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ABSTRACT 

Two r e v e r s e d s e i s m i c r e f r a c t i o n p r o f i l e s , 90 and 120 km i n l e n g t h , 

l o c a t e d b e t w e e n I c e l a n d and F a e r o e s , show t h a t t h e c r u s t o f t h e I c e l a n d - F a e r o e 

R i s e i s n e i t h e r t y p i c a l l y o c e a n i c n o r t y p i c a l l y c o n t i n e n t a l . I t i s o f t h e 

o r d e r o f 18 km t h i c k and shows l a y e r i n g s i m i l a r t o t h a t o b s e r v e d on I c e l a n d . 

O f f s e t s i n t h e t r a v e l - t i m e g raphs a r e i d e n t i f i e d w i t h m a r k e d t o p o g r a p h i c 

v a r i a t i o n s i n t h e u p p e r b o u n d a r y o f l a y e r 2. 

A t h i r d p r o f i l e on t h e l o w e r f l a n k o f t h e I c e l a n d - F a e r o e R i s e , t o t h e 

s o u t h - w e s t , shows t h a t t h e c r u s t t h i n s i n t h i s d i r e c t i o n . 

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

s e d i m e n t a r y b a s i n on t h e c o n t i n e n t a l s h e l f w e s t o f t h e S h e t l a n d i s l a n d s , 

c o n f i r m t h e p r o b a b l e e x i s t e n c e o f a 3 km t h i c k sequence o f M e s o z o i c - T e r t i a r y 

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

p o s s i b l y P a l a e o z o i c , r o c k b e t w e e n t h i s and t h e m e t a m o r p h i c basemen t . 

S e i s m i c r e f r a c t i o n and r e f l e c t i o n d a t a and g r a v i t y and m a g n e t i c f i e l d 

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

S h e t l a n d s , c o n f i r m and l o c a t e t h e s o u t h e r l y e x t e n s i o n o f t h e W a l l s b o u n d a r y 

f a u l t . A s e d i m e n t a r y b a s i n i s o u t l i n e d w h i c h i s 1 t o 1.5 km deep and 

p r o b a b l y o f M e s o z o i c - T e r t i a r y age . I n a d d i t i o n , i t i s c o n c l u d e d t h a t r o c k s 

s i m i l a r t o t h e g r a n i t e and W a l l s s ands tone o f t h e W a l l s P e n i n s u l a r u n d e r l i e 

t h e s e d i m e n t a r y b a s i n and t h a t t h e r e i s a t r o u g h o f O l d Red Sands tone r o c k s 

t o t h e e a s t o f Sumburgh Head , s o u t h S h e t l a n d s . 
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INTRODUCTION 

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

e x p e r i m e n t s w h i c h were made d u r i n g c r u i s e s o r g a n i s e d b y t h e U n i v e r s i t y o f 

Durham Geology d e p a r t m e n t i n t h e summers o f 1969 a n d 1970 i n t h e n o r t h - e a s t e r n 

A t l a n t i c , be tween I c e l a n d a n d S c o t l a n d . P r e v i o u s w o r k done b y t h e Durham 

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

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

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

o f t h e l i n e s a r e shown i n f i g . 0-1 and t h e g e o g r a p h i c a l c o - o r d i n a t e s o f t h e 

hydrophone s t a t i o n s a r e l i s t e d i n A p p e n d i x A . 

F o r t h e 1969 c r u i s e t w o ca rgo s h i p s , t h e "Moray F i r t h " and t h e 

" A r r a n F i r t h " , we re f i t t e d o u t i n t h e T y n e , one t a k i n g a b o a r d 20,000 l b . 

o f geophex . En r o u t e f o r t h e I c e l a n d - F a e r o e R i s e a r e v e r s e d l i n e was s h o t 

on t h e c o n t i n e n t a l s h e l f , w e s t o f S h e t l a n d , where a s e d i m e n t a r y b a s i n h a d 

been l o c a t e d b y p r e v i o u s g e o p h y s i c a l w o r k . T h i s 50 km l i n e ( A B ) * was 

i n t e n d e d t o t e s t t h e t w o - s h i p s y s t e m and t o g i v e f u r t h e r i n f o r m a t i o n on t h e 

s t r u c t u r e o f t h e b a s i n . The r e s u l t s a r e d e s c r i b e d i n C h a p t e r 5 t o g e t h e r 

w i t h t h o s e o f an u n r e v e r s e d l i n e ( L ) o b t a i n e d i n t h e same r e g i o n d u r i n g t h e 

1970 c r u i s e . 

D u r i n g t h e 1969 c r u i s e t w o r e v e r s e d l i n e s (CD and E F ) , 90 and 120 km 

l o n g , were c o m p l e t e d a l o n g t h e c r e s t o f t h e I c e l a n d - F a e r o e R i s e and a s h o r t e r 

l i n e ( G H ) , 70 km l o n g , was s h o t i n t h e r e l a t i v e l y deep w a t e r t o t h e s o u t h - w e s t 

o f t h e R i s e . The p r o p o s e d complemen ta ry l i n e , p e r p e n d i c u l a r t o t h e l a t t e r 

and p a r a l l e l w i t h t h e m a g n e t i c l i n e a t i o n s , was c a n c e l l e d o w i n g t o b a d w e a t h e r . 

I t was hoped t o o b t a i n s e i s m i c r e f l e c t i o n p r o f i l e s a l o n g t h e r e f r a c t i o n l i n e s , 

u s i n g an a i r g u n s o u r c e , t o g i v e c o n t r o l o f t h e uppermos t l a y e r s , b u t u n f o r t -

: u n a t e l y t h i s was n o t a c h i e v e d . 

* The n o t a t i o n a d o p t e d f o r l a b e l l i n g t h e l i n e s i s t h a t a s i n g l e u n r e v e r s e d 
l i n e i s d e s i g n a t e d , f o r e x a m p l e , l i n e X , whereas w i t h i t s complemen ta ry l i n e 
Y , s h o t i n t h e r e v e r s e d i r e c t i o n , i t i s r e f e r r e d t o as l i n e XY. 
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The f i r s t f o u r c h a p t e r s a r e c o n c e r n e d w i t h t h e c o l l e c t i o n , r e d u c t i o n 

a n d i n t e r p r e t a t i o n o f t h e d a t a o b t a i n e d be tween I c e l a n d a n d F a e r o e s . 

S i x days o f t h e 1970 c r u i s e on R . R . S . John M u r r a y were a p p o i n t e d 

f o r s i n g l e s h i p s e i s m i c r e f r a c t i o n e x p e r i m e n t s on t h e S h e t l a n d - H e b r i d e a n 

s h e l f . A B r a d l e y sono-buoy s y s t e m was k i n d l y l e n t b y t h e U n i v e r s i t y o f 

B i r m i n g h a m f o r t h i s p u r p o s e . I n i t i a l d i f f i c u l t i e s w i t h t h e equ ipmen t a n d 

b a d w e a t h e r l e f t t h r e e days i n w h i c h u s e f u l w o r k was a c c o m p l i s h e d . A 

20 km r e v e r s e d l i n e (KM) was s h o t a l o n g a g r a v i t y l o w s o u t h o f t h e W a l l ' s 

P e n i n s u l a ( S h e t l a n d ) , p a r a l l e l t o s o u t h M a i n l a n d . The u n r e v e r s e d l i n e ( L ) , 

a d j a c e n t t o l i n e AB was made i n t h i s p e r i o d . I n a d d i t i o n , a b o u t 600 km 

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

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

1 K J s p a r k e r . C h a p t e r 6 c o n t a i n s a d e s c r i p t i o n o f t h e sono -buoy t e c h n i q u e 

a n d t h e r e s u l t s o f t h e s u r v e y . 



F i g . 0-1. P h y s i o g r a p h i c map o f t h e I c e l a n d - S c o t l a n d r e g i o n s h o w i n g 

t h e l o c a t i o n o f s e i s m i c r e f r a c t i o n p r o f i l e s A , B , C , D , E , 

F , G, H , L , K , M. (Durham U n i v e r s i t y , 1969, 1970); E5 

( E w i n g ,and E w i n g , 1959); I<8, L9 ( P a l m a s o n , 1970). B a t h y m e t r i c 

c o n t o u r s a r e i n f a t h o m s . 
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CHAPTER 1 

THE INSTRUMENTATION AND EXPERIMENTAL PROCEDURE 

1.1 I n t r o d u c t i o n 

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

e x p e r i m e n t i t was n e c e s s a r y t o examine t h e t e c h n i q u e s w h i c h c o u l d be 

used t o a c h i e v e t h e aims o f t h e e x p e r i m e n t , t o g e t h e r w i t h any 

l i m i t a t i o n s w h i c h m i g h t e x i s t . 

The l i m i t a t i o n s i m p o s e d on t h e d e s i g n a n d p l a n n i n g o f t h e 

e x p e r i m e n t were as f o l l o w s : 

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

100 km i n l e n g t h . 

b . N o n - r e l i a n c e upon ca lm w e a t h e r t o g i v e s u c c e s s f u l r e s u l t s . 

c . L i m i t e d use o f a s m a l l c o a s t a l b o a t f o r t e s t i n g e q u i p m e n t . 

d . A s m a l l b u d g e t ( £ 1 , 0 0 0 ) f o r i n s t r u m e n t a t i o n . 

e . E i g h t months i n w h i c h t o p l a n a n d p r e p a r e f o r t h e c r u i s e . 

f . A maximum o f t e n p e r s o n n e l t o a s s i s t i n t h e e x p e r i m e n t . 

1.2 M a r i n e s e i s m i c r e f r a c t i o n m e t h o d s . 

The re a r e t h r e e p r i m a r y t e c h n i q u e s w h i c h a r e b e i n g u s e d s u c c e s s f u l l y 

a t t h e p r e s e n t t i m e . These may be r e f e r r e d t o as ( a ) t h e t w o s h i p 

m e t h o d , ( b ) t h e sono-buoy m e t h o d , ( c ) t h e s h i p - t o - s h o r e m e t h o d . 

1.2.1 The t w o s h i p me thod 

T h i s m e t h o d has been d e s c r i b e d b y E w i n g e t a l . (1950), O f f i c e r e t a l . 

(1959), and Shor (1963). 

Two s h i p s a r e u sed i n t h e s u r v e y . The s h o o t i n g s h i p p roceeds 

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

s t a t i o n a r y a n d r e c e i v e s and r e c o r d s t h e s e i s m i c s i g n a l s a t one end o f 

t h e p r o f i l e . The s h o o t i n g s h i p e i t h e r r e c o r d s t h e s h o t i n s t a n t a g a i n s t / 
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a g a i n s t a c l o c k o r t r a n s m i t s a s i g n a l , t r i g g e r e d b y t h e s h o t i n s t a n t , 

t o t h e r e c e i v i n g s h i p . 

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

more hyd rophones ( p r e s s u r e s e n s i t i v e d e v i c e s ) o u t b o a r d , c o n n e c t e d 

t o t h e s h i p b y a c a b l e . E l a b o r a t e p r e c a u t i o n s a r e n e c e s s a r y t o 

ensu re t h a t a c o u s t i c n o i s e a t t h e h y d r o p h o n e , due t o t h e movement 

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

as t h e l o w f r e q u e n c y p r e s s u r e v a r i a t i o n s caused b y t h e sea i n c a l m 

w e a t h e r . 

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

h y d r o p h o n e i s u s u a l l y p l a c e d abou t 60 m. b e l o w t h e s u r f a c e on a 

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

c o u p l i n g w i t h t h e s h i p . 

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

b e l o w a b u o y abou t 500 m. f r o m t h e s h i p , o r b y a l l o w i n g i t t o s i n k 

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

2.2 The sono -buoy me thod 

W i t h t h i s t e c h n i q u e o n l y one s h i p i s u s e d . The hydrophone i s 

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

a l o n g t h e p r o f i l e d e t o n a t i n g c h a r g e s . Two c l a s s e s o f buoy have been 

d e v e l o p e d . I n one t h e b u o y t r a n s m i t s t h e r e c e i v e d s e i s m i c s i g n a l s 

b a c k t o t h e s h o o t i n g s h i p b y r a d i o , where t h e y a r e r e c o r d e d t o g e t h e r 

w i t h t h e s h o t i n s t a n t and a t i m e c h a n n e l ( H i l l , 1952). I n t h e o t h e r 

s y s t e m t h e b u o y c o n t a i n s a r e c o r d e r ( p h o t o g r a p h i c o r m a g n e t i c t a p e ) 

and an a c c u r a t e c l o c k ( F r a n c i s , 1964; Meyer e t a l . 1967). T h i s / 
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T h i s s e l f - r e c o r d i n g buoy has t h e advan tage o f b e i n g a b l e t o o p e r a t e 

a t l o n g e r ranges t h a n t h e t e l e m e t r y s y s t e m ( l i m i t e d t o abou t 50 km 

r a n g e ) , and i s l e s s dependent upon c a l m w e a t h e r ( r e q u i r e d f o r good 

r a d i o t r a n s m i s s i o n and r e c e p t i o n ) . 

An o b v i o u s d i s a d v a n t a g e o f a sono-buoy s y s t e m i s t h a t t h e p o s i t i o n 

o f a buoy canno t be m o n i t o r e d and r e - l o c a t i o n can w a s t e a c o n s i d e r a b l e 

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

age i s t h a t a d j u s t m e n t s c a n n o t be made t o t h e g a i n o r f i l t e r s e t t i n g s , 

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

1.2.3 The s h i p - t o - s h o r e me thod 

T h i s t e c h n i q u e , i n w h i c h t h e charges a r e d e t o n a t e d a t sea and 

t h e s e i s m i c a r r i v a l s r e c e i v e d a t a l a n d s t a t i o n , has been u s e d 

s u c c e s s f u l l y b y Durham U n i v e r s i t y i n s o u t h w e s t E n g l a n d ( H o l d e r , 19&9; 

B o t t , H o l d e r , Long and L u c a s , 1970). T h i s t e c h n i q u e combines t h e 

p r i m a r y advan tage o f m a r i n e w o r k - t h a t o f easy d e t o n a t i o n o f l a r g e 

c h a r g e s , w i t h t h e r e l a t i v e l y l o w c o s t and l o w n o i s e o f a l a n d - b a s e d 

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

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

and sea and t h e s t r u c t u r e b e i n g e x a m i n e d . 

I t was d e c i d e d t h a t a s t u d y o f t h e deep s t r u c t u r e o f t h e c r u s t 

i n t h e I c e l a n d - F a e r o e s r e g i o n w o u l d be b e s t e f f e c t e d u s i n g t h e t w o - s h i p 

s y s t e m . 

1.3 The i n s t r u m e n t a t i o n 

B l o c k d iagrams o f t h e s h o o t i n g s h i p and r e c e i v i n g s h i p i n s t r u m e n t a t i o n 

a r e shown i n f i g . 1-1 and f i g . 1-2, r e s p e c t i v e l y . 

1.3.1 The r e c e i v i n g s h i p i n s t r u m e n t a t i o n / 
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1.3.1 The r e c e i v i n g ship i n s t r u m e n t a t i o n 

A l l o f the i n d i v i d u a l u n i t s except the i n t e r f a c e u n i t were 

standard pieces o f equipment which had been thoroughly t e s t e d by the 

manufacturers and considered t o be r e l i a b l e . The hydrophones and 

connecting cable were purchased f o r the experiment, the l a r g e screen 

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

l e n t by L e i c e s t e r U n i v e r s i t y , and t h e tape recorder, galvanometer 

recorder, clocks and communications receivers were already a v a i l a b l e 

i n the Geology department, U n i v e r s i t y o f Durham. These u n i t s were 

assembled, i n t e r f a c e d t o g e t h e r and t e s t e d i n the l a b o r a t o r y during the 

months p r i o r t o t h e c r u i s e . A sea t r i a l was conducted w i t h the 

equipment which d i d not r e q u i r e a mains voltage supply ( i . e . w i t h o u t 

the tape r e c o r d e r ) . This served p r i m a r i l y t o t e s t the waterproof 

q u a l i t i e s o f the outboard cable connections and b a t t e r y boxes. 

I n o p e r a t i o n , t h e output from the hydrophone system was f e d i n t o 

the a m p l i f i e r u n i t which embodied an a t t e n u a t o r i n the i n p u t l i n e . 

At t h i s stage the s i g n a l s could be f i l t e r e d . The output from the 

a m p l i f i e r u n i t , at two l e v e l s , was matched t o an u l t r a - v i o l e t 

galvanometer recorder and a magnetic tape recorder. A time channel 

was recorded t o g e t h e r w i t h the s i g n a l channels, and another channel 

on each recorder was l i n k e d t o the ship's r a d i o , a microphone, or a 

communications r e c e i v e r through a s e l e c t o r u n i t . The U V recorder 

produced a paper record and served as a m o n i t o r i n g device and a 

'back-up 1 recorder i n case o f tape recorder f a i l u r e . The large 

screen o s c i l l o s c o p e served t o monitor the magnetic tape channels 

immediately a f t e r they had been w r i t t e n . The speaker monitored 

the voice channel o f t h e tape recorder. 

1.3.2 The hydrophone system and suspension / 
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1.3.2 The hydrophone system and suspension 

I n s e l e c t i n g a hydrophone system i t i s necessary t o consider 

the l e v e l o f sig n a l s which i t i s r e q u i r e d t o d e t e c t , and the frequency 

range i n which u s e f u l i n f o r m a t i o n w i l l be contained. 

Most o f the i n f o r m a t i o n i n r e f r a c t e d a r r i v a l s observed at sea 

i s i n the bandwidth 2Hz t o 20Hz (Shor, 1963). The low frequency 

pressure v a r i a t i o n s due t o sea noise i n calm weather are about 

0.1 ybar (Wenz, 1962), w h i l s t the i n t e n s i t y o f the d i r e c t a r r i v a l 

may be as high as 10,000 ubar. I t i s d e s i r a b l e , t h e r e f o r e , t o have 

a dynamic range i n the p r e - a m p l i f i e r o f 100 dB. 

The C l e v i t e Corporation hydrophone system CS-1331LAF has 

c h a r a c t e r i s t i c s which s a t i s f y t h e requirements o u t l i n e d above, and 

t h i s system was purchased f o r the experiment. 

