
508 GO TO 348 
509 9026 DSR(I)=-14 .0 
510 NORYU=NORYU+1 
511 GO TO 348 
512 9024 DSR(I)=-13.0 
5 1 3 NORYU=NORYU+1 
514 GO TO 348 
515 9022 DSR(I)=-12 .0 
516 NORYU=NORYU+1 
5 1 7 GO TO 348 
518 9020 ITIR=ITIR+1 
519 IFCITIR.GT.5) GO TO 9021 
520 TJ=1.0+FLOAT(ITIR)/3.0 
521 XSRT=XST+TJ*(XBS-XST) 
522 YSRT=YST+TJ*(YBS-YST) 
523 GO TO 130 
524 9021 DSR(I)=-11.0 
525 N0RY1zNORYI+1 
526 348 NIT(I)=ITER 
527 350 CONTINUE 
528 SHFT-0.0 
529 DO 380 1=1,NEV 
530 IF(NM3(I).EQ.O) GO TO 380 
531 EDSR(I)=EDSR(I)/EDWT(I) 
532 EDEL(I)=EDEL(I)/EDWT(I) 
5 3 3 SHFT=SHFT+EDSR(I)-EDEL(I) 
534 380 CONTINUE 
535 F=0.0 
536 SWT=0.0 
537 UN=0.0 
538 DO 390 1=1,NDEL 
539 J=IEV(I) 
540 IF(DSR(I).LT.-10.0) GO TO 390 
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54 1 RES=DEL(I)-DSR(I)-EDEL(J)+EDSR(J) 
542 F=F+RES*RES*WT(I) 
543 SWT=SWT+WT(I) 
541 UN-UN+1.0 
545 390 CONTINUE 
546 F=SQRT(F/SWT) 
547 FL=ABS(SHFT)/FLOAT(NDEL) 
548 NUN=IFIX(UN+0.1) 
549 CX=FLOAT(ISTEP)/FLOAT(ITRT) 
550 CY=FLOAT(IHLF)/FLOAT(ITRT) 
551 WRITE(6,393)NUN,ITRT,CX,CY,F,FL 
552 3 9 3 FORMAT(' DLS. USED=',I5,' RAYS TRACED=',I6, 
553 % ' STEPS/RAY=',F6.2, ' HALVINGS/RAY=' ,F7.2, 
554 % ' FN.VALUE=',F9.5,' BASE SHIFT',F7.3) 
555 IF(IND.NE .3 ) GO TO 7000 
556 DO 403 1=1,NST 
557 AVDL(I)=0.0 
558 ASTR2(I)=0.0 
559 ASTR(I)=0.0 
560 ANMST(I)=0.0 
561 403 CONTINUE 
562 404 DX=1000.0*SQRT(DER) 
563 WRITE(6, 405) F,NDEL,NUN,DX,CLAT,CLON,DTOK,VB,BASE,(U(I),I=1,4), 
564 % HX(1),HY(1),A(1),B(1),D(1) 
565 405 FORMAT(* 1 *«* MHUMP (NORMAL HUMPS) SUBROUTINE FCN »»» *, 
566 % ' JOHN E.G. SAVAGE (01AUG79)'/ 
567 % ' 0 OBJECTIVE FUNCTION VALUE (R.M.S. OF RESIDUALS)=',F8.5, 
568 % ' SECONDS. V O TOTAL NUMBER OF DELAYS^' , 15, ' . NUMBER USED=',I5, 
569 % '. RAYS TRACED TO WITHIN',F7.1,' METERS OF STATIONS.'/ 
570 % '0 ORIGIN OF INTERNAL COORDINATES IS AT',F8.3, 
571 % ' DEC. LATITUDE,',F9.3,' DEC. LONGITUDE.*, 
572 % ' SCALING FACTOR USED IS',F8 . 3 , ' KM/DEC.'// 
573 % ' 0 BODY PARAMETERS: SEISMIC VELOCITY=',F7.4, 
574 % ' KM/SEC. DEPTH OF BASE= ' , F6. 1 , ' KM.V 
575 % '0 HUMP LATITUDE LONGITUDE HEIGHT X-DIMENSION', 
576 % • Y-DIMENSION ANGLE' ,8X, 'INTERNAL COORDINATES AND CONSTANTS'/ 
577 % • NO. (DEC.) (DEG.) ', 