The system comprises a sensor module and a p r e - a m p l i f i e r assembly 

which matches t h e h i g h impedance output o f t h e sensor t o t h e cable. 

The s e l f - n o i s e i n t h e p r e - a m p l i f i e r i s , at maximum, equivalent 

t o l e s s than 0.1 ubar pressure v a r i a t i o n and the maximum pressure 

f o r 5$ d i s t o r t i o n i s about 14,000 ybar. The dynamic range o f t h e 

system i s , t h e r e f o r e , g r e a t e r than 100 dB. The l i m i t i n g f i c t o r 

on the minimum s i g n a l l e v e l which can be observed i s , t h e r e f o r e , 

the ambient sea noise which, i n the north-eastern A t l a n t i c , i s not 

l i k e l y t o be as low as 0.1 ubar. 

The c h a r a c t e r i s t i c s o f the hydrophone system are t a b u l a t e d 

o v e r l e a f . 

C l e v i t e hydrophone system CS-1331IAF s p e c i f i c a t i o n s / 
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C l e v i t e hydrophone system CS-1331LAF s p e c i f i c a t i n n s 

Frequency range 2Hz t o TOkHz ± 1 dB f l a t range 

S e n s i t i v i t y -76dBV/ybar 

Self - n o i s e -100dBV max. (-23dB r e ybar max. pressure 
equivalent) 

Dynamic range 106dB 

Gain 10dB 

Output impedance 50 ohm. 

I n o p e r a t i o n , two hydrophones were suspended beneath a buoy at 

depths o f 30 and 60 metres, ( f i g . 1-3a). 

The choice o f depth i s a compromise between various f a c t o r s . 

The energy from surface noise i s reduced w i t h a deeply suspended 

hydrophone but t h i s increases the 'dangling noise' due t o currents 

past the cable. A second consideration i s the r e l a t i v e phases o f the 

d i r e c t and s u r f a c e - r e f l e c t e d headwave a r r i v a l s . The maximum energy 

i s observed when these are i n phase at the hydrophone. The depths chosen 

were s u i t a b l e f o r observing a high percentage o f t h e maximum p o s s i b l e 

energy i n t h e frequency range 2Hz t o 1 5 H z . 

The hydrophones were streamed on about 30 metres o f cable formed 

i n t o b i g h t s w i t h small f l o a t s (the aim of which was t o achieve mechanical 

decoupling from the surface buoy and the ship) and t h e hydrophone i t s e l f 

was made n e u t r a l l y buoyant w i t h a wooden f l o a t . This assembly was 

s l i g h t l y n e g a t i v e l y buoyant at depth, and was r a i s e d between shots 

by towing. Following the towing t h e noise l e v e l s decreased r a p i d l y 

and low noise l e v e l s were obtained f o r s e v e r a l minutes. To enable / 



( a ) 
500m 

rope 
b a t t e r y box ca 

30m 

wooden f l o a t f l o a t 
j u n c t i o n 

6m 12m 9m hydrophone 

30m 

weight • 

D (b) 

cable rope 

60m 
wooden f l o a t f l o a t 6m 

weight 13m 5m hydrophone 

F i g . 1-3. a. The hydrophone suspension,method 1. 
b. Method 2. 



-9-

enable the hydrophones t o be towed between shots and t o maintain 

p o s i t i o n on an anchored dahn buoy, a rope was run out t o the 

hydrophone buoy alongside the s i g n a l cable. This system caused 

great e r handling problems but was about f i v e times cheaper than an 

armoured cable. 

Power was s u p p l i e d t o the hydrophone p r e - a m p l i f i e r u n i t from 

a PX-6 M a l l o r y c e l l contained i n a brass case at the hydrophone buoy. 

The second method o f hydrophone suspension which was employed 

( f i g . 1-3b) consisted o f about 60 metres of weighted main cable t o 

which the hydrophone was connected through about 35 metres o f cable 

formed i n t o t h r e e b i g h t s . The assembly was n e g a t i v e l y buoyant and 

was put overboard a few minutes before each shot and allowed t o si n k 

s l o w l y , a rope being used t o ensure the r a p i d formation o f the f i r s t 

b i g h t . Power was s u p p l i e d from a s t a b i l i s e d source inboard. 

I n both systems waterproof j o i n t s were made using m a t e r i a l s 

obtained from the 3M Company. The j o i n t s proved s a t i s f a c t o r y and 

were quick and easy t o make. 

1.3.3 The a m p l i f i e r and f i l t e r u n i t s 

The SIE model GTR-200 seismic a m p l i f i e r system (used i n t h e 

survey) has been designed f o r t h e a m p l i f i c a t i o n o f seismic s i g n a l s 

i n the r e f r a c t i o n band and i s s u i t a b l e f o r long range r e f r a c t i o n 

work. The a m p l i f i e r u n i t has e i g h t i n p u t channels, each l e a d i n g 

t o two tape recorder outputs and two galvanometer recorder outputs. 

The tape output l e v e l s are separated by 30dB and the galvanometer 

l e v e l s by 15dB. Each output has a gain c o n t r o l . 

The / 
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The a m p l i f i e r i s designed t o handle signals from 0.1yV t o 

100 yV w i t h the maximum gain s e t t i n g (a dynamic range o f 60dB). 

Input a t t e n u a t i o n i s a v a i l a b l e i n steps o f 6dB up t o 8UdB enabling 

signals i n the range 0.1 yV t o 1.6V t o be handled. The expected 

range o f output l e v e l s from the hydrophone system i s 16 yV t o 1.6V. 

This range can be achieved i n the a m p l i f i e r system by using two channels 

w i t h k2 and BkdJH a t t e n u a t i o n at the i n p u t . 

High and low cut f i l t e r s can be switched i n t o p a i r s o f channels, 

the ' f i l t e r out' c o n d i t i o n corresponding t o a frequency response o f 

1 t o 200Hz. 

During t h e survey tape recordings were made w i t h the gre a t e s t 

bandwidth t o ensure rec e p t i o n o f the water wave signals i n the higher 

frequency range. I n p a r t i c u l a r l y n o isy sea c o n d i t i o n s , a s i n g l e 

channel was f i l t e r e d . For more d i s t a n t shots ( w i t h h igh gain l e v e l s ) 

i t was necessary t o use f i l t e r s f o r the galvanometer recordings. To 

achieve d i f f e r e n t bandpasses f o r galvanometer and tape recordings 

the i n p u t signals were s p l i t and d i r e c t e d t o two or more a m p l i f i e r 

channels by the ''amplifier i n p u t channel s e l e c t o r 1 . This was designed 

t o enable e i t h e r hydrophone t o be inp u t t o any number o f a m p l i f i e r 

channels. 

The l i m i t a t i o n o f f o u r seismic channels i n t h e tape recorder 

n e c e s s i t a t e d adjustments t o the in p u t attenuators and gain c o n t r o l s 

as t h e range o f the shots increased. With more recording channels 

i t would have been p o s s i b l e t o cover t h e e n t i r e range o f inp u t l e v e l s , 

and f i l t e r s e t t i n g s r e q u i r e d w i t h o u t making adjustments during the 

survey. 

SIE GTR-200 A m p l i f i e r and f i l t e r s p e c i f i c a t i o n s / 
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SIE GTR-200 A m p l i f i e r and f i l t e r s p e c i f i c a t i o n s 

Frequency response 

Gain 

Input s i g n a l 

I n p u t a t t e n u a t i o n 

Output 

Noise l e v e l 

Supply voltage 

F i l t e r sections 

High cut o f f 

Low cut o f f 

F l a t w i t h i n . 3dB,1Hz t o 160Hz. 

lOOdB i n t o hi g h l e v e l tape o/p at f u l l g a i n . 

100 viV max. at f u l l g a i n . 

8UdB i n 6dB steps. 

Tape out: Dual outputs separated "by 30dB. 
High l e v e l 700mV max. i n t o K ohm loa d 

Galvo out: Dual outputs separated by 15dB. 
High l e v e l o/p 50mV max. i n t o 10 ohm lo a d . 

0.15 uV p-p noise t o 1 uV r.m.s. s i g n a l 
r e f e r r e d t o i n p u t w i t h 1-20Hz bandpass. 

21-30 VDC. 

l8dB/octave or 36dB/octave. 

13, 18, 26, 37, 100 Hz. 

3.5, 7, 1U, Hz. 

1.3.U Magnetic tape recorder 

This i s an EMIDATA s e r i e s 2500.,. frequency modulated i n s t r u m e n t a t i o n , 

recording and playback system. Six data channels are a v a i l a b l e plus 

one voice channel. 

The dynamic range o f t h e recorder i s i n excess o f 50dB w i t h f l u t t e r 

compensation and the i n p u t l e v e l maximum i s 750mV. This i s compatible 

w i t h the output o f the a m p l i f i e r u n i t . 

One channel i s used f o r f l u t t e r compensation. This i s achieved 

by applying the output from t h e reference channel i n anti-phase t o t h e 

output o f th e other channels. The reference channel has zero v o l t s / 
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v o l t s a p p l i e d t o the i n p u t on record, so t h a t any c a r r i e r modulation 

on t h i s channel i s due t o tape speed f l u c t u a t i o n s . On replay t h i s 

e f f e c t i s , t h e r e f o r e , removed from the other channels. 

The instrument runs o f f 250v AC which, on t h e survey, was s u p p l i e d 

from a generator mounted i n the ship's h o l d . 

One time channel and fo u r seismic channels were a v a i l a b l e . The 

voice channel was used f o r annotating t h e tape and recording the 

t r a n s m i t t e d c o r r e l a t i o n p i p s . 

1.3-5 The galvanometer recorder 

This i s a B e l l and Howell 5~12U u l t r a - v i o l e t recording 

o s c i l l o g r a p h . A st r o n g U.V. source i s focussed onto a m i r r o r 

on the suspension o f a galvanometer. A voltage supplied t o the 

ter m i n a l s o f the galvanometer r e s u l t s i n a d e f l e c t i o n o f the r e f l e c t e d 

U.V. l i g h t . The motion o f t h i s i s recorded on U.V. s e n s i t i v e paper 

driven a t a constant speed perpendicular t o the motion o f t h e l i g h t 

"beam. 

Owing t o t h e h i g h s e n s i t i v i t y o f the galvanometers, i t was 

necessary t o attenuate the output from the a m p l i f i e r u n i t . This was 

achieved w i t h a r e s i s t o r network, which also provided the r e q u i r e d 

damping r e s i s t a n c e , contained i n the galvanometer channel s e l e c t o r u n i t . 

The frequency response o f the "JShk galvanometers used i s f l a t 

i n the range 0 t o 90Hz. 

The galvanometer recorder has a curr e n t d r a i n o f about 15 amps 

at 12 v o l t s D.C. I t was found t h a t the recorder could be run f o r at 

l e a s t twelve hours from a 178A-hour l e a d a c i d accumulator across a 

b a t t e r y charger d e l i v e r i n g 10 amps. 

1.3.6 The clock / 
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1.3.6 The Clock 

Two independent time sources were used on board the r e c e i v i n g 

ship. Seconds and tenths o f a second were obtained by d i v i s i o n o f a 

100KHz s i g n a l from a frequency generator and i n p u t t o a tape recorder 

channel. Seconds, tenths and tens o f seconds were recorded on the 

paper recorder from a Venner d i g i t a l c l o c k , dependent upon a 1MHz 

oven c o n t r o l l e d c r y s t a l . 

I t was subsequently found t h a t the tape recorder time channel 

was i n e r r o r by 2 t o 3%. I t was, however, p o s s i b l e t o c a l i b r a t e 

t h i s channel using t h e c o r r e l a t i o n pips o f the voice channel, which were 

t i e d t o the more accurate clock on the shooting s h i p . 

1.h The shooting ship i n s t r u m e n t a t i o n 

The shot recording i n s t r u m e n t a t i o n was designed and b u i l t by 

Dobinson (T°70) f o r use w i t h a s e l f - r e c o r d i n g sono-buoy system ( f i g . 1 - l ) . 

The d i r e c t water-wave from the detonation i s sensed by a 

geophone mounted against the ship's h u l l , and recorded against a time 

channel on a two-track domestic tape recorder. A code o f 1KHz t i m i n g 

pips o f 0.1 seconds d u r a t i o n , derived from the c l o c k , i s recorded on 

the geophone channel p r i o r t o , and f o l l o w i n g , the shot. These pips 

are simultaneously t r a n s m i t t e d t o the r e c e i v i n g s h i p , where they are 

recorded on the voice channel t o provide c o r r e l a t i o n i n time between 

the two ships. 

I n the event o f a loss o f i n t e r - s h i p t r ansmission, communications 

receivers tuned t o a pre-determined r a d i o s t a t i o n , are switched i n t o 

the geophone and voice channels, t o achieve the necessary c o r r e l a t i o n . 

The shooting ship was equipped w i t h a Loran C r e c e i v e r f o r / 
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f o r n a v i g a t i o n and w i t h a depth recorder which was operated 

continuously along a p r o f i l e . 

1.5 The replay procedure 

The records from both ships were played back using instruments 

a v a i l a b l e i n the seismology l a b o r a t o r y o f the Geology department, 

Durham U n i v e r s i t y . The instrument l a y o u t i s shown i n f i g . 1-5. 

The records from both ships f o r a p a r t i c u l a r shot were played 

out simultaneously onto a j e t pen recorder. One second pulses 

from a c r y s t a l clock were also recorded t o check v a r i a t i o n s i n 

paper speed. 

Three Krohn-hite f i l t e r s were a v a i l a b l e on r e p l a y . I t was 

necessary t o use one o f these t o sharpen-up the 1KHz c o r r e l a t i o n 

time pips on the r e c e i v i n g ship's records. The remaining two f i l t e r s 

were switched i n t o the seismic channels through a s e l e c t o r s w i t c h . 

An example o f the f i n a l r e c o r d obtained f o r a s i n g l e shot i s 

shown i n f i g . 1-6. 

The r e p l a y i n g o f l i n e A, on which c o r r e l a t i o n was achieved by 

using BBC r a d i o 2, was complicated because simultaneous audio monitoring 

o f the two records was necessary t o a s s i s t i n matching the voice channels 

on paper. Although l a b o r i o u s , c o r r e l a t i o n o f the records was s u c c e s s f u l . 

1.6 The survey procedure 

Both ships proceeded t o the s t a r t o f a l i n e where, i n shallow 

water (up t o 500 metres), the r e c e i v i n g ship anchored a dahn buoy t o 

give a reference p o s i t i o n . The shooting ship recorded the absolute 

p o s i t i o n o f the buoy using the Loran C r e c e i v e r . 

On / 



F i g . 1-6. Shooting and r e c e i v i n g ship records o f shot D6 from a 

10 l b . charge a t a range o f 11 km i n 0.5 km o f water. 
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On l i n e s AB and CD the f i r s t method o f hydrophone suspension 

was used ( s e c t i o n 1.3.2). This n e c e s s i t a t e d streaming the two 

hydrophones, hydrophone buoy, main cable and rope about 500 metres 

from the s h i p . The operation took about one hour and was e f f e c t e d 

w i t h the ship dead slow ahead i n t o the wind. A l l instruments were 

tu r n e d on and a 2g l b . t e s t shot set o f f t o check out the system. 

Meanwhile, on the shooting s h i p , boxes o f charge were brought 

up t o the after-deck from the magazines and t h e shot-recording 

equipment was t e s t e d . 

D i g i t a l clocks were s t a r t e d simultaneously on both ships t o 

provide a time reference f o r a pre-determined s h o t - f i r i n g schedule. 

W h i l s t r a d i o contact between the ships was maintained, the schedule 

could be adjusted during t h e shooting. I n the event o f a break i n 

communication, the schedule was adhered t o by both ships. 

The deployment o f personnel during the f i r i n g i s shown 

schematically ( f i g . 1-7). Charges o f geophex, i n boxes o f 50 l b s . 

were t r a n s p o r t e d from the magazines t o t h e a f t e r - d e c k where they were 

strapped together t o make l a r g e r charges on a launching p l a t f o r m . 

The s h o t - f i r e r prepared t h e fuse and detonator and communicated h i s 

readiness t o the b r i d g e . One man on the b r i d g e was responsible f o r 

the shot-recording instruments and f o r communication between t h e two 

ships, w h i l s t t h e other took charge of l o g g i n g data and operating 

and annotating the depth recorder and Loran C r e c e i v e r . One o f the 

three deck-men determined the drop-bang time ( t h e time between the 

charge h i t t i n g the water and exploding) using a stop watch. 

On / 
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On the r e c e i v i n g sh ip t h e ins t ruments were housed i n a laboratory-

s i t u a t e d i n the h o l d . The man on the b r idge was respons ib le f o r 

r e l a y i n g i n f o r m a t i o n between the l a b o r a t o r y and the shoot ing s h i p , 

a l though communications f rom t h e shoot ing sh ip were r ece ived i n the 

l a b o r a t o r y . The man on the b r i d g e was a l so respons ib le f o r l o g g i n g 

the weather c o n d i t i o n s , t he s h i p ' s p o s i t i o n r e l a t i v e t o the f i x e d 

dahn buoy and i n f o r m a t i o n r ece ived f r o m the shoo t ing sh ip r ega rd ing 

the charge weight and fuse l e n g t h . 

The deck-men were i n charge o f t h e cable and rope t o the 

hydrophones. This i n v o l v e d p u l l i n g i n cable by hand and r e l e a s i n g 

i t , p r i o r t o the sho t , on i n s t r u c t i o n s f rom t h e l a b o r a t o r y . Wi th 

the second system o f hydrophone suspension, i t was necessary t o b r i n g 

the hydrophone i n b o a r d between shots and l e t ou t the .100 metres o f 

cable b e f o r e each one. 

I n t h e l a b o r a t o r y one man was respons ib le f o r ope ra t i ng t h e 

galvanometer r e c o r d e r , developing the records and l o g g i n g tape 

f o o t a g e , w h i l s t t h e o the r made necessary adjustments t o the channel 

c o n f i g u r a t i o n , a t t e n u a t o r s , ga in c o n t r o l s and f i l t e r s e t t i n g s , and 

logged a l l o f these charges on paper and photographed the i n s t rumen t s . 

The vo ice channel o f the tape recorder (which was kept runn ing 

con t inuous ly ) was n o r m a l l y swi tched t o the s h i p ' s r a d i o r e c e i v e r , 

r e s u l t i n g i n the r e c o r d i n g o f a l l messages communicated between the 

b r idges o f t h e s h i p s , as w e l l as the c o r r e l a t i o n t ime p i p s . Before 

each shot a microphone announcement was made i n t o the vo ice channel 

f rom t h e l a b o r a t o r y . 

A / 
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A t y p i c a l shot i n v o l v e d the f o l l o w i n g opera t ions : 

Shoot ing sh ip 

P repa ra t i on o f charges. 

Three minute warn ing t r a n s m i t t e d . 

Microphone t o t ape . 

'Charge overboard ' t r a n s m i t t e d ; 

Loran C p o s i t i o n and depth t o sea 

f l o o r l ogged . 

Time p ips recorded and t r a n s m i t t e d . 

Geophone t o t ape . 

Detonat ion o f charge. 

Drop-bang t ime sent t o b r i d g e . 

Time p ips recorded and t r a n s m i t t e d . 

Success r e p o r t e d w i t h d e t a i l s 

o f next sho t . 

Charge t r a n s p o r t e d f rom magazine. 

Receiv ing sh ip 

Ins t rument adjus tments . 

Sh ip ' s engines stopped. 

Conf i rma t ion o f readiness . 

Hydrophone cable r e l ea sed . 

Microphone t o t ape . 

Radio r e c e i v e r t o t ape . 

Galvanometer recorder on. 

A r r i v a l s and p i p s recorded . 

P o s i t i o n o f sh ip logged . 

Cable p u l l e d i n - d e t a i l s o f 

next shot con f i rmed . 

Engines s t a r t e d f o r t o w i n g . 

Ins t rument s e t t i n g s logged . 

A r r i v a l s p i c k e d on galvo r eco rds . 

On t h e complet ion o f a h a l f l i n e , t h e shoot ing sh ip h o v e - t o , 

t he r e c e i v i n g sh ip recovered the dahn buoy and proceeded t o t h e p o s i t i o n 

o f the shoo t ing s h i p . The reversed h a l f o f t h e l i n e was then completed. 

A / 
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A h a l f - l i n e TO t o 120 km i n l e n g t h took s i x t o twe lve hours 

t o complete. Up t o t w e n t y - f i v e shots o f charge weigh t up t o 

300 l b . were f i r e d a t i n t e r v a l s o f t en t o t h i r t y minutes , corresponding 

t o shot spacings o f between 2 and 8 km. 

1.7 C r i t i c i s m o f t h e i n s t r u m e n t a t i o n and survey procedure 

Many o f the f a u l t s o f t h e system descr ibed above are d i r e c t l y 

dependent upon the l i m i t e d budget . The advantages o f hav ing a g rea t e r 

number o f r e c o r d i n g channels a v a i l a b l e have a l ready been mentioned. 

I n a s i m i l a r way, a l a r g e r number o f f i l t e r s a v a i l a b l e f o r r ep l ay 

would have g r e a t l y reduced t h e t ime spent i n o b t a i n i n g t h e f i n a l 

paper r eco rds . A s t rong armoured cable w i t h f o u r conductors , 

i n d i v i d u a l l y p o t t e d i n r e s i n , would be a cons iderable improvement 

on the PVC covered two-core screened cable and rope system which 

was used i n i t i a l l y . The advantages o f such a cable are i t s s t r e n g t h 

which pe rmi t s t o w i n g , e x t r a conductors p e r m i t t i n g a c a l i b r a t i o n pulse 

t o be t r a n s m i t t e d t o t h e hydrophone p r e - a m p l i f i e r , and the w a t e r p r o o f 

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

complete b reak , w i t h o u t becoming wate r logged . 

There are c r i t i c i s m s not d i r e c t l y dependent upon f i n a n c i a l 

c o n s i d e r a t i o n s . The survey was conducted, w i t h t h e minimum o f 

personnel r e q u i r e d t o operate the equipment on b o t h sh ips . There 

was, t h e r e f o r e , no redundancy t o cover i l l n e s s and a l i m i t was imposed 

on the l e n g t h o f l i n e which cou ld be shot at one sess ion . I n p a r t i c u l a r , 

us ing t h e second method o f hydrophone h a n d l i n g , i t was pos s ib l e t o 

operate o n l y one hydrophone w i t h the personnel a v a i l a b l e . Winches 

t o h a u l i n the cable between shots would p robab ly have so lved t h i s 

problem. 

A / 



-19-

A major c r i t i c i s m i s t h a t no f a c i l i t y was p r o v i d e d f o r the 

t r ansmiss ion o f t h e shot i n s t a n t t o the r e c e i v i n g s h i p . I t was, 

t h e r e f o r e , n o t p o s s i b l e t o measure t h e phase v e l o c i t y o f the a r r i v a l s 

w i t h any accuracy d u r i n g t h e survey. The method used t o moni to r 

the phase v e l o c i t y depended upon us ing t h e water-wave a r r i v a l t o g i v e 

the shot i n s t a n t , t oge the r w i t h an es t imate o f the range f r o m the 

Loran read ings . Th i s es t imate was not s u f f i c i e n t l y accura te . 

An unforeseen problem occur red w i t h the fuses . The 

s p e c i f i c a t i o n f o r these had apparen t ly no t taken i n t o account t h e 

decrease i n burn - t ime w i t h p ressure , r e s u l t i n g i n the fuses b e i n g 

t o o s h o r t . I t was necessary t o reduce t h e s i n k i n g r a t e o f the l a r g e r 

charges t o enable the sh ip t o a t t a i n a safe dis tance b e f o r e d e t o n a t i o n . 

The r e s u l t was t h a t f u l l c o n t r o l over the depth o f de tona t ion was l o s t 

and i t i s l i k e l y t h a t the l a r g e r charges were not be ing detonated 

a t t he optimum depth (see Chapter 2 f o r d i scuss ion o f optimum depth 

and i t s r e l a t i o n s h i p w i t h the bubble-pulse phenomenon). 
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CHAFTER 2 

THE REDUCTION OF THE DATA AND METHOD OF INTERPRETATION 

2 .1 The Reduction 

2 . 1 . 1 I n t r o d u c t i o n 

The aim o f a seismic r e f r a c t i o n survey i s t o e s t a b l i s h seismic 

s t r u c t u r e i n terms o f the d i s t r i b u t i o n o f the v e l o c i t y o f seismic 

waves w i t h depth below the su r face o f the E a r t h . This i s achieved 

by the i n t e r p r e t a t i o n o f t ime -d i s t ance da ta . 

To o b t a i n t h e t ime -d i s t ance r e l a t i o n s h i p s f r o m data c o l l e c t e d on 

t h e N o r t h A t l a n t i c experiment i t was necessary t o process the magnetic 

tape r eco rds , c o r r e l a t e records f r o m b o t h s h i p s , p i c k o f f t h e t r a v e l - t i m e s 

o f a r r i v a l s and make c e r t a i n c o r r e c t i o n s t o these . I n a d d i t i o n , i t 

was necessary t o determine the h o r i z o n t a l d is tance between the exp los ion and 

the r e c e i v e r . 

A r e d u c t i o n programme (Appendix B) was w r i t t e n t o dea l w i t h the data 

and the p a r t i c u l a r problems which were encounted. The programme was 

a l so a p p l i c a b l e t o data c o l l e c t e d u s ing the sono-buoy t echn ique , i n 

the summer o f 1970 (Chapter 6 ) , a l though i t was unnecessa r i ly i n v o l v e d 

f o r t h i s l a t t e r case. 

2 . 1 . 2 Replay and d e s c r i p t i o n o f t h e records 

A b r i e f o u t l i n e o f the r ep l ay procedure has been made p r e v i o u s l y . 

There were s i x r e c e i v i n g ship, and two shoo t ing sh ip channels t o be 

processed. The th ree a v a i l a b l e f i l t e r s were used f o r t h e vo ice 

channel o f the r e c e i v i n g sh ip r e c o r d and f o r two seismic channels. 

Most o f t h e spare channels on the s i x t e e n channel j e t pen recorder 

were deployed i n r e c o r d i n g t ime more than once, t o f a c i l i t a t e accurate 

p i c k i n g o f the a r r i v a l s , and t o r e c o r d t h e ' r e a l t i m e ' ou tpu t o f a / 
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a c r y s t a l c l o c k , t o check v a r i a t i o n s i n paper speed. 

A p l ayou t speed o f 50 mm. per second was s e l e c t e d f o r the paper 

records . This was s u i t a b l e f o r the i d e n t i f i c a t i o n o f wave- t r a ins 

i n the s i g n a l f requency range (most o f the i n f o r m a t i o n be ing i n the 

bandwidth 3 t o 10Hz), and f o r accurate p i c k i n g o f t h e records 

( 0 . 1 seconds be ing 0.5 mm.). Records were a l so ob ta ined at 25 mm. 

per second f o r use i n p r e p a r i n g r e c o r d sec t ions f o r t h e i d e n t i f i c a t i o n 

o f d i f f e r e n t phases (Chapter 3 ) . 

Examples o f the f i n a l records are shown i n f i g s . 1-6 and 2r-.1. 

The f o u r u n f i l t e r e d se ismic channels are t o o n o i s y f o r t h e accurate 

t i m i n g o f a r r i v a l s f o r most sho t s , bu t are impor tan t f o r t h e i d e n t i f i c a t i o n 

o f t he onset o f the water-wave. The h i g h f requency o f t h i s d i r e c t 

a r r i v a l renders the onset i n d i s t i n c t on the f i l t e r e d channels (bandpass 

no rma l ly 1 t o 20 o r 1 t o 30 H z ) . 

The c o r r e l a t i o n p i p s are p a r t i c u l a r l y c l e a r and where t h e onsets 

o f seismic a r r i v a l s are good t h e t imes can be p i c k e d t o one hundredth 

o f a second. The e v a l u a t i o n o f t h e t r a v e l - t i m e r equ i r e s f o u r such 

p i c k i n g s . On good r eco rds , t h e r e f o r e , t r a v e l - t i m e s are u n l i k e l y 

t o be i n e r r o r by more than 0.02 seconds due t o p i c k i n g i n a c c u r a c i e s . 

2 . 1 . 3 De te rmina t ion o f the range 

Two p o s s i b l e methods o f o b t a i n i n g t h e range o f each shot were 

a v a i l a b l e f o r t h e l i n e s on which a dahn buoy was launched. Loran C 

f i x e s were ob ta ined f o r the shots and f o r the dahn buoy, and the p o s i t i o n 

o f t h e r e c e i v i n g sh ip r e l a t i v e t o t h e dahn buoy was m o n i t o r e d , t h e 

d is tance r a r e l y b e i n g g r e a t e r than th ree km. The e r r o r i n c a l c u l a t i n g 

t h e range o f each shot f r o m t h e dahn buoy us ing Loran C i s l i k e l y 

t o be ± 0.U km. The e r r o r i n de te rmin ing t h e r e c e i v i n g sh ip p o s i t i o n 

r e l a t i v e t o the dahn buoy i s v a r i a b l e and i n some cases c o u l d be 0.5 km. / 
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0.5 km. The accuracy o f t h e l a t t e r p o s i t i o n depended v e r y much 

on the p r e v a i l i n g weather c o n d i t i o n s . I n some cases, when v i s i b i l i t y 

was l o w , est imates were no t ob ta ined f o r pe r iods o f hours . An 

unknown element i s the p o s s i b i l i t y o f a d r i f t o f t h e buoy. Strong 

cur ren t s were experienced which r e s u l t e d i n the loss o f two buoys 

on about 20% o f excess anchor w i r e . 

The above d i scuss ion i n d i c a t e s t h e u n r e l i a b i l i t y o f u s ing t h e 

Loran C f i x e s t o compute ranges. The method adopted was t o use 

the a r r i v a l t imes o f t h e d i r e c t water-wave, t oge the r w i t h i t s v e l o c i t y . 

This v e l o c i t y was determined us ing data f r o m l i n e s on which the 

Loran C and r e c e i v i n g sh ip p o s i t i o n s were considered t o be r e l i a b l e . 

Lines E and F on the Iceland-Faerbe Rise and l i n e B on t h e c o n t i n e n t a l 

s h e l f were used. Data was s e l e c t e d according t o t h e c r i t e r i a t h a t t h e 

r e c e i v i n g sh ip should be no g r ea t e r than 1 km f r o m the dahn buoy and 

t h a t t h e r e should be a h i g h degree o f confidence i n t h e va lue ob ta ined 

f o r t h e water-wave t r a v e l t i m e . The bes t s t r a i g h t l i n e , according 

t o t h e p r i n c i p l e o f l e a s t squares, was f i t t e d t o t h e r e s u l t i n g data 

us ing a computer programme (Holde r , 19^9)• The u n c e r t a i n t i e s quoted 

i n t h e f o l l o w i n g r e s u l t s are s tandard e r r o r s ob ta ined f r o m the r eg ress ion 

l i n e method. 

Water-wave v e l o c i t y 
km/ s. 

No. o f observat ions 

L ine E 1.U80 ± 0.00U 13 

L i n e F 1.U82 ± 0.006 9 

Line B 1.U81 ± 0.003 16 

The / 
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The mean va lue was taken f o r l i n e s E and F which have the same 

geograph ica l l o c a t i o n ( i . e . water wave v e l o c i t y o f 1.U81 + O.OC-il k m / s ) . 

This value was a l so used f o r l i n e CD. Temperature and s a l i n i t y 

measurements over t h e Iceland-Faeroe Rise ( T a i t , 196j) g ive the 

v e l o c i t y o f sound i n sea water as 1.U81 km/s , which i s i n e x c e l l e n t 

agreement w i t h t h a t ob ta ined on l i n e EF. I n the deep water ( l i n e GH) 

a dahn buoy was no t used and i t was, t h e r e f o r e , no t p o s s i b l e t o 

determine the water-wave v e l o c i t y . The values used were e x t r a c t e d 

f r o m 'Matthews t a b l e s ' f o r the area (Matthews, 1939) which g ive a 

nea r - su r face value o f about 1.1+9 km/s and a mean value t o the bot tom 

o f about 1.U8 km/s . These two f i g u r e s were used i n the c a l c u l a t i o n 

o f t he range and l a y e r t h i cknesses , r e s p e c t i v e l y . 

I f t h e water-wave v e l o c i t y i s constant over t h e l i n e , then the 

e r r o r s i n t r o d u c e d i n t h e e s t i m a t i o n o f t h e range are systematic and 

increase l i n e a r l y w i t h d i s t a n c e . An e r r o r o f ± 0.005 km/s i n t h e 

water-wave v e l o c i t y causes an e r r o r o f O.h km on a range o f 120 km 

and o f 0.17 km on a range o f 50 km. A phase v e l o c i t y o f say 6.80 km/s 

observed over t h i s range wou ld , t h e r e f o r e , be i n e r r o r by ± 0.02 km/s 

due t o the e r r o r i n the water-wave v e l o c i t y . 

By comparison, a p i c k i n g e r r o r o f ± 0.05 seconds i n t h e t r a v e l 

t ime o f t h e water-wave creates an e r r o r o f ± 0.07 km, which would 

p robably be random. 

Two computer programmes were used i n c o n v e r t i n g the Loran C f i x e s 

t o ranges. The conversion f rom Loran C u n i t s (micro-seconds) t o 

geographica l co-ord ina tes was e f f e c t e d by a programme ob ta ined f r o m 

the Decca Nav iga to r Company. A programme (DZD) was w r i t t e n , / 
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w r i t t e n , i n c o r p o r a t i n g some o f the Decca Company sub rou t ines , t o 

compute the d is tance and azimuth between any p a i r o f geographica l 

co -o rd ina t e s . This i s descr ibed i n Appendix B . 

2 . 1 . U Correc t ions a p p l i e d t o the records 

I t has been no ted p r e v i o u s l y t h a t t ime f r o m t h e c lock recorded 

on magnetic tape at the r e c e i v i n g sh ip d i f f e r s f rom t h a t at the 

shoot ing sh ip by approximate ly 3%. Dobinson has demonstrated a h i g h 

degree o f accuracy and s t a b i l i t y o f t h e shoo t ing sh ip c lock (Dobinson, 1970). 

I n a d d i t i o n , t h e same 3% discrepancy i s found between the magnetic 

tape records and the UV records o f t h e r e c e i v i n g s h i p . A c r y s t a l 

c o n t r o l l e d Venner c lock was recorded on the UV records . The 

c o r r e l a t i o n p i p s recorded on the r e c e i v i n g s h i p were d e r i v e d f r o m 

the shoo t ing sh ip c lock and have been used t o c a l i b r a t e the inaccura te 

t ime channel (E t i m e ) . I n most cases a t ime i n t e r v a l o f about twenty 

seconds was used f o r t h e c a l i b r a t i o n over t h e d u r a t i o n o f the seismic 

a r r i v a l s . The e r r o r i n the c a l i b r a t i o n f a c t o r due t o p i c k i n g t h e 

t ime channel r e l a t i v e t o the c o r r e l a t i o n channel i s about ± 0.001 

seconds. The p i p used as a re fe rence p o i n t was chosen so t h a t the 

p i p t o headwave a r r i v a l t ime was r a r e l y g r ea t e r than 10 seconds, and t h a t 

f o r the most d i s t a n t shots the t ime t o t h e wa te r wave was r a r e l y 

g r ea t e r than 70 seconds. The maximum e r r o r s i n t r o d u c e d by the 

c a l i b r a t i o n procedure a re , t h u s , 0.01 and 0.07 seconds f o r the 

r e f r a c t e d and water-wave a r r i v a l s , r e s p e c t i v e l y . 

An impor tan t c o r r e c t i o n must be made t o the p i c k i n g s because o f t h e 

s i g n i f i c a n t t ime which i t takes f o r the water-wave t o reach the shot 

i n s t a n t sensor on board the shoot ing s h i p . This t ime i s r e f e r r e d 

t o as t h e 'd rop-bang ' t i m e . The c o r r e c t i o n t o be added t o the p i c k e d 

t r a v e l t imes i s g iven by t h e f o r m u l a : / 
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fo rmula : 

DBC = DBT x SV/(WV x 3600) 

where DBC i s t h e drop-bang c o r r e c t i o n i n seconds, DBT the drop-bang 

t ime i n seconds, SV t h e s h i p ' s speed i n km/h r , and WV t h e water-wave 

v e l o c i t y i n km/s. A t y p i c a l example i s f o r DBT = 60, S V = 15 and 

WV = 1.5, g i v i n g DBC = 0.17 seconds. 