578 % ' (KM.) (KM.) (KM.) (DEC.)', 
579 % ' HX(KM) HY(KM) "A"(KM*»-2) "B"(KM»*-2) "D"(KM»»-2)'/ 
580 % 5X,'T ,3F11.3,F12.3,'(RADIUS OF THIS HUMP)',F9.1,F8.1,3E13.4) 
581 IF(NHMP.LT.2) GO TO 415 
582 W R I T E ( 6 , 4 1 3 ) ( I , ( U ( 6 * ( I - 1 ) + J ) , J = 1 , 6 ) , H X ( I ) , H Y ( I ) , A ( I ) , B ( I ) , D ( I ) , 
583 % I=2,NHMP) 
584 413 FORMAT(1X,15,3F11.3.2F12.3.F9.1,F9.1,F8.1,3E13.4) 
585 WRITE(6,417)(H(I),1=1,NLR) 
586 417 FORMAT('0 NORMAL VELOCITY STRUCTURE:'/ 
587 % '0 DEPTH TO BASE OF LAYER (KM.)=',5F8.1) 
588 WRITE(6,419)(V(I) ,1=1,NLR) 
589 419 FORMAT( LAYER VELOCITY (KM/SEC.)=',5F8.2) 
590 415 IF(KWUS)406,406,408 
591 406 WRITE(6,407)(I,1=1,9),(WLST(J),J=1 ,9 ) 
592 107 FORMAT( ' 0 ONSET WEIGHT CODE:.',917/ 
593 % ' ASSIGNED WEIGHT: ',9F7.2/* 0 *,120('»')) 
594 GO TO 410 
595 408 WRITE(6,409) 
596 409 FORMAT('0 '/ ' *»* ALL ONSET WEIGHTS SET TO UNITY. «»•'/ 
597 % '0',120( ' * ' ) ) 
598 410 DO 490 1=1,NEV 
599 WRITE(6,411)KEV(I),ELAT(I),ELON(I),EDPT(I),EMG(I),IR(I), 
600 % IH ( I ) , I M ( I ) , S C ( I ) , D L ( I ) , E B B ( I ) , E A Z ( I ) , I W E ( I ) , E V E L ( I ) , 
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601 % EDEL(I),EDSR(I) 
602 411 F0RMAT( ' EVENT',19,' LAT.',F7.3," LON.',F8.3,' DEPTH', 
603 ?F5.0,* MAG.',F4.1,' REGION',14,* OR. TIME',13,':',12, 
604 % ':',F5.2/' DIST. ' ,F5.0, ' BACK-BRNG.',F5.0, 
605 % ' AZIM. '.F5.0,' WEIGHT',12/ 
606 % ' APP. VEL.\F6.2,' MEAN OF MEAS. DLYS'. = ', F7.3, 
607 % ' SEC., MEAN OF TH. DLYS. = ',F7.3, ' SEC.'/ 
608 % *0 STN MEAS.DLY. WT. RES. TH.DLY. RES.', 
609 $ 3X/XBDY YBDY ZBDY XBASE YBASE XUNP YUNP 
610 % 'RESIDUAL') 
611 DO 450 J=1,NDEL 
612 IF(IEV(J).NE.I) GO TO 450 
613 RES1=DEL(J)-EDEL(I) 
614 IF(DSR(J).LT.-10.0) GO TO 440 
615 AVDL(IST(J))=AVDL(IST(J))+DSR(J) 
616 RES2=DSR(J)-EDSR(I) 
617 RES=RES1-RES2 
618 ROS(J)rRES 
619 ASTR(IST(J))=ASTR(IST(J))+RES 
620 ASTR2(IST(J))=ASTR2(IST(J))+RES*RES 
621 ANMST(IST(J));ANMST(IST(J)) + 1 .0 
622 WRITE(6,43D KST(IST(J)),DEL(J),IWT(J),RES1,DSR(J), 
62 3 % RES2,XB(J),YB(J),ZB(J),XBASE(J),YBASE(J),XUNP(J),YUNP(J),RES 
624 431 F0RMAT(3X,I3,F9.3,I4,3F8.3,3F8.1,2(F8.1,F7.1),F9.3) 
625 GO TO 450 
626 440 KK=IFIX(-10.1-DSR(J)) 