The assessment o f t h e s h i p ' s v e l o c i t y was made assuming constant 

v e l o c i t y f o r pe r iods over which t h i s was es t imated t o be constant 

a t t h e t ime o f t h e survey. Normal ly o n l y one change o f speed 

was made d u r i n g t h e shoo t ing o f a l i n e . Ranges between shots were 

ob t a ined us ing t h e Loran C f i x e s . Together w i t h t h e recorded s h i p ' s 

t i m e , these p e r m i t t e d s e v e r a l est imates o f the s h i p ' s v e l o c i t y t o be 

made. A mean value was t a k e n , the u n c e r t a i n t y o f which was u s u a l l y 

between 0.5 and 1 km/hr . The maximum e q u i v a l e n t e r r o r i n t roduced 

i n t o DBC f r o m t h i s i s f o r DBT = 90 seconds, which gives less than 

± 0.02 seconds on DBC. DBT was measured t o an accuracy o f ± 1 second 

and gives an equ iva l en t e r r o r i n DBC o f less than ± 0.01 seconds. 

The e r r o r i n t r o d u c e d i n t o DBC by n e g l e c t i n g t o a l l o w f o r the depth 

o f the charge i s l e s s than 0.01 seconds. 

The c o r r e c t i o n , DBC, i s thus accurate t o w i t h i n ± 0.02 seconds. 

2.1.5 The r e d u c t i o n programme 

A number o f opera t ions are r e q u i r e d t o convert the raw p i c k i n g 

data i n t o t i m e - d i s t a n c e co -o rd ina t e s . Fur the r c a l c u l a t i o n s are 

necessary t o o b t a i n t h e new zero t imes r e q u i r e d b e f o r e the records 

can be s tacked on a reduced t r a v e l - t i m e s c a l e . W i t h the p a r t i c u l a r 

records f rom t h i s survey , a f u r t h e r c o m p l i c a t i o n was added because 

o f the neces s i t y o f c a l i b r a t i n g t h e t ime scale and p r e s e n t i n g r e s u l t s / 
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r e s u l t s i n b o t h seconds and E t i m e . 

A r e d u c t i o n programme (RED) was w r i t t e n t o dea l w i t h the 

computations r e f e r r e d t o o v e r l e a f (Appendix B ) . 

The water-wave a r r i v a l s at t he shoo t ing and r e c e i v i n g ships 

and the f i r s t r e f r a c t e d a r r i v a l are p i c k e d i n seconds and hundredths 

o f seconds w i t h respect t o the c o r r e l a t i o n p i p s . The programme 

makes necessary combinations and c o r r e c t i o n s t o o b t a i n t r a v e l - t i m e s . 

A l i s t o f t h e data r e q u i r e d f o l l o w s : 

(a) Seconds and hundredths o f seconds w i t h respect t o p i p 

(b) C a l i b r a t i o n f a c t o r . 

( c ) Sh ip ' s v e l o c i t y . 

(d) Drop-bang t i m e . 

(e) Water-wave v e l o c i t i e s 

( f ) Reducing v e l o c i t i e s . 

(g) Scale f a c t o r s . 

( b ) , ( c ) and (d) are necessary t o apply t h e c o r r e c t i o n s 

descr ibed p r e v i o u s l y . Two water-wave v e l o c i t i e s are accepted by the 

programme, the second b e i n g used t o examine t h e e f f e c t o f p o s s i b l e 

e r r o r s i n t h e f i r s t . For s t a c k i n g the records and accen tua t ing the 

d i f f e r e n c e s between a r r i v a l phases, a reduced t r a v e l - t i m e scale i s 

commonly used. The reduc ing v e l o c i t i e s ( two va lues) are used i n 

the computation o f the new t ime ax is o r i g i n i n b o t h E t ime and r e a l 

t i m e . To f a c i l i t a t e s t a c k i n g t h e r e c o r d s , f o u r scale f a c t o r s are 

en te red t o scale t h e ranges f o r each o f t h e two water-wave v e l o c i t i e s 

used i n the range c a l c u l a t i o n . 

A f t e r / 
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A f t e r an i n i t i a l p i c k i n g o f t h e r eco rds , the data was processed 
us ing t h e r e d u c t i o n programme and, w i t h t h e r e s u l t i n g i n f o r m a t i o n , 
t he '25 mm/second' records were s tacked on a reduced t ime scale 
aga in s t . t he range o f the sho t s . A good t e s t o f t h e accuracy o f the 
s t a c k i n g was t h a t t h e water-wave a r r i v a l (prominent on most records) 
should l i e on the appropr i a t e s t r a i g h t l i n e . At t h i s stage the 
e r ro r s i n p i c k i n g s were l o c a t e d and c o r r e c t e d . The s tacked records 
were subsequently t r a c e d g i v i n g t h e r e c o r d sec t ions which are 
reproduced i n Chapter 3. 

W i t h r e fe rence t o t h e a r r i v a l phases observed on the s tacked 

r ecords , i t was found t h a t many r e l a t i v e l y no i sy records y i e l d e d 

reasonably w e l l - d e t e r m i n e d a r r i v a l s on r e - examina t ion . The p i c k i n g 

o f a r r i v a l s was checked and ammended where necessary, and t h e r e d u c t i o n 

programme run a second t ime t o g i v e the f i n a l t ime-d i s t ance da ta . 

2.1.6 The bubble-pulse phenomenon and the problem o f m u l t i p l e s 

The bubble -pu lse phenomenon i s observed on most o f the shoo t ing 

sh ip records , and i s c l e a r on the shor t range r e c e i v i n g sh ip records 

o f l i n e GH, which were ob ta ined i n r e l a t i v e l y deep water ( f i g . 2-1). 

Cons idera t ion o f t h e bubble-pulse i s impor tan t i n o b t a i n i n g t h e 

optimum energy y i e l d i n the seismic r e f r a c t i o n f requency range 

(2 Hz t o 20 H z ) , and i n p i c k i n g t h e se ismic records i f i t i s hoped 

t o ob t a in u s e f u l i n f o r m a t i o n f r o m second a r r i v a l s . 

D e t a i l e d s tud ie s o f underwater explos ions by Arons and Yenhie (39^8) 

have y i e l d e d da ta concerning the mechanism and p r o p e r t i e s o f the 

bubb le -pu l se . B r i e f l y , t he gas globe crea ted by the de tona t ion 

expands, r a d i a t i n g p a r t o f i t s energy i n the fo rm o f a shock wave 

and p a r t as r e v e r s i b l e p o t e n t i a l energy i n the sur rounding w a t e r , 

toge the r w i t h o the r l o s ses . The bubble a t t a i n s a maximum rad ius / 
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rad ius a t which t h e i n t e r n a l pressure i s l e ss than t h a t o f the 

surrounding h y d r o s t a t i c l e v e l . Energy i s r e t u r n e d t o the bubble 

i n i t s subsequent c o l l a p s e . U l t i m a t e l y the pressure g rad ien t i s 

reversed and the bubble expands aga in . D u r i n g the co l lapse and t h e 

f o l l o w i n g expansion energy i s r a d i a t e d ' a c o u s t i c a l l y ' c r e a t i n g 

the f i r s t b u b b l e - p u l s e . A succession o f pulses ensues as t h e bubble 

o s c i l l a t e s . 

To o b t a i n optimum usage o f a charge i t should be detonated 

a t a s u i t a b l e dep th , which i s dependent upon i t s s i z e . R a i t t (1952) 

has shown t h a t the low frequency p a r t o f the F o u r i e r energy spectrum 

o f an exp los ion peaks a t a f requency approximate ly equal t o the 

r e c i p r o c a l o f t h e i n t e r v a l between the i n i t i a l pressure pulse and t h e 

f i r s t bubb le -pu l se . Th i s i s termed t h e bubble -pu lse f requency and 

i s g iven by t h e f o r m u l a : 

f = (D + 3 3 ) 5 / 6 / K W 1 / 3 

where D i s the depth o f the exp los ion i n f e e t , W i s t h e we igh t o f 

exp los ive i n pounds, K i s an exp los ive constant which f o r TNT i s 

k.36. The f r equency , f , i s i n H e r t z . 

I n combinat ion w i t h the requirement o f quar te r -wavelength depth 

t o o b t a i n the su r face r e f l e c t i o n o f t h e f i r s t pu lse i n phase w i t h 

t h e b u b b l e - p u l s e , t h e optimum depth can be ob ta ined as a f u n c t i o n 

o f charge w e i g h t : 

D(D + 3 3 ) 5 / 6 = K V W 1 / 3 A 

where V i s the v e l o c i t y o f sound i n sea w a t e r . 

A / 
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A graph o f optimum depth agains t charge weight has been ob ta ined 

f o r TNT by R a i t t , and i s reproduced here ( f i g . 2-2). 

Marine r e f r a c t i o n records are c h a r a c t e r i s e d by the presence 

o f m u l t i p l e s o f t h e r e f r a c t e d a r r i v a l s . These are a r r i v a l s which 

have the same phase v e l o c i t y as the f i r s t a r r i v a l . The m u l t i p l e s 

are d e r i v e d i n two p r i n c i p a l ways. At any i n t e r f a c e t h e r e i s b o t h 

r e f r a c t i o n and r e f l e c t i o n o f an i n c i d e n t acous t ic wave. The f i r s t 

a r r i v a l on a se ismic r e c o r d i s u s u a l l y i n t e r p r e t e d i n terms o f a wave 

which has been c r i t i c a l l y r e f r a c t e d a t a v e l o c i t y d i s c o n t i n u i t y w i t h i n 

t h e c r u s t ( a headwave). A wave r e f l e c t e d upwards at any i n t e r f a c e 

may subsequently be r e f l e c t e d downwards again t o be c r i t i c a l l y r e f r a c t e d 

at t he p a r t i c u l a r i n t e r f a c e r e f e r r e d t o above, and the reby appear l a t e r 

than the f i r s t a r r i v a l b u t w i t h t h e same phase v e l o c i t y . 

The r e l a t i v e l y h i g h a t t e n u a t i o n o f headwaves can r e s u l t i n a 

m u l t i p l e which has t r a v e l l e d p a r t o f i t s pa th as a bodywave, hav ing 

a comparably h i g h ampl i t ude . I n some ins tances m u l t i p l e r e f r a c t e d 

a r r i v a l s have been observed w i t h h ighe r amplitudes t han the f i r s t 

a r r i v a l (Hales and N a t i o n , 1966). The author has observed m u l t i p l e s 

i n the present s tudy which correspond t o r e f l e c t i o n s between t h e sea 

sur face and the sea bo t t om. These can be seen c l e a r l y on r e c o r d 

s e c t i o n f i g . 3-9> I n p a r t i c u l a r , r e c o r d G 1 5 shows o n l y a s m a l l 

r e d u c t i o n i n ampl i tude between successive m u l t i p l e a r r i v a l s . 

The second source o f m u l t i p l e s i s t h e bubb le -pu l s e , u s ing t h e 

t e rm ' m u l t i p l e ' accord ing t o t h e d e f i n i t i o n p r e v i o u s l y g i v e n , t h a t 

i s , an a r r i v a l w i t h t h e same phase v e l o c i t y as the f i r s t r e f r a c t e d 

a r r i v a l . The bubble -pu lse f requency depends upon t h e energy o f t h e gas 

globe ( i n i t i a l l y dependent on the chemical p o t e n t i a l energy o f t h e 

charge) which decreases w i t h each successive o s c i l l a t i o n o f t h e bubb le . Thus/ 
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T h u s , p u l s e s a r e genera ted which depend on t h e c o n d i t i o n s o f a 

p a r t i c u l a r shot ( s i z e and depth o f d e t o n a t i o n ) , and w h i c h d e c r e a s e 

w i t h the o r d e r o f t h e p u l s e . I n t h e p r e s e n t w o r k , h i g h ampl i tude 

p u l s e s p e r s i s t e d f o r about 0 .5 seconds w i t h s m a l l charges (25 l b . ) 

and f o r up t o one second w i t h l a r g e charges (300 l b . ) . F i g u r e s 1-6 

and 2-1 show b u b b l e - p u l s e s on t h e s h o o t i n g s h i p and r e c e i v i n g s h i p 

r e c o r d s . W i t h i n t h e f i r s t second o f t h e s e i s m i c r e c o r d , a r r i v a l s 

have been observed w h i c h correspond w i t h the bubble p u l s e s seen on 

the s h o o t i n g s h i p r e c o r d . 

I n s h a l l o w w a t e r , as on t h e I c e l a n d - F a e r o e R i s e (depth 5 0 0 m . ) , 

the f i r s t m u l t i p l e due t o r e f l e c t i o n a t t h e s e a bed and s u r f a c e , 

a r r i v e s w i t h i n one second o f t h e f i r s t headwave a r r i v a l . T h i s second 

a r r i v a l a l s o c o n t a i n s m u l t i p l e s due t o t h e b u b b l e - p u l s e . When 

s h o o t i n g i n s h a l l o w w a t e r , t h e r e f o r e , one can have t h e s i t u a t i o n i n 

which at l e a s t the f i r s t two seconds o f t h e r e c o r d a r e h e a v i l y 

contaminated w i t h m u l t i p l e s . The r e c o r d s o b t a i n e d on t h e 

I ce jLand-Faeroe R i s e d i s p l a y t h i s c o m p l e x i t y . With such r e c o r d s 

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

'as second a r r i v a l s , cannot be c o n f i d e n t l y at tempted i n most c a s e s . 

T h i s i s p a r t i c u l a r l y so when t h e v e l o c i t y c o n t r a s t between t h e two 

phases i s s m a l l . 

2 . 2 The i n t e r p r e t a t i o n method 

U n l e s s a l a r g e amount o f d a t a has been c o l l e c t e d i n a r e g i o n , one 

cannot improve on the c l a s s i c a l method o f i n t e r p r e t a t i n g t h e t i m e - d i s t a n c e 

d a t a i n terms o f p l a n e , h o r i z o n t a l o r d i p p i n g l a y e r s o f c o n s t a n t 

v e l o c i t y . 

Having / 
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Having assumed t h a t t h e da ta i s capable o f i n t e r p r e t a t i o n i n terms 

o f t h e s i m p l e model sugges t ed o v e r l e a f , the procedure i s s t r a i g h t f o r w a r d . 

The t i m e - d i s t a n c e d a t a i s s e p a r a t e d i n t o segments to w h i c h "best s t r a i g h t 

l i n e s are f i t t e d a c c o r d i n g to the p r i n c i p l e o f l e a s t s q u a r e s . I f a 

h o r i z o n t a l l y - l a y e r e d model i s proposed , then a s t r a i g h t l i n e segment j o i n s 

headwave a r r i v a l s f rom a p a r t i c u l a r h o r i z o n t a l i n t e r f a c e ; t h e i n v e r s e s lope 

o f t h e l i n e g i v i n g the v e l o c i t y i n the lower medium. The depth t o the 

"boundary i s c a l c u l a t e d from t h e t ime i n t e r c e p t o f t h e segment and a knowledge 

o f t h e v e l o c i t y - d e p t h s t r u c t u r e i n the o v e r l y i n g l a y e r s . The depth t o t h e 

n t h r e f r a c t o r i s g iven by: 

depth = E Z._ 

i = 1 

i - 1 ". 

where Z . = 1 / 2 ( T . + 1 - (2/V.. + ^ j = 1 J v i + 2 v / v j 

Z^ i s the t h i c k n e s s o f the i t h l a y e r , T^ a n d a r e the t ime i n t e r c e p t and i n v e r s e 

s l o p e o f the segment o f t h e t i m e - d i s t a n c e graph a s s o c i a t e d w i t h t h e ( i + l ) t h 

l a y e r . The summation term i s t aken as z e r o f o r i = 1. 

A v e l o c i t y o b t a i n e d from a l i n e shot i n one d i r e c t i o n o n l y i s not r e l i a b l e 

as a s m a l l i n c l i n a t i o n o f t h e boundary may r e s u l t i n a s i g n i f i c a n t d e v i a t i o n o f 

the o b s e r v e d from t h e t r u e v e l o c i t y . F o r t h i s r eason exper iments a r e o f t e n 

p l a n n e d so t h a t a l i n e i s sho t i n bo th f o r w a r d and r e v e r s e d i r e c t i o n s . I t i s 

not always p o s s i b l e t o a r r a n g e t h a t the s e i s m i c waves t r a v e r s e the same s e c t i o n 

o f a l l b o u n d a r i e s , wh ich r e s u l t s i n incomplete r e v e r s a l s . The apparent 

v e l o c i t i e s and t ime i n t e r c e p t s o b t a i n e d from r e v e r s e d p r o f i l e s y i e l d / 
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y i e l d d e p t h s , d i p s and t r u e v e l o c i t i e s o f t h e l a y e r s , assuming 

t h a t t h e "boundaries a r e p l a n e and o r i e n t e d n o r m a l l y t o t h e p r o f i l e . 

I f the t r u e d ips a r e s m a l l , l i t t l e e r r o r i s i n t r o d u c e d w i t h o u t 

common o r i e n t a t i o n o f t h e l a y e r s (Mota, 195*+) • The formulae 

cannot be e x p r e s s e d s i m p l y f o r the d i p p i n g l a y e r model . The 

equat ions g iven by Mota have been programmed t o f a c i l i t a t e t h e 

computation o f a model g i v e n the t i m e - d i s t a n c e data from a r e v e r s e d 

p r o f i l e (Appendix B ) . 