627 ROS(J)-DSR(J) 
628 WRITE(6,441)KST(IST(J)),DEL(J),IWT(J),KK 
629 441 FORMAT(3X,I3,F9.3,I5,3(' **» RAY NOT TRACED »«» ' ) , 
630 % ' C0DE=',I2) 
631 450 CONTINUE 
632 WRITE(6,491) 
633 490 CONTINUE 
634 491 FORMATOX, 120('»')) 
635 WRITE(6,501) 
636 501 FORMAT( ' 1 «»» STATION INFORMATION «»«'/ 
637 % '0 STN LATITUDE LONGITUDE HEIGHT ', 
638 % 'X-COORD Y-COORD MEAN RES. NO. MEAS. STD. DEVN.', 
639 $ ' DELAY') 
640 DO 507 1=1,NST 
641 J=IFIX(ANMST(I)+0.1) 
642 IF(J.EQ.O) ANMST(I)=1.0 
643 RES=ASTR(I)/ANMST(I) 
644 RES2=AVDL(I)/ANMST(I) 
645 RES1=SQRT(ASTR2(I)/ANMST(I)-RES*RES) 
646 WRITE(6,505)KST(I),SLAT(I),SLON(I),SHT(I), 
647 % SX(I),SY(I),RES,J,RES 1,RES2 
648 505 FORMAT(IX,14,2F10.3,F9.0,2F9.2,F10.4,II1,F12.5,F8.3) 
649 507 CONTINUE 
650 WRITE(6,509) 
651 509 FORMAT('0",120('*')) 
652 IF(N0RY1.NE.O) WRITE(6,511) N0RY1 
653 511 FORMAT('0 **WARNING»*',16,' RAY(S) NOT TRACED DUE TO', 
654 % ' TOTAL INTERNAL REFLECTION. ') 
655 IF(NORY5.NE.O) WRITE(6,521) N0RY5 
656 521 FORMAT(10 »*WARNING»*',16,' RAY(S) NOT TRACED DUE TO', 
657 % ' ITERATIONS NOT CONVERGING.') 
658 IF(NORYU.NE.O) WRITE(6,523) NORYU 
659 523 FORMATCO **WA^NING,,*, , 16, ' RAY(S) NOT TRACED DUE TO*, 
660 % ' UNSPECIFIED PROBLEM(S). ') 
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661 IF(NORY1.NE.0.OR.NORY5.NE.0.OR.NORYU.NE.0) WRITE(6,509) 
662 RETURN 
663 C 
664 THIS SECTION ALLOWS REDEFINITION OF CERTAIN CONSTANTS IN 
665 C THIS SUBROUTINE, AFFECTING ERROR MARGINS AND THE STABILITY . 
666 c OF ITERATIVE PROCEEDURES. 
667 c 
668 600 IF(WD7(2).GT.1.E-6.AND.WD7(2).LT.1.E-2) ER=WD7(2) 
669 IF(WD7C3)-GT.1.E-6.AND.WD7(3).LT.50.0) DER=WD7(3) 
670 IF(WD7(4).GT.O.1.AND.WD7(4).LT.0.999) RIT=WD7(4) 
671 IF(WD7(5).GT.0.1.AND.WD7(5).LT.0.999) RITX=WD7(5) 
672 IF(WD7(6).GT.O.LAND.WD7(6).LT.0.999) RITN=WD7(6) 
673 WRITEC6 ,605) ER,DER,RIT,RITX,RITN 
671 605 FORMATC'O «*« INTERNAL ERROR LIMITS AND ITERATION STABILITY', 

% ' FACTORS CHANGED. NEW VALUES ARE: ER= ' ,E12.3,' , DER=',G10 675 
FORMATC'O «*« INTERNAL ERROR LIMITS AND ITERATION STABILITY', 

% ' FACTORS CHANGED. NEW VALUES ARE: ER= ' ,E12.3,' , DER=',G10 
676 % ', RIT=*,F6.3,', RITX=',F6.3,\ RITN=',F6.3, '.') 