The assumption t h a t t h e v e l o c i t y - d e p t h f u n c t i o n i s d i s c o n t i n u o u s 

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

an u n c e r t a i n t y i n t o t h e r e s u l t s which i t i s d i f f i c u l t t o a s s e s s . There 

a r e two b a s i c c a t e g o r i e s o f u n c e r t a i n t y i n t h e measurement o f s e i s m i c 

v e l o c i t i e s . The f i r s t i s e x p e r i m e n t a l e r r o r s , such as f a i l u r e t o 

measure the t r a v e l - t i m e s o f a r r i v a l s c o r r e c t l y and t o e s t a b l i s h t h e 

range o f t h e shot a c c u r a t e l y . The second c a t e g o r y i s u n c e r t a i n t y 

due to the d e v i a t i o n o f t h e assumed s i m p l e t y p e o f e a r t h model from 

t h e r e a l e a r t h . T h i s i n c l u d e s 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 , 

i r r e g u l a r i t i e s i n boundar i e s and h idden changes o f v e l o c i t y w i t h depth . 

N o n - s y s t e m a t i c e r r o r s i n t h e f i r s t ca tegory w i l l appear i n the e s t i m a t e 

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

cover s m a l l d e v i a t i o n s o f a boundary from t h e assumed p l a n e . 

I t i s important to r e c o g n i s e t h a t t h e r e a r e e r r o r s not i n c l u d e d 

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

t o a s s e s s . I n s u f f i c i e n t da ta and s u b j e c t i v e judgements i n p i c k i n g 

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

g r a p h , c r e a t e d i f f i c u l t i e s i f an attempt i s made to a n a l y s e r e s u l t s 

i n a s t a t i s t i c a l l y r i g o r o u s way. 

A / 
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A number o f authors have examined more f u l l y the d i f f i c u l t i e s 

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

r e f r a c t i o n d a t a . The r e a d e r i s r e f e r r e d t o S t e i n h a r t and Meyer 

(1961), James and S t e i n h a r t (1966), and B o r c h e r d t and Hea ly (1968). 

Having e s t a b l i s h e d a v e l o c i t y - d e p t h s t r u c t u r e , some attempt 

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

s t r u c t u r e . Because b r o a d ranges o f r o c k t y p e s e x h i b i t s i m i l a r 

e l a s t i c p r o p e r t i e s , a unique c o r r e l a t i o n cannot be made; a l though 

i n many i n s t a n c e s , where o t h e r g e o p h y s i c a l and g e o l o g i c a l d a t a i s 

a v a i l a b l e , an i n t e r p r e t a t i o n i n terms o f a g e o l o g i c a l s e c t i o n can 

be o b t a i n e d . 

I n t h e r e f r a c t i o n s tudy o f t h e I c e l a n d - F a e r o e : R i s e and 

the c o n t i n e n t a l s h e l f a r e a s an attempt was made to r e v e r s e a l l o f 

the l i n e s . Al though the phases were not a l l p r o p e r l y r e v e r s e d 

t h i s was a c h i e v e d f o r deeper b o u n d a r i e s . When work ing a t s e a 

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

f a c t o r s i n d e t e r m i n i n g whether a good r e v e r s a l o f a l i n e i s o b t a i n e d . 

Even where t h i s i s no t a c h i e v e d , two l i n e s i n a r e l a t i v e l y s m a l l a r e a 

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

r e l i a b l e e s t i m a t e o f the s t r u c t u r e . 

The procedure adopted f o r the i n t e r p r e t a t i o n o f the d a t a was t o 

f i t b e s t - s t r a i g h t - l i n e segments t o t h e t ime-rd i s tance p l o t s w i t h r e f e r e n c e 

t o t h e s t a c k e d r e c o r d s e c t i o n s . These were t h e n i n t e r p r e t e d i n terms 

o f the s i m p l e s t s e i s m i c models w h i c h would s a t i s f y t h e observed d a t a . 

O f f s e t s were o b s e r v e d on t h e r e c o r d s w h i c h c o m p l i c a t e d the i n t e r p r e t a t i o n 

but w h i c h y i e l d e d i n f o r m a t i o n about t h e s t r u c t u r e o f t h e upper l a y e r s . 

2 . 3 The i n t e r p r e t a t i o n programmes / 
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2.3 The i n t e r p r e t a t i o n programmes 

A number o f computer programmes were used t o f a c i l i t a t e the 

i n t e r p r e t a t i o n . A b r i e f o u t l i n e o f t h e s e i s g iven h e r e , f u r t h e r 

d e t a i l s b e i n g i n c l u d e d i n Appendix B . 

As mentioned p r e v i o u s l y , t h e formulae d e r i v e d by Mota (195*+) 

have been programmed so t h a t the parameters o f any number o f 

r e v e r s e d t r a v e l - t i m e segments can be d i r e c t l y i n t e r p r e t e d i n terms 

o f p lane d i p p i n g b o u n d a r i e s (programme ' D I P ' ) . A programme ( ' T I T ' ) 

was w r i t t e n t o enable the v e l o c i t i e s and t ime i n t e r c e p t s o f segments 

t o be i n t e r p r e t e d i n terms of a s e r i e s o f h o r i z o n t a l l a y e r s . A 

m o d i f i c a t i o n t o t h i s programme was made ( i n v o l v i n g t h e n u m e r i c a l 

d i f f e r e n t i a t i o n o f t h e g e n e r a l t erm f o r t h e t h i c k n e s s o f a l a y e r ) 

t o enable t h e s t a t i s t i c a l u n c e r t a i n t i e s ( s t a n d a r d e r r o r s ) o b t a i n e d 

from f i t t i n g t h e r e g r e s s i o n l i n e s , t o be c o n v e r t e d t o s t a n d a r d e r r o r s 

on the depths t o the s e i s m i c b o u n d a r i e s . The programme i s d e s i g n a t e d 

' T I S ' . 

I n a d d i t i o n t o t h e s e d i r e c t programmes, an i n d i r e c t one ('MOD') 

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

t imes f o r a h o r i z o n t a l l y - l a y e r e d model. T h i s was found u s e f u l i n 

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

b o u n d a r i e s , b e i n g ' h i d d e n ' as s econd a r r i v a l s . 

These programmes, r e q u i r i n g a s m a l l amount o f i n p u t d a t a , a r e 

found t o be p a r t i c u l a r l y u s e f u l w i t h t h e IBM o n - l i n e ' M i c h i g a n - T e r m i n a l -

System 1 o p e r a t i n g a t Durham. 

Programmes w r i t t e n by A.G.McKay (Durham) were u s e d t o p l o t s h i p s ' 

t r a c k s on a M e r c a t o r p r o j e c t i o n f o r b o t h i n t e r p r e t a t i o n and p r e s e n t a t i o n 

p u r p o s e s . 
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CHAPTER 3 

INTERPRETATION OF THE SEISMIC REFRACTION PROFILES IN THE ICELAMD-FAEROE REGION 

3.1 I n t r o d u c t i o n 

The i n t e r p r e t a t i o n s o f t h e t h r e e r e v e r s e d l i n e s between t h e 

Faeroe I s l a n d s and I c e l a n d are c o n s i d e r e d s e p a r a t e l y . The v e l o c i t y - d e p t h 

r e l a t i o n s h i p s a r e e s t a b l i s h e d i n terms o f homogeneous l a y e r s s e p a r a t e d 

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

e x p l a i n e d i n terms o f t o p o g r a p h i c v a r i a t i o n s i n a n e a r - s u r f a c e boundary. 

The two p r o f i l e s a long t h e c r e s t o f t h e I c e l a n d - F a e r o e R i s e a r e 

combined t o g i v e a composite p i c t u r e o f t h e s t r u c t u r e over a d i s t a n c e 

o f about 2h0 km. 

3.2 L i n e CD 

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

L i n e s C and D a r e two h a l v e s o f a r e v e r s e d r e f r a c t i o n l i n e , 

80 t o 90 km i n l e n g t h . The l i n e i s i n a r e g i o n o f r e l a t i v e l y ' q u i e t ' 

g r a v i t y f i e l d a long t h e c r e s t o f t h e I c e l a n d - F a e r o e R i s e ( f i g . 3 - 1 ) . 

The s t a c k e d r e c o r d s ( f i g s . 3-2 and 3-3) and t h e t r a v e l - t i m e 

graph ( f i g . 3-U) show the segments o b t a i n e d , t h e parameters o f w h i c h 

a r e t a b u l a t e d ( t a b l e 3 . 2 . 1 ) . 

The r e c o r d s 

The r e c o r d s have been s t a c k e d w i t h r e f e r e n c e t o range and t o t h e 

t r a v e l - t i m e , T - r a n g e / T . O seconds . The r e l a t i v e ampl i tudes o f 

a r r i v a l s between one r e c o r d and t h e n e x t a r e dependent upon the energy 

output o f t h e shot and t h e in s t rument r e s p o n s e , i n a d d i t i o n t o the 

e f f e c t s o f t h e s i g n a l p a t h . The energy a t the source and t h e i n s t r u m e n t 

response v a r i e d from shot to shot so t h a t no account can be t a k e n o f 

r e l a t i v e ampl i tudes between r e c o r d s . / 



F i g . 3-1. The f r e e ^ - a i r g r a v i t y map o f t h e Iceland<-Faeroe R i s e 

( a f t e r S t a c e y 1 9 6 8 . ) . 'and the l o c a t i o n s o f s e i s m i c 

r e f r a c t i o n - p r o f i l e s C , D, E , F , G and H . The 

contours a r e . i n mgalv 



9 

.$ CM 

P 00° 
5 o 

09 

oc to 

oc 01 
a) 

s 

\ 

s 

<0' 

o I J 



- 36 -

r e c o r d s . 

The r e c o r d s o f l i n e C ( f i g . 3 -2 ) show a s t r o n g f i r s t a r r i v a l 

i n the range 3^ t o 70 km ( r e c o r d s C13 t o C21) t o which a good 

s t r a i g h t l i n e can be f i t t e d . The s t r o n g f i r s t a r r i v a l s on C11 

and C12 do not f i t t h i s l i n e and a r e l a t e r t h a n C13 w i t h r e s p e c t 

t o the reduced t r a v e l t i m e s . Records C15 and C16 show a m u l t i p l e 

o f t h e f i r s t a r r i v a l about 1.9 seconds l a t e r . 

The s i g n a l t o n o i s e r a t i o on the f i r s t t e n r e c o r d s ( c h a r g e s 

up t o 2 5 l b s . ) i s l o w , and t h e f i r s t a r r i v a l s from the upper 

s t r u c t u r e s a r e l o s t i n the n o i s e . There i s , however, a s t r o n g 

second a r r i v a l phase on r e c o r d s CT> C8 and C10 . A p o s s i b l e m u l t i p l e 

o f t h i s phase i s e v i d e n t on r e c o r d s C7 and C8 about s i x t e n t h s o f a 

second l a t e r . 

The s i g n a l t o n o i s e r a t i o on the r e c o r d s o f l i n e D ( f i g . 3~3) from 

low charge w e i g h t s , (D1 t o D7) i s much b e t t e r t h a n on l i n e C . A 

s t r o n g f i r s t a r r i v a l phase i s observed on r e c o r d s D5 t o D1U. Records 

D1 t o dU show a l o w e r v e l o c i t y phase as a f i r s t a r r i v a l , a l though t h i s 

i s not as c l e a r . 

Records D18 t o D22 show a f i r s t a r r i v a l phase w i t h a s i m i l a r 

v e l o c i t y t o t h a t o f D5 t o D1U. T h i s phase i s , however , about one 

second o f f s e t . The two phases a r e l i n k e d by r e c o r d s D15» D16 and 

D17. 

Records D23 and D2U show a h i g h e r v e l o c i t y phase w h i c h can be 

t r a c e d through D22 t o a s econd a r r i v a l on D21. 

The t r a v e l - t i m e graph / 
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The t r a v e l - t i m e graph . 

The t i m e - d i s t a n c e graph ( f i g . 3-*0 shows more c l e a r l y t h e phases 

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

s t r a i g h t l i n e segments o f t h e graph: 

TABLE 3 .2 .1 

L a y e r Segment V e l o c i t y S . E . on v e l o c i t y Time S . E . o n Time No. o f 
km/s km/s I n t e r c e p t I n t . ( s ) o b s e r v a t i o n s 

w a t e r ww 1.U81 0 .005 

1 D1 3 . 2 U 0 . 3 5 0 . 6 9 0 . 20 3 

2 D2 5 - 6 6 0 .05 1 . 6 7 0 . 0 3 11 

2 D2* 5 - U l 0 .07 0 .10 0 .16 5 

k DU l.Bk 0 .09 ^ - 5 1 0 . 1 2 k 

1 C1 h.25 0 . 1 5 1 -69 0 .10 h 

2 C2 5 . 9 7 0 . 0 U 1.31 0 . 0 6 8 

The important f e a t u r e s o f t h e t r a v e l - t i m e graph a r e t h e s t e p - o u t 

between segments D2 and D2* and the h i g h v e l o c i t y segment T)k which 

i s n o t observed on t h e r e v e r s e h a l f o f the l i n e . L i n e C i s e f f e c t i v e l y 

t e r m i n a t e d at 6 8 km because the q u a l i t y o f the l a s t r e c o r d , at 76 km, 

i s poor . At t h i s range on l i n e D t h e h i g h v e l o c i t y a r r i v a l does not 

appear f i r s t on the r e c o r d . 

The U . 2 5 km/s p h a s e , segment C 1 , i s probab ly a m u l t i p l e o f t h e 

f i r s t a r r i v a l . 

I n t e r p r e t a t i o n of the t r a v e l - t i m e graph 

A p r e l i m i n a r y i n s p e c t i o n o f the graph i n d i c a t e s an upper c r u s t a l 

s t r u c t u r e i n which t h e r e i s a d i p p i n g i n t e r f a c e between l a y e r 1 

(P-wave v e l o c i t y 3.2k km/s ) and l a y e r 2 (about 5 . 8 k m / s ) i n t h e 

n o r t h - w e s t . About h a l f way a long t h e p r o f i l e t h e r e i s a s h a r p 

r i s e i n t h i s boundary t o the s o u t h - e a s t c a u s i n g the o f f s e t o f about / 
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about one second i n the l a y e r 2 segments. 

The d e t a i l s o f the model proposed o v e r l e a f a r e d i s c u s s e d i n the 

f o l l o w i n g p a r a g r a p h s . 

The mean s e a depth a long t h e l i n e CD i s 275 fathoms ( 0 . 5 0 km) . 

The s e a f l o o r i s f l a t t o w i t h i n a few minutes o f a r c , except between 

shots D15 and D16 where t h e r e i s a r i s e t o the s o u t h - e a s t o f one 

degree apparent s l o p e ( f i g . 3-*0- Between shots C13 and C15 t h e r e 

a r e two s m a l l r i s e s t o the s o u t h - e a s t o f about h a l f a degree i n c l i n e . 

The l i n e s are about k km a p a r t i n t h e r e g i o n of t h e s e b a t h y m e t r i c 

r i s e s . 

The e f f e c t i v e depth o f the f i r s t l a y e r ( the s e a ) depends on t h e 

depth o f de tonat ion o f the charges and t h e depth o f t h e r e c e i v i n g 

hydrophones . The combined e f f e c t o f t h e s e i s t o reduce t h e s e a 

depth by 50 ± 30 m e t r e s . 

L a y e r 1 

The v e l o c i t y o f the upper l a y e r , seen on l i n e D , i s not w e l l 

de termined , but assuming t h a t i t crops out on the s e a f l o o r , t h e 

parameters f o r t h i s segment o f t h e t r a v e l - t i m e graph s a t i s f y the 

c o n s t r a i n t imposed by the known s e a depth , w i t h i n t h e quoted 

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

i n t e r c e p t f o r l a y e r 1 i s t aken t o be t h a t r e q u i r e d t o s a t i s f y t h e 

above c o n s t r a i n t ( 0 . 5 ^ ± 0 .05 s ) . 

The / 
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The s h o r t range r e c o r d s o f l i n e C do not show a p e r s i s t e n t 

f i r s t a r r i v a l phase above t h e n o i s e l e v e l . Records C 6 , C 7 , C8 

and C10 , however , show a prominent second a r r i v a l phase w i t h v e l o c i t y -

It.25 ± 0 .15 km/s and i n t e r c e p t t ime 1 .69 ± 0 . 1 0 s econds . A s i m i l a r 

p h a s e , which i s i n v e r t e d , o c c u r s about 0 . 6 second l a t e r on these 

r e c o r d s , a n d , l e s s c l e a r l y , one i s observed about 0 . 6 seconds e a r l i e r . 

T h i s l a t t e r phase a l s o seems t o be a second a r r i v a l , t h e onse t o f t h e 

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

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

o f r e f l e c t i o n s somewhere a long the p r o f i l e . The ampl i tudes c o u l d 

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

a t t e n u a t i o n f a c t o r f o r t h e headwave i n t h e lower medium, and bodywave 

i n the upper medium, were s u f f i c i e n t l y h i g h . 

The c a l c u l a t e d t ime i n t e r c e p t f o r a f i r s t a r r i v a l phase from 

a U . 25 km/s l a y e r c r o p p i n g out on the s e a bed i s 0 . 5 7 seconds . The 

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

top o f t h i s l a y e r and a t t h e s e a - a i r boundary i s 0 . 6 3 seconds . The 

second m u l t i p l e w o u l d , t h e r e f o r e , have an i n t e r c e p t t ime of 1 . 8 3 

s e c o n d s , which i s c l o s e t o t h a t observed f o r t h e U . 2 5 km/s p h a s e . 

The i n v e r s i o n o f phase o f t h e f i r s t and t h i r d m u l t i p l e s r e l a t i v e t o 

t h e second m u l t i p l e , c l e a r l y seen on r e c o r d s C 7 and C 8 , i s c o n s i s t e n t 

w i t h a 180 degree phase s h i f t r e s u l t i n g from each r e f l e c t i o n a t the 

s e a - a i r s u r f a c e . 

The f i r s t a r r i v a l s o f r e c o r d s C11 and C12 i n d i c a t e a h i g h e r 

v e l o c i t y than k.25 k m / s . These may be from a g r e a t e r depth i f t h e r e 

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

depth. 