677 RETURN 
678 7000 IFCIND.NE.7) RETURN 
679 C 
680 C»»* THIS SECTION DRAWS PROFILES AND DEPTH CONTOURS OF MULTIHUMPED 
681 C VELOCITY STRUCTURES. 
682 C 
6 8 3 C 
684 c* * * READ COMMAND CARD AND GO TO RELEVANT SECTION 
685 c 
686 WRITE(6,7011) 
687 701 1 FORMAT('0** PLOTTING BEGINS •»') 
688 CALL PAPER( 1) 
689 CALL CSPACE(0.2,0.6,0.1,0.95) 
690 CALL CTRMAG(27) 
691 CALL PLACEC1,1) 

CALL TYPECS('HUMP PARAMETERS',15) 692 
CALL PLACEC1,1) 
CALL TYPECS('HUMP PARAMETERS',15) 

6 9 3 XMXrO.6 
694 DO 7029 1=1,NHMP 
695 IF(I.NE.5) GO TO 7028 
696 CALL CSPACEC0.6,1.0,0.1,0.95) 
697 CALL PLACE(0,2) 
698 XMX=1.0 
699 7028 CALL CRLNFD 
700 CALL CTRMAG(20) 
701 CALL TYPECSC HUMP NUMBER',14) 
702 CALL TYPENI(I) 
703 CALL CRLNFD 
704 CALL CTRMAG(14) 
705 CALL TYPECSC LATITUDE: ' , 1 3 ) 
706 CALL TYPENF(U(I»6-5),3) 
707 CALL CRLNFD 
708 CALL TYPECSC' LONGITUDE: ' , 1 3 ) 
709 CALL TYPENF(U(I*6-4),3) 
710 CALL CRLNFD 
711 CALL TYPECSC HEIGHT: ' , 1 3 ) 
712 CALL TYPENF(C(I),1) 
713 CALL CRLNFD 
714 IF(I.EQ.I) CALL TYPECSC RADIUS: ' , 1 3 ) 
715 IF( I . N E . I ) CALL TYPECSC'X-DIMENSION: ' , 1 3 ) 
716 CALL TYPENF(U(I*6-2),1) 
7 1 7 CALL CRLNFD 
718 IF(I.EQ.1) GO TO 7029 
719 CALL TYPECSCY-DIMENSION: ' , 1 3 ) 
720 CALL TYPENF(U(I»6-1),1) 
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721 CALL CRLNFD 
722 CALL TYPECSC ANGLE= ',13) 
723 CALL TYPENF(U(1*6),2) 
724 7029 CALL CRLNFD 
725 CALL CRLNFD 
726 CALL TYPECS(' VELOCITY= ',13) 
727 CALL TYPENF(VB,3) 
728 CALL CRLNFD 
729 CALL TYPECSC' BASE= ',13) 
730 CALL TYPENFC BASE,2) 
731 CALL CRLNFD 
732 CALL TYPECS('OBJ.FN.VAL.= ',13) 
733 CALL TYPENF(F,4) 
734 CALL CRLNFD 
735 CALL TYPECSC'(NORMAL HUMPS)',14) 
736 CALL PSPACECO.15,XMX,0.1,0.95) 
737 CALL MAPCO.O,1.0,0.0,1.0) 
738 CALL BORDER 
739 7030 READ(5,7033,END=900) COM 
740 7033 FORMATCA4,6X,7F10.4) 
741 WRITE(6,7035)COM 
742 7035 FORMATC'0',A4,6X,7G10.3) 
743 DO 7037 1=1,3 
744 IF(COM( 1 ) .NE.ACT(D) GO TO 7037 
745 GO TO (7100,7200,7900), I 
746 7037 CONTINUE 
747 WRITE(6,7043) 
748 7043 FORMAT('0»« WARNING »»* UNDECODEABLE COMMAND:-', 
749 % V RETURN TO MAIN PROGRAM.') 
750 GO TO 7900 
751 C 
752 C 
753 C*** THIS SECTION DRAWS A PROFILE OF THE VELOCITY STRUCTURE FROM 
754 C (XS,YS) TO (XF.YF), DOWN TO DEPTH DPT. 
755 C 
756 7100 DMX=SQRT((XF-XS)**2+(YF-YS)»»2) 
757 NP=50 
758 STZ=DPT/20.0 
759 CALL FRAME 
760 CALL PSPACE(0.1,0.765*DTOK*DMX/DPT+0.27,0.1,0.95) 
761 CALL CSPACE(0.0,0.5 + 0.9i*DTOK,,DMX/DPT,0.0, 1 .0) 
762 CALL MAP(-DPT/9.0,DTOK*DMX+DPT/9.0,DPT,-DPT/9.0) 
763 CALL CTRSIZ(DPT/50.0) 
764 CALL PL0TCS(-DPT/12.0,-DPT/15.0,' LATITUDE:',10) 
765 CALL TYPENF(YS,3) 
766 CALL PL0TCS(-DPT/12.0,-DPT/30.0,'LONGITUDE:*,10) 
767 CALL TYPENF(XS,3) 
768 CALL PLOTCS(DMX*DT0K-DPT/6.0,-DPT/15.0,' LATITUDE= ',10) 
769 CALL TYPENF(YF,3) 
770 CALL PL0TCS(DMX*DT0K-DPT/6.0,-DPT/30.0,'LONGITUDE:',10) 
771 CALL TYPENF(XF,3) 
772 XINC=(XF-XS)/FL0AT(NP-1) 
773 YINC=(YF-YS)/FL0AT(MP-1) 
774 DINC=DTOK*SQRT(XINC*»2+YINC«»2) 
775 DO 7120 1=1,NP 
776 XP = (XS+(1-1 )*XINC-CLON)*DTOK 
777 YP=(YS+(1-1)*YINC-CLAT)*DTOK 
778 X(I)=(1-1)*DINC 
779 Y(I)=BASE 
780 DO 7116 J=1,NHMP 
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780 DO 7116 J-1,NHMP 
781 7 1 1 6 Y(I)=Y(I)-C(J) /(1.0+A(J)«(XP-HX(J))»»2+ 
782 % D(J)*(XP-HX(J))»(YP-HY(J))+B(J)*(YP-HY(J))»»2) 
783 7120 CONTINUE 
784 CALL BORDER 
785 CALL SCALES 
786 CALL P0SITN(X(1),0.0) 
787 CALL JOINU(NP) ,0.0) 
788 CALL POSITN(XCNP),BASE) 
789 CALL J0IN(X(1),BASE) 
790 DO 7140 1-3,NP 
7 9 1 IF(Y(I-2).LT.Y(I-1).OR.Y(I).LT.Y(I-1)) GO TO 7140 
792 CALL CTRSIZ(AMIN1((BASE-Y(I-1))/2.0,SIZ)) 
793 CALL PL0TNFUCI-2), Y( 1-2) »0 . 25+BASE»0. 75 , VB, 2) 
794 7140 CONTINUE 
795 DO 7160 1=1,NLR 
796 IF(I.LE.1) HT=0.0 
797 I F ( I . G T . I ) HT=H(I-1) 