L a y e r 2 / 
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Layer 2 

To o b t a i n the s i g n i f i c a n c e o f the segment D2* (5.1*1 km/s) o f the 

t r a v e l - t i m e graph, i t i s necessary t o consider the path taken by 

the headwave at the l a y e r 1 - l a y e r 2 i n t e r f a c e a f t e r the onset o f 

the basement r i s e (diagram below). 

x < > 

f Q 
sea 

Layer 1 

Layer 2 

Applying Fermat's p r i n c i p l e o f l e a s t time t o the model, t h e paths 

taken by the seismic waves t o s t a t i o n s P and Q are approximately as 

shown above. The f i r s t a r r i v a l s at s t a t i o n s such as P and Q w i l l 

l i e on a curve ( t h e sum o f two hyperbolae). At distances greater 

than some value of x/d, the curve w i l l approximate t o a s t r a i g h t l i n e 

w i t h i n the e r r o r s o f observation. 

I t can be shown nu m e r i c a l l y t h a t f o r x/d ^ 8 the e r r o r i n 

f i t t i n g a s t r a i g h t l i n e t o the observed a r r i v a l s i s such t h a t t h e 

inverse g r a d i e n t i s c l o s e r than 0.03 km/s t o t h e t r u e mean v e l o c i t y 

(Vm) o f the upthrown m a t e r i a l . 

Thus, the segment D2* represents the mean v e l o c i t y from the depth 

o f t h e bottom o f the r i s e t o t h e sea bed, provided shot D18 i s s u f f i c i e n t l y 

d i s t a n t . I t i s found t h a t f o r D18 the r a t i o x/d i s approximately 8. 

The / 
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The segments D2 and C2 may be i n t e r p r e t e d i n terms o f a uniformly-

dipping i n t e r f a c e . 

I t i s necessary t o t e s t the r e c i p r o c i t y o f the t r a v e l times f o r 

rays which have t r a v e l l e d t h e same path from e i t h e r end o f the p r o f i l e , 

as a check t h a t the two phases are from the same l a y e r . These 

t r a v e l - t i m e s are observed where t h e 5.U1 km/s and 5-97 km/s phases 

i n t e r s e c t the time axes at a range o f 80 km. The values are obtained 

by s u b s t i t u t i o n i n the s t r a i g h t l i n e equation: 

t = x/V + T. 

where t i s th e t r a v e l time f o r the range x, v e l o c i t y V and i n t e r c e p t T^. 

For the 5.^1 km/s phase the s u b s t i t u t i o n y i e l d s 1U.89 ± 0.23 s. 

and f o r the 5-97 km/s, 1U.71 ± 0.09 s. The r e c i p r o c i t y o f the 

t r a v e l - t i m e s i s thus confirmed w i t h i n the u n c e r t a i n t y l i m i t s and the 

two phases have, t h e r e f o r e , t r a v e r s e d the same i n t e r f a c e . 

To d e fine the parameters o f a dip p i n g boundary i t i s necessary 

t o compute i t s d i p and the depth t o i t at one p o i n t , which i s 

achieved using the two apparent v e l o c i t i e s and one i n t e r c e p t . At 

th e south-east end o f th e l i n e the observed i n t e r c e p t i s e f f e c t e d 

by the basement e l e v a t i o n but t h i s does not hind e r the i n t e r p r e t a t i o n 

i n terms o f a dipping boundary i n the north-west. This i n t e r c e p t 

can be adjusted by the a d d i t i o n o f the d i f f e r e n c e between the i n t e r c e p t s 

o f segments D2 and D2* at 80 km range ( i . e . at the south-east end o f the 

l i n e ) . The e f f e c t o f t h i s i s t o continue the d i p o f t h e i n t e r f a c e 

i n a so u t h - e a s t e r l y d i r e c t i o n and replace 5-̂ 1 km/s m a t e r i a l by t h a t 

o f 3.2U km/s. C l e a r l y the e r r o r s i n t h e 5-97 km/s i n t e r c e p t w i l l be 

increased by t h i s procedure. The adjusted i n t e r c e p t i s 2.23 ± 0.25 seconds. 

Using / 
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using the time i n t e r c e p t o f t h e 5.66 km/s phase the f o l l o w i n g 

parameters are obtained f o r the l a y e r 1 - l a y e r 2 boundary. 

True v e l o c i t y o f l a y e r 2 = 5.81 km/s. 

V e r t i c a l thickness o f l a y e r 1 below north-west end =2.11 km. 

Dip o f boundary, downwards t o the south-east = 1.0 degrees. 

The values obtained \osing the adjusted i n t e r c e p t f o r the 5-97 km/s 

phase are compatible w i t h t h e above r e s u l t s . 

Layer k 

The h i g h v e l o c i t y segment (segment DU) i s observed i n one d i r e c t i o n 

only - l i n e D. Assuming t h a t t h i s t y p i c a l l y sub-Moho v e l o c i t y i s 

associated w i t h a h o r i z o n t a l i n t e r f a c e then i t s depth can be c a l c u l a t e d . 

To s i m p l i f y the c a l c u l a t i o n , the equivalent h o r i z o n t a l l y l a y e r e d 

model was computed f o r the upper l a y e r s . The observed t i m e - i n t e r c e p t 

o f the 7.8^ km/s phase was adjusted t o comply w i t h the m o d i f i c a t i o n s 

t o the upper s t r u c t u r e . The thickness o f l a y e r 1 was taken t o be t h a t 

h a l f way along the p r o f i l e - 2.82 km - and the delay times adjusted 

f o r the replacement o f m a t e r i a l at both ends. The r e s u l t i n g delay 

time f o r the I.Qh km/s phase i s 5-06 ± 0.20 seconds. 

This model y i e l d s a depth t o the base o f the c r u s t o f 15.78 ± 2 . 1 2 km. 

The basement r i s e 

Consideration o f the p o s i t i o n s o f shots r e l a t i v e t o each oth e r and t h e 

b a t h y m e t r i c , magnetic and g r a v i t y maps together w i t h t h e s t r u c t u r e 

p r e v i o u s l y o u t l i n e d , permits the l i m i t s o f the r i s e i n t h e l a y e r 1 -

l a y e r 2 i n t e r f a c e t o be estimated. 

I t / 
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I t can be seen from the stacked records ( f i g . 3-3) t h a t the f i r s t 

a r r i v a l s from shots D15, D16 and D17 are p r o g r e s s i v e l y e a r l i e r i n 

reduced t r a v e l - t i m e r e l a t i v e t o previous shots, and t h a t they l i n k the 

5.66 km/s phase w i t h t h a t o f 5«^1 km/s. This i n d i c a t e s t h a t the 

region o f r i s i n g basement i s confined t o the range between shots Dlh 

and D18. The l i n e C records i n d i c a t e p e n e t r a t i o n t o t h i s i n t e r f a c e 

north-west o f the basement r i s e f o r shot C13 and a l l subsequent shots. 

On the aeromagnetic map ( f i g . 3-5)> i n the region of l i n e s C and D, 

a magnetic 'high' i s observed t r e n d i n g south-west t o north-east 

(anomaly R) which cuts l i n e D i n t h e region D17 t o D18. This 'high* 

terminates less than 10 km south-west o f l i n e D. Line C i s about 

h km south o f D a t t h i s p o i n t and i s thus nearer the t e r m i n a t i o n o f 

the magnetic 'high*. I n g l e s (personal communication) has s t u d i e d 

s i m i l a r anomalies i n the region and i n t e r p r e t s them i n terms o f t h e 

topography o f the basement l a y e r . To the n o r t h o f , and adjacent t o , 

anomaly R i s a wedge-shaped magnetic 'low (anomaly P) which converges 

a t the south-western end o f anomaly R. There i s c o r r e l a t i o n between 

the anomaly R and the f r e e a i r g r a v i t y map ( f i g . 3-5). A r i d g e o f h i g h 

f r e e - a i r g r a v i t y p r o j e c t s from the 60 mgal 'high' along the magnetic 

'high', R. A p r o f i l e across t h i s r i d g e (YY 1) about 13 km north-west 

o f , and p a r a l l e l t o , l i n e CD shows i t more c l e a r l y together w i t h other 

small s h o r t wavelength anomalies (10 t o 15 mgal w i t h wavelengths o f 

about 50 km). These anomalies have been i n t e r p r e t e d by B o t t (personal 

communication) i n terms of near-surface s t r u c t u r e s . 

The / 



T o t a l magnetic f i e l d map ( a f t e r Avery e t a l . , 3968) 

showing t h e r e l a t i o n s h i p w i t h the seismic r e f r a c t i o n 

p r o f i l e s and w i t h t h e f r e e - a i r g r a v i t y f i e l d i n the 

region o f l i n e CD. 



«0 <0 

• o CD CO \ 

. * in 

\ 

0 0 OSCOS 

o« 
oszos 

in 
OSJ09 

c 0 « 
0 0 

\j (0 

<o 

oszos 0 o 

S B ? CM CM 

J a 
«0 (0 



-kh-

The bathymetric p r o f i l e s along l i n e s C and D ( f i g . 3-h) show 

topographic r i s e s i n the region of shots D15 and Dl6, and C13 t o C15. 

As p r e v i o u s l y described, the gradient of the r i s e i s more marked 

on l i n e D than on l i n e C. The north-east t o south-west t r e n d o f t h i s 

topography i s shown by the bathymetric contours ( f i g . 3-1) taken from 

data c o l l e c t e d by the Deutsches Hydrographisches I n s t i t u t , Hamburg. 

The above q u a l i t a t i v e discussion o f other data leads t o t h e 

suggestion t h a t the edge o f the proposed basement r i s e trends 

approximately south-west t o n o r t h - e a s t , extending up t o 50 km t o the 

north-east o f shot D17 and t e r m i n a t i n g a few k i l o m e t r e s t o the south-west. 

Some southwards swing i n the t r e n d o f the edge i s necessary between 

l i n e s C and D t o account f o r the a r r i v a l o f shot C13 from the region 

o f deeper basement. 

The r e f l e c t i o n o f the basement step i n a bathymetric r i s e suggests 

t h a t the basement comes close t o the surface. 

The v e r t i c a l extent o f the basement r i s e may be computed i n two 

ways. The f i r s t i s t o use the observed o f f s e t between the segments 

D2 and D2* and t h e second t o use the c a l c u l a t e d dip and depth o f the 

l a y e r 1 - l a y e r 2 boundary i n the north-west. The former method 

depends on the time i n t e r c e p t o f the 5.^1 km/s phase, which has a 

h i g h u n c e r t a i n t y , and on the parameters o f the dipping i n t e r f a c e . 

I t i s , t h e r e f o r e , l ess c e r t a i n than the second method. 

The h o r i z o n t a l e x t e n t o f t h e region o f r i s i n g basement, estimated 

from the seismic records, together w i t h the v e r t i c a l e x t e n t , give a 

mean gradient o f eleven degrees f o r the r i s e . 

Another / 



Another approach i s t o consider t h e phase v e l o c i t y o f a r r i v a l s 

on records D1U t o D17 and compute the i n c l i n a t i o n r e q u i r e d t o give 

t h i s apparent v e l o c i t y . Using several estimates o f the phase 

v e l o c i t y , values between seven and twenty-three degrees are obtained 

f o r the dip o f the edge. This r e s u l t i s i n agreement w i t h the value 

obtained p r e v i o u s l y . 

I t i s l i k e l y t h a t the model o u t l i n e d above i s t o o simple. I n 

p a r t i c u l a r , the l a t e r a l t r a n s i t i o n from low v e l o c i t y m a t e r i a l (3.2U km/s) 

i n t o h igh v e l o c i t y m a t e r i a l (5.^1 km/s) i s probably not sharp. 

A l t e r n a t i v e models 

The o f f s e t on the t r a v e l - t i m e graph has been explained i n terms 

o f a r i s e i n the basement. Another p o s s i b i l i t y i s t h a t a sudden 

l a t e r a l change occurs i n the v e l o c i t y o f l a y e r 2. To obt a i n the 

same step-out and apparent v e l o c i t y i t would be necessary t o have 

a model i n which the v e l o c i t y o f l a y e r 2 increased t o about 8 km/s 

w i t h the top surface dipping downwards towards t h e south-east at an 

angle o f about twelve degrees. 

A l a y e r w i t h P-wave v e l o c i t y o f 6.8 km/s i s found on l i n e EF. 

This has not been observed on l i n e CD and the p o s s i b i l i t y o f a 

m i s i n t e r p r e t a t i o n o f the 1.8k km/s unreversed phase should be considered. 

I f t h i s represents the apparent up-dip v e l o c i t y o f a 6.8 km/s l a y e r , 

the upper boundary o f the l a y e r i s at 5 km depth below t h e sout h - e a s t e r l y 

end o f the l i n e and dips at an angle i n excess o f t e n degrees, downwards 

t o the north-west. I f e x t r a p o l a t e d t o the other end o f the l i n e , 

the depth would become 20 km. 

A / 
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A f u r t h e r p o s s i b i l i t y i s t h a t the 6.8 km/s l a y e r appears on the 
records as a second a r r i v a l o n l y , and has not been observed among 
the h i g h l e v e l o f s i g n a l generated noise. Using the parameters o f 
the equivalent h o r i z o n t a l l y l a y e r e d model, the maximum thickness 
o f such a l a y e r has been computed (p r e s e r v i n g the observed time 
i n t e r c e p t s o f oth e r phases). I t i s found t h a t 5.5 km o f the l a y e r 
can e x i s t , the presence of -which increases the depth t o t h e Mbho by 
about 2 km. 

Models w i t h and w i t h o u t t h e 6.8 km/s l a y e r are compared i n t a b l e 

3.2.2, below 

TABLE 3.2.2 

Layer V e l o c i t y 
km/s 

Thickness 
km 

Depth t o 
bottom km 

V e l o c i t y 
km/s 

Thickness 
km 

Depth t o 
bottom km 

water 1.U8 0.50 0.50 1.1*8 0.50 0.50 
1 3.2^ 2.82 3.32 3.2k 2.82 3.32 
2 5.81 12.U6 15.78 5.81 9.00 12.32 
3 6.80 5.50 17.82 

k T.8U 7.8U 

The l a s t o f the models described above i s considered t o be a l i k e l y 

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

U n c e r t a i n t i e s on depths have been computed f o r the h o r i z o n t a l l y 

l a y e r e d model used i n the computation o f t h e depth t o the base o f t h e 

c r u s t . These are shown i n t a b l e 3.2.3. 

TABLE 3.2.3 / 
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TABLE 3.2.3 

Layer I n t e r c e p t S.E. on V e l o c i t y S.E. on Depth t o S.E. on 
s i n t e r c e p t km/s v e l o c i t y bottom km km. 

water 1.W 0.005 0.50 0.03 
1 0.5k 0.05 3.2k 0.35 3.32 0.63 
2 2.03 0.20 5.81 0.03 15.78 2.12 
k 5.06 0.20 7.8U 0.09 

Note t h a t t h e standard e r r o r s on t h e v e l o c i t y and time i n t e r c e p t o f 

the 5«81 km/s phase are estimated from those on t h e observed apparent 

v e l o c i t i e s and time i n t e r c e p t s . 

SUMMARY 

The r e s u l t s of t h e i n t e r p r e t a t i o n o f l i n e CD are summarised below: 

(a) The s t r o n g o f f s e t i n t h e intermediate v e l o c i t y phase (D2,D2*) 

may be i n t e r p r e t e d as a marked red u c t i o n i n the depth t o l a y e r 2 

at the south-east end o f the p r o f i l e . 

(b) The t r a v e l - t i m e data f o r the n o r t h - w e s t e r l y h a l f o f t h e p r o f i l e 

i s s a t i s f i e d by a south-easterly dipping i n t e r f a c e between 

lay e r s 1 and 2, the angle of d i p b e i n g about one degree. 

(c) An unreversed s u b - c r u s t a l v e l o c i t y {f.Bk km/s) i s observed 

which, f o r an assumed h o r i z o n t a l M d i s c o n t i n u i t y , gives a 

c r u s t a l thickness o f about 16 km. 

(d) The l i k e l y presence of a 6.8 km/s 'hidden' l a y e r o f thickness 

up t o 5«5 km increases the estimate o f the c r u s t a l thickness 

from 16 km t o about 18 km. 

3.3 Line EF 

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

This l i n e i s approximately 120 km i n l e n g t h and i s i n a s i m i l a r 

d i r e c t i o n t o l i n e CD along the c r e s t o f t h e Iceland-Faerbe Rise. The 

most sout h - e a s t e r l y shot on the l i n e i s about 20 km from the north-western 

end o f l i n e CD. / 
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CD. 

The phases obtained from t h e stacked records ( f i g s . 3-6 and 3-7) 

and the t r a v e l - t i m e graph ( f i g . 3-8) are shown i n Table 3.3.1. 

The Records 

The s h o r t range records o f l i n e E show a low v e l o c i t y phase 

although the uppermost l a y e r i s probably not seen as a f i r s t a r r i v a l 

owing t o the absence o f records i n the f i r s t 6 km. The remainder 

o f the records d i s p l a y two w e l l d e f i n ed phases i n t h e ranges 10 t o 30 km 

and 50 t o 120 km. Between these two ranges there i s a l i k e l i h o o d 

o f an i n t e r m e d i a t e phase. 

The f i r s t record o f l i n e F i s at a range o f about 2 km and 

subsequent records are obtained a t 2 km i n t e r v a l s t o a distance o f about 

20 km. This r e l a t i v e l y dense shooting w i t h charge sizes o f t w e n t y - f i v e 

l b s . o r g r e a t e r ( a f t e r the f i r s t one), giv e a good set of records. The 

most prominent f e a t u r e i s the o f f s e t between records 6 and 9. On t h e 

remainder o f the records two phases are d i s t i n c t - i n t h e ranges 

20 t o h5 km and k5 t o 120 km. Records 22 and 2h are n o i s y and t h e f i r s t 

onsets cannot be p i c k e d w i t h confidence. Shot 22 was reported t o have 

•blown o u t 1 . N e i t h e r o f these was used i n t h e v e l o c i t y determination 

o f the phase. 

Second a r r i v a l s p e r s i s t i n g across s e v e r a l records are not observed 

on e i t h e r h a l f of the l i n e EF. 

The t r a v e l - t i m e graph 

The c o n s t r u c t i o n o f t h e t r a v e l - t i m e graph f o r l i n e E and t h e f i t t i n g 

o f s t r a i g h t l i n e segments i s r e l a t i v e l y s t r a i g h t f o r w a r d . For l i n e F 

there i s the problem of the o f f s e t i n t h e f i r s t a r r i v a l s which occurs 

over a distance o f about 6 km centred around a range o f 13 km. The f i r s t 

t h r e e p o i n t s on l i n e F can be c o n f i d e n t l y assigned t o the lowest v e l o c i t y 

phase. Consideration o f the range o f the w e l l defined low v e l o c i t y / 
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v e l o c i t y phase on l i n e E suggests t h a t the next two or t h r e e p o i n t s 

are not p a r t o f the o f f s e t i n the curve and, t h e r e f o r e , t h a t these 

represent a second hi g h e r v e l o c i t y phase. 

Neglecting f o r t h e present the records F6 t o F9, the f o l l o w i n g 

s t r a i g h t l i n e segments o f the t r a v e l - t i m e graph are obtained: 

TABLE 3.3.1 

Layer Segment V e l o c i t y S.E. on Time S.E. on time No. c 
km/s V e l o c i t y I n t e r c e p t ( s ) I n t e r c e p t Obsen 

water WW 1.1*81 0.005 
l a F l a 3.68 0.03 0.U7 0.01 3 
l b Fib 1*.56 0.17 0.82 0.07 3 
2 F2 5-73 0.07 0.98 0.07 5 
3 F3 6.79 o.oU 2.15 0.06 9 
l b Elb 1*.1*7 0.07 0.66 0.03 3 
2 E2 5.75 0.05 1.20 0.03 6 
2 E2* 6.U7 0.03 1.82 0.03 1* 
3 E3 6.81 0.03 2.21 0.06 11 

I n t e r p r e t a t i o n o f t h e t r a v e l - t i m e graph 

The mean sea depth along t h e l i n e i s 0.1* km. The bathymetric record 

( f i g . 3-8) shows a r e l a t i v e l y steep gradient (about three degrees) at a 

range o f 75 km from t h e s t a r t o f l i n e F, the change i n depth being about 

120 metres. A s i m i l a r gradient i s seen a t about 13 km range. Topography, 

o f t h i s magnitude has l i t t l e e f f e c t on the delay times o f a r r i v a l s from 

deeper l a y e r s . The sea bottom, i s , t h e r e f o r e , considered plane and 

h o r i z o n t a l . 

Layer 1 / 
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Fig. 3-8. a. Travel-time graph o f the reversed seismic r e f r a c t i o n 
p r o f i l e EF. t>. I n t e r p r e t e d c r u s t a l model. Layer 
v e l o c i t i e s are i n km/s. c. Bathymetry along the p r o f i l e . 
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Layer 1 

The phases F l a and Fib may represent a continuous increase 

i n v e l o c i t y w i t h depth w i t h i n a s i n g l e l a y e r , or may represent two 

d i s t i n c t l a y e r s . For the purpose o f t h i s analysis i t i s assumed 

t h a t there are two d i s c r e t e upper l a y e r s . The phase Elb has a s i m i l a r 

v e l o c i t y t o F i b . A lower v e l o c i t y phase probably e x i s t s on l i n e E 

but has not been detected owing t o t h e absence o f records i n the f i r s t 

6 km. The v e l o c i t y (3 .68 km/s) and i n t e r c e p t time (O.k'J seconds)for 

F l a gives a depth o f water o f 0.38 km which i s w i t h i n the e r r o r l i m i t s 

o f the known depth. I t i s assumed t h a t a l a y e r w i t h the same v e l o c i t y 

i s present at t h e other end o f the p r o f i l e o v e r l y i n g the l a y e r E l b . 

The boundary between t h e two components o f l a y e r 1 i s assumed t o be 

h o r i z o n t a l . 

Layer 2 

The segments F2 and E2 are w e l l defined and give s i m i l a r v e l o c i t i e s , 

5.73 and 5.75 km/s, r e s p e c t i v e l y . As these phases are not p r o p e r l y 

reversed and as t h e r e i s not c o n t i n u i t y o f s t r u c t u r e across t h e p r o f i l e 

( i n d i c a t e d by the step i n the l i n e F t r a v e l - t i m e graph) a mean v e l o c i t y 

o f 5.7^ km/s has been taken f o r l a y e r 2. Because the l a y e r i s not 

defined a t a range less than t h a t o f t h e o f f s e t i n the t r a v e l t i m e s , 

i t i s not p o s s i b l e t o measure t h e value o f t h e o f f s e t a c c u r a t e l y . I t 

seems l i k e l y , however, t h a t i t i s associated w i t h a s t r u c t u r a l f e a t u r e 

i n the top o f l a y e r 2. Assuming t h a t record F6 i s an a r r i v a l from 

l a y e r 2, the o f f s e t i s estimated t o be 0.25 seconds. This represents 

a r e d u c t i o n i n the delay time o f t h e phase F2 which becomes 1.23 seconds 

on c o r r e c t i o n . The value i s i n agreement w i t h the delay time o f 

the phase E2 (1.20 seconds). Thus th e r e i s evidence t o suggest a r i d g e / 
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r i d g e s t r u c t u r e i n t h e u p p e r s u r f a c e o f l a y e r 2 , r i s i n g a t a r ange 

o f a b o u t 13 km and d r o p p i n g a t 75 km f r o m t h e b e g i n n i n g o f l i n e F . 

To p r o d u c e a t r a v e l - t i m e r e d u c t i o n o f a b o u t 0.25 seconds f o r 

a r r i v a l s f r o m l a y e r 2 i t i s n e c e s s a r y f o r t h e v e r t i c a l e x t e n t o f t h e 

r i d g e t o be 1.5 t o 2 km. Assuming t h a t t h e u p p e r l a y e r s a r e 

h o r i z o n t a l a t b o t h ends o f t h e l i n e , t h e d e p t h t o t h e t o p o f l a y e r 2 

a t t h e s e ends i s a b o u t 2 . 2 km b e l o w t h e sea b e d . I t seems, t h e r e f o r e , 

t h a t l a y e r 2 comes t o w i t h i n 0 .5 km o f t h e sea f l o o r i n t h e m i d d l e 

o f t h e p r o f i l e . 

H a v i n g e s t a b l i s h e d t h e uppe r s t r u c t u r e i n b r o a d t e r m s , t h e 

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

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

i n t e r f a c e . 

The phase v e l o c i t y b e t w e e n s h o t s F7 and F8 i s 8.9 k m / s . Assuming 

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

g r a d i e n t i s a b o u t t w e n t y d e g r e e s . C o n s i d e r i n g t h e phases E2 a n d E 2 * , 

one obse rves t h a t E2* i s a f i r s t a r r i v a l i n t h e r ange 30 t o ho km f r o m 

E a n d t h a t t h e v e l o c i t y o f 6.U? km/s may be i n t e r p r e t e d as t h e a p p a r e n t 

v e l o c i t y up t h e r i s i n g t o p s u r f a c e o f l a y e r 2 . The g r a d i e n t r e q u i r e d 

i s about seven d e g r e e s . Because t h e l a y e r 2 u p p e r b o u n d a r y i s a t t h e 

same d e p t h u n d e r b o t h ends o f t h e l i n e and no s i m i l a r phase t o E2* i s 

o b s e r v e d on l i n e F , i t i s t h o u g h t t h a t t h e above i n t e r p r e t a t i o n i s more 

l i k e l y t h a n t h a t t h e phase i s a s s o c i a t e d w i t h a deepe r b o u n d a r y . 

The s t e e p e s t b a t h y m e t r i c g r a d i e n t s on t h e p r o f i l e p r o b a b l y r e f l e c t 

t h e t o p o g r a p h y on s u b - s u r f a c e b o u n d a r i e s ( f i g . 3-8). The b a t h y m e t r i c 

r i s e o b s e r v e d on t h i s p r o f i l e can be r e l a t e d t o a b a t h y m e t r i c ' h i g h ' 

o u t l i n e d b y t h e 200 f a t h o m c o n t o u r on t h e A d m i r a l t y C h a r t . The / 



- 5 3 -

The t r e n d o f t h i s b a t h y m e t r i c r i d g e i s a p p r o x i m a t e l y 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 l i n e EF . 

The a e r o m a g n e t i c map ( f i g . 3~5) shows l i n e a t i o n 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 t h e l i n e o v e r i t s n o r t h - w e s t h a l f , w i t h a s t e e p 

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

t r a v e l - t i m e g r a p h , 13 km f r o m t h e n o r t h - w e s t e n d . The s o u t h - e a s t p a r t 

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

The s o u t h - e a s t e r l y edge o f t h e e l e v a t e d l a y e r 2 , c e n t r e d a b o u t ^0 km 

f r o m t h e s o u t h - e a s t end o f t h e l i n e , c o r r e s p o n d s w i t h t h e complex 

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

f r o m n o r t h - e a s t / s o u t h w e s t t o n o r t h / s o u t h . 

L a y e r 3 

The v e l o c i t i e s o b t a i n e d f o r phases F3 and E3 (6.79 and 6.81 k m / s ) , 

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

d i f f e r e n t so a v e l o c i t y o f 6.80 km/s i s t a k e n and t h e l a y e r 2 - l a y e r 3 

b o u n d a r y i s assumed h o r i z o n t a l . 

A r r i v a l s f r o m l a y e r 3 w h i c h t r a v e r s e t h e basement r i d g e s may be 

up t o 0 . 1 seconds e a r l i e r t h a n t h o s e w h i c h do n o t . No c o r r e c t i o n 

has been a p p l i e d f o r t h i s . 

T a b l e 3 . 3 . 2 g i v e s t h e p r o p o s e d c r u s t a l s t r u c t u r e i n t e r m s o f 

h o r i z o n t a l l a y e r s , b e n e a t h t h e f i r s t 20 km o f l i n e p r i o r t o t h e o n s e t 

o f t h e r i s e i n t h e ba semen t . 

L a y e r k 

A r r i v a l s f r o m a l a y e r w i t h v e l o c i t y g r e a t e r t h a n 6.8 km/s a r e n o t 

o b s e r v e d . T h e r e a r e t w o p o s s i b l e r e a s o n s f o r t h i s : 

( a ) / 
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( a ) The a m p l i t u d e o f a r r i v a l s f r o m a deeper l a y e r a r e l o w and have 

"been l o s t i n t h e n o i s e . 

( b ) The l e n g t h o f l i n e (120 km) was n o t s u f f i c i e n t f o r t h e r e c e p t i o n 

o f f i r s t a r r i v a l s f r o m such a l a y e r . 

A r r i v a l s f r o m l a y e r k have been o b s e r v e d i n I c e l a n d ( P a l m a s o n , 1970), 

w h i c h i n many cases were e q u a l l y as s t r o n g as a r r i v a l s f r o m l a y e r 3 a n d 

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

I f t h e r e a r e s i m i l a r i t i e s b e t w e e n t h e c r u s t i n I c e l a n d and t h a t 

o f t h e I c e l a n d - F a e r o e R i s e t h e n i t i s l i k e l y t h a t l i n e EF was n o t 

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

t o l a y e r k may, t h e r e f o r e , be computed a s suming t h a t f i r s t a r r i v a l s 

f r o m t h e mos t d i s t a n t s h o t s , F25 and E2U, a r e f r o m l a y e r k. I t i s 

n e c e s s a r y t o assume a v e l o c i t y f o r l a y e r k. Work i n I c e l a n d b y 

P a l m a s o n , 1970, and B a t h , 1960, has y i e l d e d v e l o c i t i e s o f 7.2 and 7.^ k m / s . 

L i n e CD o f t h i s p r e s e n t w o r k y i e l d e d a v e l o c i t y o f 7«8 k m / s . T h e r e 

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

I c e l a n d . The minimum dep ths t o l a y e r k a r e l i s t e d b e l o w f o r a r ange 

o f assumed v e l o c i t i e s b e t w e e n 7.2 and 7.8 km/s ( t a b l e 3 . 3 . 3 ) . 

TABLE 3 .3 .2 

L a y e r I n t e r c e p t 
s 

S . E . on 
i n t e r c e p t 

V e l o c i t y 
km/s 

S .E . on 
v e l o c i t y 

D e p t h t o 
b o t t o m (km) 

S .E . on 
d e p t h 

w a t e r 1.U8 0.005. 0.1*0 0.05 

l a oM 0.01 3 .68 0 . 0 3 0.97 0.2U 

l b 0.66 0 . 03 k.kl 0.07 2.60 0.52 

2 1.19 0 . 03 5.1k 0.06 7-25 1.28 

3 2.18 0.06 6.80 0.0k 

TABLE 3 .3 .3 / 
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TABLE 3 .3 .3 

I n t e r c e p t Assumed v e l o c i t y T h i c k n e s s o f D e p t h t o t o p 
s o f l a y e r k ( k m / s ) l a y e r 3 (km) o f l a y e r k 

3.16 1.20 8.7 16.1 

3.61 7.^0 10.6 18.1 

k.oh 7.60 12.3 19.7 

k.hk 7.80 13.7 21.1 

SUMMARY 

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

EF a r e summar i sed : 

( a ) An e l e v a t i o n o f abou t 1.5 km i n t h e u p p e r b o u n d a r y o f l a y e r 2 

(5-7^ k m / s ) i s r e q u i r e d t o e x p l a i n t h e o f f s e t i n t h e t r a v e l - t i m e 

g r a p h a t a r ange o f abou t 13 km (measured f r o m t h e b e g i n n i n g o f 

l i n e P ) . 

( b ) A t a d e p t h o f a b o u t 7 km b e l o w sea l e v e l a - w e l l d e f i n e d 6.8 km/s l a y e r 

i s o b s e r v e d ( l a y e r 3 ) , t h e u p p e r b o u n d a r y o f w h i c h does n o t d e v i a t e 

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

( c ) A r r i v a l s f r o m ' l a y e r U 1 a r e n o t o b s e r v e d b u t c o m p u t a t i o n s o f minimum 

c r u s t a l t h i c k n e s s f o r s e v e r a l assumed uppe r m a n t l e v e l o c i t i e s y i e l d 

v a l u e s o f 16 t o 21 km. 

3.k L i n e GH 

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

L i n e GH was s h o t i n a n o r t h - w e s t / s o u t h - e a s t d i r e c t i o n , a p p r o x i m a t e l y 

300 km t o t h e s o u t h - w e s t o f t h e c r e s t o f t h e I c e l a n d - F a e r o e R i s e , i n 

c o m p a r a t i v e l y deep w a t e r (2.2 k m ) . The p r o f i l e i s a b o u t 65 km i n l e n g t h . 

T h r e e / 
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Three phases a r e i d e n t i f i e d ( t a b l e 3 . U . 1 ) w h i c h a r e i n t e r p r e t e d 

i n t e r m s o f h o r i z o n t a l b o u n d a r i e s b e t w e e n homogeneous l a y e r s . 

The Records 

The r e c o r d s e c t i o n s a r e shown i n f i g s . 3-9 and 3 - 1 0 . Because 

o f t h e deep w a t e r t h e b u b b l e - p u l s e phenomenon, w h i c h i s o b s e r v e d on most 

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

s h i p ( f i g . 2 - 1 ) . 

The s h o r t r ange r e c o r d s o f l i n e H show t h e l o w v e l o c i t y phase 

( H 1 , 3 . 2 2 k m / s ) as a f i r s t a r r i v a l on r e c o r d s R"H a n d H 5 , and as a l o w 

f r e q u e n c y s econd a r r i v a l b e t w e e n t h e f i r s t b u b b l e - p u l s e and t h e f i r s t 

b o t t o m r e f l e c t i o n (WWR) on r e c o r d s H2 a n d H 3 . A s i m i l a r phase i s n o t 

o b s e r v e d on l i n e G. I t i s t h o u g h t t h a t t h e s h o t r anges w e r e u n s u i t a b l e . 

I t i s l i k e l y t h a t t h e p r o m i n e n t a r r i v a l ahead o f t h e f i r s t b o t t o m 

r e f l e c t i o n on G3 and t h e f i r s t a r r i v a l o f G5 d e f i n e t h e l o w v e l o c i t y 

phase ( a b o u t 3 .0 k m / s ) . On r e c o r d Gk t h i s a r r i v a l w o u l d c o i n c i d e 

w i t h t h e w a t e r - w a v e and n o t b e o b s e r v e d . 

Two f u r t h e r phases a r e o b s e r v e d as f i r s t a r r i v a l s t o g e t h e r w i t h 

s econd a r r i v a l m u l t i p l e p h a s e s . The m u l t i p l e s o c c u r a t t i m e s w h i c h 

i n d i c a t e t h a t t h e wave has b e e n r e f l e c t e d a t t h e s ea f l o o r a n d s u r f a c e 

a t some s t a g e o f i t s p a t h . The s e c o n d m u l t i p l e has s u f f e r e d t w o such 

r e f l e c t i o n s . The b e s t r e c o r d f o r o b s e r v i n g t h e s e i s G15 w h i c h i s 

p r e s u m a b l y a t a r ange such t h a t o t h e r a r r i v a l s do n o t c o m p l i c a t e t h e 

r e c o r d s e v e r e l y . On r e c o r d G15 t w o m u l t i p l e s o f t h e h i g h v e l o c i t y 

p h a s e , GU, can e a s i l y be i d e n t i f i e d (GUM1, GUM2) and a t h i r d one i s 

l e s s c l e a r (GUM3). The i d e n t i f i c a t i o n o f t h e f i r s t and second m u l t i p l e s 

o f phase G3 (G3M1, . G3M2) on t h e same r e c o r d i s q u e s t i o n a b l e as t h e t i m e / 



.4 

1 
G 4 M 3 

G 3M2 

G 4 M 2 

V 
G 3 M 1 

! - G ( M l 

r G 4 M 

0) 

G3 

ON 

on 
/ 

bO 

2 4 



1 

\ 

0) 

H1M1 
0) H 4 H 1 

<U H3 P5 

o 

on 

no 

S 



-57-

t i m e i n t e r v a l b e t w e e n phases C& and G3 a t t h i s r ange i s a p p r o x i m a t e l y 

t h e same as f o r t h e b u b b l e - p u l s e a r r i v a l o f t h e GU p h a s e . T h e r e 

appears t o b e , h o w e v e r , a r e a l d i v e r g e n c e o f t h e t w o phases i n b o t h 

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

G15» G16 and G17. A l t h o u g h t h e s e s econd a r r i v a l s o f phase G3 were n o t 

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

t h e c o n f i d e n c e i n t h a t v e l o c i t y d e t e r m i n a t i o n . 