798 IF(BASE.GT.HT.AND.BASE.LT.H(D) HT = BASE 
799 IF(HT.GE.DPT) GO TO 7162 
800 HI=H(I) 
801 IF(HI.GT.DPT) HI=DPT*1.01 
802 IF(HI.LT.BASE) GO TO 7151 
803 XSL=0.0 
804 XFL=DMX*DT0K 
805 GO TO 7157 
806 7151 IX=0 
807 7152 IX=IX+1 
808 IF(IX.GT.NP) GO TO 7160 
809 IF(Y(IX).LT.HI) GO TO 7152 
810 IMN=IX 
811 HMN=Y(IX)-HI 
812 IFdX.GT. 1) GO TO 7154 
8 1 3 XSL=X(1) 
814 GO TO 7156 
815 7 1 5 4 XSL=(X(IX)-X(IX-1))*(HI-Y(IX-1))/(Y(IX)-Y(IX-1))+X(IX-1) 
8 16 7 1 5 6 IX = IX+1 
817 IFdX.GT.NP) GO TO 7158 
8 1 8 IF(Y(IX)-HI.LT.HMN) GO TO 7153 
8 1 9 HMM=Y(IX)-HI 
820 IMN=IX 
821 7153 IF( Y ( I X ) .GT.HI) GO TO 7156 
822 XFL=(X(IX)-X(IX-1))»(HI-Y(IX-1))/(Y(IX)-Y(IX-1))+X(IX-1) 
823 7 1 5 7 CALL POSITN(XSL,HI) 
824 CALL JOIN(XFL,HI) 
825 CALL CTHSIZ(AMIN1((HI-HT)/2.0,SIZ)) 
826 CALL PLOTNF(XSL*0.45+XFL*0.55,HI»0.75+HT»0.25,V(I),2) 
827 IF(I.GT.NLR-I) GO TO 7152 
828 IF(HI+HMN.GT.H(I+1)) GO TO 7152 
829 CALL CTRSIZ(AMIN1(HMN/2.0,SIZ)) 
8 3 0 CALL PLOTNF(X(IMN),H(I)+0.75*HMN,V(I+1),2) 
831 GO TO 7152 
8 3 2 7 1 5 8 XFL=X(NP) 
8 3 3 GO TO 7157 
834 7 1 6 0 CONTINUE 
835 7 1 6 2 CALL MASK(-DPT/9.0,DMX*DTOK+DPT/9-0,0.0,-DPT/9.0) 
8 3 6 CALL POSITN(X(1),Y(1)) 
837 DO 7170 I=2.NP 
838 7170 CALL J 0 I N ( X ( I ) , Y ( I ) ) 
839 CALL UNMASK(O) 
840 GO TO 7030 
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8 i n C 
842 C*»* THIS SECTION DRAWS A MAP OF CONTOURS 
843 C OF THE UPPER SURFACE AND/OR RAYS THROUGH THE ANOMOLOUS 
844 C ZONE. 
845 C 
846 7200 IRY=IFIX(C0M(7)) 
847 IF(DINT.GE.O.O.OR.IRY.NE.O) GO TO 7205 
848 WRITE(6,7201 ) 
849 7201 FORMATCO »* WARNING »» NEITHER CONTOURS NOR RAYS', 
850 % ' REQUIRED. MAP NOT DRAWN.') 
851 7205 CALL FRAME 
852 NP = 80 
853 CALL PSPACE(0.1,0.1+0.85"(XMAX-XMIN)/(YMAX-YMIN) , 0. 1,0 
854 CALL CSPACE(0.0,0.1+(XMAX-XMIN)/(YMAX-YMIN),0.0,1.0) 
855 CALL MAP(XMIN,XMAX,YMIN,YMAX) 
856 CALL BORDER 
857 CALL SCALES 
858 XMN= (XMIN-CLON)"DTOK 
859 XMX =(XMAX-CLON)»DTOK 
860 YMN=(YMIN-CLAT)HDTOK 
861 YMX=(YMAX-CLAT)"DTOK 
862 CALL MAP(XMN,XMX,YMN,YMX) 
863 IF(DINT.LT.O.O) GO TO 7240 
864 XINC=(XMX-XMN)/FL0AT(NP-1) 
865 YINC=(YMX-YMN)/FL0AT(NP-1) 
866 PMIN=BASE 
867 PMAX=0.0 
868 DO 7220 J=1,NP 
869 DO 7220 1=1 ,NP 

XP=XMN+XINC*(I-1) 870 
DO 7220 1=1 ,NP 
XP=XMN+XINC*(I-1) 

871 YP=YMN+YINC*(J-1) 
872 P(I,J)=DASE 
873 DO 7215 K=1,NHMP 

P ( I , J ) = P ( I , J)-C(K)/(1.0 + A(K)»(XP-HX(K))»«2+ 874 
DO 7215 K=1,NHMP 
P ( I , J ) = P ( I , J)-C(K)/(1.0 + A(K)»(XP-HX(K))»«2+ 

875 % D(K)*(XP-HX(K))»(YP-HY(K))+B(K)*(YP-HY(K) ) » » 2 ) 
876 7215 CONTINUE 
877 IF(P(I,J).LT.O.O) P(I,J)=0.0 
878 IF(P(I,J).GT.PMAX) PMAX=P(I,J) 
879 IF(P(I,J).LT.PMIN) PMIN=P(I,J) 
880 7220 CONTINUE 
881 K=IFIX(DINT) 
8 8 2 IF(K.EQ.O) K=10 
883 ICS=1 
884 DO 7230 1=1,500 
885 J=K»(I/K) 
886 CL(I)=-10.0 
887 IF(J.EQ.I) CL(I)=FLOAT(I) 
8 8 8 IF(PMIN.GT.FLOAT(I))ICS=I 
889 IF(PMAX.GT.FLOAT(I))ICF=I 
890 7230 CONTINUE 
891 IF(ICF.LT.500)ICF=ICF+1 
892 CALL CONTRL(P,1,NP,80,1,NP,80,CL,ICS,ICF) 
893 7240 IF(IRY.EQ.O) GO TO 7030 
894 IF(IRY.LT.-3.5.0R.IRY.GT.3.5) GO TO 7250 
895 CALL CTRMAG(30) 
896 CALL CTRSET(4) 
897 DO 7245 1=1,NDEL 
898 IF(DSR(I).LT.-10.0) GO TO 7245 
899 CALL POSITN(XBASE(I),YBASE(I)) 
900 IF(IRY.GE..2.0R.IRY.LE.-2) CALL TYPENC(59) 



PROGRAM L I S T I N G : MHUMP 350 

901 IF(IRY.LT.O) GO TO 7243 
902 CALL JOIN(XB(I),YB(I)) 
903 GO TO 7244 
9 0 1 7243 CALL POSITN(XB(I),YB(I)) 
905 724 4 IFHRY.EQ. 1 .OR. 1RY.EQ.3.0R. IRY.EQ.-1 .OR. IRY.EQ.-3) 
906 % CALL TYPENC(54) 
907 7245 CONTINUE 
908 CALL CTRSETC1) 
9 0 9 GO TO 7030 
9 1 0 7250 CALL CTRSET(4) 
9 1 1 DO 7260 1= 1, NDEL 
912 IF(ROS(I).LT.-10.0) GO TO 7260 
913 KK=IFIX(ABS(200.0*ROS(I))) 
914 IF(KK.GT.255) KK=255 
915 CALL POSITN(XB(I),YB(D) 
916 IF(ROS(I).LT.-0.070) CALL TYPENC(61) 
9 1 7 IF(ROSU) .GT. 0.070) CALL TYPENC(43) 
9 1 8 7260 CONTINUE 
919 CALL CTRSETC1) 
920 GO TO 7030 
921 7900 CALL GREND 
922 WRITE(6,7901) 
923 7901 FORMAT('0** PLOTTING FINISHED. »»') 
924 RETURN 
925 900 CALL GREND 
926 WRITE(6,903) 
927 903 FORMAT('0*»« ERROR »«* END OF FILE ON COMMAND SEQUENCE 
928 STOP 
929 END 
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