A n o t h e r m u l t i p l e phase o f GU has been r e c o g n i s e d . T h i s i s shown 

b y a dashed l i n e l a b e l l e d 'GUM1. I t i s a b o u t 1.3 seconds l a t e r t h a n t h e 

f i r s t a r r i v a l on r e c o r d s G16 t o G19> and a s i m i l a r a r r i v a l i s o b s e r v e d 

on r e c o r d H18C. T h i s i s t o o l a t e t o be a m u l t i p l e due t o t h e b u b b l e - p u l s 

w h i c h d i e o f f i n abou t one s e c o n d . The p r o b a b l e e x p l a n a t i o n i s t h a t t h e 

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

b e f o r e , o r a f t e r , t r a v e l l i n g as a headwave a t t h e deeper i n t e r f a c e . 

The f i r s t a r r i v a l d a t a g i v e s a t h i c k n e s s o f t h e t o p l a y e r o f 2 .7 km 

and a v e l o c i t y o f 3.2 k m / s . An a r r i v a l r e f l e c t e d w i t h i n t h i s l a y e r 

w o u l d be d e l a y e d b y a b o u t 1.6 s econds . W h i l s t t h i s i s c o n s i s t e n t 

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

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

a r r i v a l d a t a o r t h a t t h e v e l o c i t y i s t o o l o w . C l e a r l y t h i s 

o b s e r v a t i o n i s dependent upon t h e i d e n t i f i c a t i o n o f t h e phase 'GUM' 

b e i n g c o r r e c t . 

The t r a v e l - t i m e g r a p h 

T h i s g r a p h ( f i g . 3-11) has been p l o t t e d w i t h a t i m e s c a l e 

r e d u c e d b y A / 5 . 0 seconds (where A i s t h e r ange i n k m ) . The phases 

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

TABLE 3 .U.1 / 
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Fig. 3-11. a. Travel-time graph of the reversed seismic refraction profi le 
GH. b. Interpreted crustal model. Layer velocities 
in km/s. 



-58-

TABLE 3.U.1 

L a y e r Segment V e l o c i t y S . E . on Time S . E . o n N o . o f 
v e l o c i t y i n t e r c e p t i n t e r c e p t o b s e r v a t i o n s 

( s ) 

w a t e r WW 1.U90 0.005 

1 H1 3.22 0.08 2.52 0.06 1+ 

3 H3 6.55 0.11 U. 31 0.05 6 

h Eh 7.09 0.09 U.61 0.08 6 

3 G3 6.27 0.06 k.12 0.06 6 

k Gk 7.10 0.01 U.52 0.01 7 

The n o t a t i o n o m i t s l a y e r *2' w h i c h i s o f t e n i d e n t i f i e d w i t h 

o f i n t e r m e d i a t e v e l o c i t y (5~6 k m / s ) . 

The i n t e r p r e t a t i o n o f t h e t r a v e l - t i m e g r a p h 

A b a t h y m e t r i c r e c o r d was n o t o b t a i n e d f o r t h i s p r o f i l e . To o b t a i n 

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

r e f l e c t i o n f r o m t h e sea b e d . U s i n g a v e l o c i t y o f sound i n w a t e r o f 

1.U8 km/s ( t a k e n f r o m ' M a t t h e w ' s T a b l e s ' ) t h e d e p t h was computed and 

f o u n d t o be c o n s t a n t t o w i t h i n 60 m e t r e s . The mean v a l u e i s 2.20 km. 

As a dahn b u o y was n o t u sed as a f i x e d r e f e r e n c e i t i s n o t p o s s i b l e 

t o compute t h e n e a r s u r f a c e v e l o c i t y o f t h e w a t e r - w a v e . The v a l u e o f 

1.U9 km/s i s t a k e n f r o m ' M a t t h e w ' s T a b l e s ' . 

The d r i f t o f t h e r e c e i v i n g s h i p has been e s t i m a t e d f r o m t h e 

n a v i g a t i o n f i x e s o f t h e s h o o t i n g s h i p t o g e t h e r w i t h t h e range deduced 

f r o m t h e w a t e r - w a v e a r r i v a l t i m e . The components o f d r i f t a l o n g t h e 

l i n e a r e 1.1 k m / h r . n o r t h - w e s t f o r l i n e G and 1.3 k m / h r . n o r t h - w e s t 

f o r l i n e H . These v a l u e s a r e c o n s i s t e n t w i t h t h e p r e v a i l i n g s o u t h - e a s t 

w i n d and t h e w o r s e n i n g o f t h e w e a t h e r t o f o r c e seven o r e i g h t on l i n e H . 

The / 
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The v a l u e s o f d r i f t we re u sed i n e s t i m a t i n g t h e e f f e c t i v e l e n g t h 

o f t h e r e v e r s e d l i n e - a r ange r e q u i r e d t o t e s t t h e r e c i p r o c i t y o f t h e 

p h a s e s . The 6.27 km/s a n d 6.55 km/s phases have r e c i p r o c a l t i m e s 

i n agreement w i t h i n 0.2 s econds . T h i s i s w i t h i n t h e l i m i t s i m p o s e d 

"by t h e e r r o r s i n t h e v e l o c i t y and i n t e r c e p t d e t e r m i n a t i o n s . The 

7.09 and 7-10 km/s phases a r e r e c i p r o c a l t o w i t h i n 0.1 s e c o n d s . 

The u n c e r t a i n t i e s on t h e v e l o c i t i e s o f t h e 6.27 and 6.55 km/s 

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

e x c e p t f o r n o t i n g t h e i n d i c a t i o n o f a s o u t h - e a s t e r l y d i p o f abou t 0,.75 

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

i n t e r f a c e o f l a y e r s 1 and 3 i s h o r i z o n t a l and t h a t t h e v e l o c i t y o f 

l a y e r 3 i s 6 .Ul k m / s . 

The h i g h v e l o c i t y p h a s e , HU, i s n o t w e l l d e t e r m i n e d . I f t h e l a s t 

f o u r p o i n t s a r e u s e d , a s l i g h t l y h i g h e r v e l o c i t y i s o b t a i n e d (7.23 k m / s ) . 

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

h o r i z o n t a l l a y e r 3 - l a y e r k i n t e r f a c e w i t h t h e s m a l l d i p s u g g e s t e d 

above i n t h e l a y e r 1 - l a y e r 3 b o u n d a r y . T h e r e i s n o t s u f f i c i e n t 

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

v e l o c i t y v a l u e d e t e r m i n e d on l i n e G i s u sed i n t h e m o d e l . 

The l o w v e l o c i t y phase w h i c h has been d i s c u s s e d p r e v i o u s l y 

i s assumed t o be p r e s e n t a l o n g t h e e n t i r e p r o f i l e . The o b s e r v e d 

v e l o c i t y a n d t i m e i n t e r c e p t g i v e a d e p t h o f w a t e r o f 2.10 k m , w h i c h 

i s c o n s i s t e n t w i t h t h e known d e p t h when a c c o u n t i s t a k e n o f t h e d e p t h 

o f d e t o n a t i o n a n d o f t h e r e c e i v i n g h y d r o p h o n e . 

The / 
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The mode l w h i c h s a t i s f i e s t h e t r a v e l - t i m e d a t a i s shown i n t a b l e 3.U.2. 

TABLE 3.U.2 

L a y e r I n t e r c e p t S . E . on V e l o c i t y S . E . on D e p t h t o S . E . on 
s i n t e r c e p t km/s v e l o c i t y b o t t o m (km) d e p t h 

w a t e r 1.1*8 0.005 2.20 0.09 

1 2.52 0.06 3 .22 0.08 U.90 0 .30 

3 U.21 0.0k 6.U1 0.10 6.77 1.62 

k U.52 0.05 7 .10 o.oU 

The minimum t h i c k n e s s o f t h e 7.1 km/s l a y e r i s computed assuming t h a t an 

i n t e r f a c e e x i s t s b e t w e e n t h i s l a y e r a n d a h i g h e r v e l o c i t y l a y e r and t h a t a 

f i r s t a r r i v a l f r o m t h e l a t t e r appears on t h e l a s t r e c o r d o f l i n e G. Three 

p o s s i b i l i t i e s a r e g i v e n b e l o w f o r assumed v e l o c i t i e s o f a deepe r l a y e r . 

TABLE 3 A . 3 

V e l o c i t y T h i c k n e s s o f 7-1 Dep th t o t o p 
km/s km/s l a y e r (km) o f deeper l a y e r ( k m ) . 

l.k U.27 11.0U 

7.8 6.56 13.33 

8.2 8.11 11*.88 

The a s s u m p t i o n o f a 7.k km/s l a y e r w o u l d i m p l y t h a t t h e 7.1 km/s l a y e r 

c a n n o t be c o r r e l a t e d w i t h t h e 7.1* l a y e r f o u n d b y o t h e r s i n t h e N o r t h A t l a n t i c 

( i n p a r t i c u l a r l i n e E5 o f E w i n g , 1959)• The 7.8 and 8.2 km/s r e p r e s e n t t h e 

l i m i t s o f w h a t may be t e r m e d n o r m a l u p p e r m a n t l e v e l o c i t i e s . 

3.5 The c o m p o s i t e p r o f i l e a l o n g t h e I c e l a n d - F a e r o e R i s e 

The t w o r e v e r s e d l i n e s , CD and E F , a l o n g t h e c r e s t o f t h e I c e l a n d - F a e r o e 

R i s e , have a p p r o x i m a t e l y t h e same a z i m u t h . The most s o u t h - e a s t e r l y s t a t i o n 

o f l i n e EF - s h o t F25 - i s abou t 20 km f r o m t h e n o r t h - w e s t e r n h y d r o p h o n e 

s t a t i o n o f l i n e CD. The p r o p o s e d mode l i s shown i n f i g . 3-12 / 



F i g . 3-12. Compos i te m o d e l ( b ) f r o m t h e s e i s m i c r e f r a c t i o n l i n e s 

EF and CD, s h o w i n g t h e r e l a t i o n s h i p w i t h t h e f r e e - a i r 

g r a v i t y p r o f i l e ( a ) , t a k e n f r o m t h e c o n t o u r map a f t e r 

S t a c e y (1968). Assumed v e l o c i t i e s a r e b r a c k e t t e d . 
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3-12, t h e o r i g i n b e i n g a t s h o t TZ2k, abou t 100 km f r o m t h e I c e l a n d i c 

c o a s t l i n e . The p r o b a b l e minimum t h i c k n e s s o f t h e c r u s t has been 

shown t o be b e t w e e n 16 and 20 km; f r o m an u n r e v e r s e d u p p e r m a n t l e 

v e l o c i t y on l i n e D and f r o m assumed s u b - c r u s t a l v e l o c i t i e s f o r l i n e 

E F . L a y e r 3 (6 .8 k m / s ) i s w e l l d e f i n e d b y l i n e EF b u t n o t o b s e r v e d 

on l i n e CD, a l t h o u g h i t may e x i s t h e r e as a h i d d e n l a y e r . F o r 

c o n t i n u i t y a l o n g t h e t w o p r o f i l e s , i t w o u l d seem l i k e l y t h a t l a y e r 3 

does e x i s t i n t h e s o u t h - e a s t . The p r o p o s e d l a y e r 2 - l a y e r 3 b o u n d a r y 

has been shown (dashed ) f o r t h e maximum t h i c k n e s s o f l a y e r 3 w h i c h can 

be p r e s e n t as a h i d d e n l a y e r . 

The o b s e r v e d l o n g w a v e l e n g t h , f r e e - a i r g r a v i t y p r o f i l e ( t a k e n f r o m 

S t a c e y ' s c o n t o u r map) i s shown above t h e c r u s t a l m o d e l . A p r e l i m i n a r y 

i n s p e c t i o n o f t h i s p r o f i l e shows an a p p a r e n t c o r r e l a t i o n b e t w e e n t h e 

30 m g a l d r o p i n t h e g r a v i t y anomaly and t h e d i p i n t h e t o p o f l a y e r 3, 

r e q u i r e d t o j o i n up t h e t w o s e i s m i c m o d e l s . T h i s c o r r e l a t i o n i s 

e x p l o r e d f u r t h e r . 

Pa lmason (1970) has shown a c o r r e l a t i o n b e t w e e n g r a v i t y a n o m a l i e s 

and v a r i a t i o n s i n t h e d e p t h t o l a y e r 3 ( deduced f r o m s e i s m i c r e f r a c t i o n 

p r o f i l e s ) on I c e l a n d . He f o u n d t h a t a d e n s i t y c o n t r a s t o f 0.18 o r 

0.19 g / cm b e t w e e n l a y e r s 2 a n d 3 was r e q u i r e d t o s a t i s f y t h e o b s e r v e d 

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

s i m i l a r , b e i n g a b o u t 1.3 km/s on I c e l a n d and a b o u t 1.0 km/s on t h e 

I c e l a n d - F a e r o e R i s e . The c a l c u l a t e d g r a v i t y anomaly ( f i g . 3-12) 

3 

has been o b t a i n e d u s i n g a d e n s i t y c o n t r a s t o f 0.19 g /cm and t h e f i t 

w i t h t h e o b s e r v e d anomaly i s seen t o b e g o o d . T h i s i n t e r p r e t a t i o n 

i s n o t unambiguous i n t h a t t h e 6.8 km/s l a y e r has n o t been d i r e c t l y 

i d e n t i f i e d i n t h e s o u t h - e a s t , and t h e g r a v i t y anomaly c o u l d be s a t i s f i e d 

b y a s t e p i n t h e M d i s c o n t i n u i t y . I t i s u n l i k e l y , h o w e v e r , t h a t l a y e r / 
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l a y e r 3 c o u l d t e r m i n a t e s h a r p l y i n t h e s o u t h - e a s t and t h e p r o p o s e d 

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

b e s t s o l u t i o n . 
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CHAPTER k 

PREVIOUS WORK AND DISCUSSION ON THE ICELAND-FAEROE RISE 

Introduction 

The Iceland-Faeroe Rise i s a submarine topographic feature linking 

the Faeroe Islands with Iceland and forming a shallow water region 

between the Norwegian Sea and that part of the eastern North Atlantic 

where relatively deep water i s sandwiched between the Rockall Plateau 

and the Reykjanes Ridge ( f i g . 0 -1 ) . 

The determination of the history of this feature i s clearly 

important to our understanding of the evolution of the north-eastern 

Atlantic . In this chapter the results of other relevant work in the 

area are outlined and examined with reference to the present survey. 

Previous work on the Iceland-Faeroe Rise and related areas 
of the North-East Atlantic 

Previous geophysical work on the Iceland-Faeroe Rise has been 

conducted by the University of Durham. Stacey (1968) prepared a 

free-air anomaly map from data obtained on a 1Q67 cruise ( f i g . 3 -1 ) . 

Magnetic f i e l d data collected on the Rise in 1967 and that from a 

detailed survey of part of the Rise in 1969, are currently being 

evaluated by Ingles. 

On the basis of the interpretation of gravity profi les over the 

eastern edge of the Iceland plateau, the north-western shelf edge 

of the Faeroes and across the Iceland-Faeroe Rise , together with some 

consideration of the aeromagnetic map of the area, Stacey concludes 

that the deep structure of Iceland, Faeroes and the intermediate Rise 

are different. In particular, there i s an indication of a gradual 

change in layer thicknesses or densities between Iceland and the Rise , 

and a sharp density contrast in the upper crust between the Rise and / 
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and the Faeroes block. Without further control he finds that the 

gravity data cannot give a solution to the problem of the thickness 

of the crust beneath the Rise but that there i s some indication of 

an intermediate thickness between normal oceanic and continental 

thicknesses. 

Previous geological and geophysical work in Iceland and the 

Faeroes i s clearly relevant to a discussion of new data collected 

on the Iceland-Faeroe Rise. This i s outlined in the following 

paragraphs. 

Iceland 

Situated on the mid-Atlantic Ridge, Iceland i s undoubtedly 

important in relation to our understanding of the formation of the 

oceans and the world-wide complex of mid-oceanic ridges. Much work 

has been conducted in Iceland over the past decade with a view to 

establishing both the shallow and deep structure. In general this 

has yielded a picture indicating that the island is atypical of a 

mid-oceanic ridge, in other respects than i t s position above sea-level. 

The island is almost entirely covered by Tertiary basalts for which 

isotope age dating has given a maximum of 12.5 mybp. (Moorbath et a l . , 

1968). 

On the basis of geological investigations and the early seismic 

refraction work, Bodvarsson and Walker (I96M proposed that crustal 

extension has been taking place in Iceland by the injection of dykes 

into the central volcanic zones. The evidence for this hypothesis 

i s not conclusive according to Einarsson (1968) who has proposed, 

mainly on the basis of observations in Iceland, that the mid-oceanic 

ridges are the result of shear faulting in the earth's crust, and 

that the Reykjanes Ridge, Iceland and the Iceland-Faeroe Rise form / 
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form part of a network of orthogonal shear zones in the North Atlantic. 

The author considers that the two processes are l ike ly to he complementary 

rather than contradictory. 

From a study of seismic refraction profiles and their relation 

with geothermal gradients and surface geology, Palmason (1970) suggests 

that a crustal spreading process may he less active in northern than in 

south-western Iceland, and that the spreading identif ied with the 

Reykjanes Ridge structure i s disturbed and possibly terminated beneath 

Iceland. 

The seismic structure of Iceland has been studied using several 

techniques. Bath (1960) obtained seismic refraction data which was 

interpreted in terms of a three-layered crust with P-wave velocities 

of 3.69, 6.71 and 7.38 km/s; the depth to the 7.38 km/s layer being 

about 18 km. 

Body and surface waves from short range earthquakes have been 

used by Tryggvason (1959» 1962) resulting in the identification of the 

7.U km/s layer. Tryggvason (I96U) observed P-wave delay times of 

2 -3 seconds for distant earthquakes and interpreted this as being 

due to the low velocity (7 .^ km/s) upper mantle extending to about 

21+0 km in depth. I t has been suggested that the delay times were 

in part due to errors in the standard travel-time tables used for the 

calculations, and in part due to miss-picking the records because of the 

high level of background noise. Using more data and a more refined 

analysis, however, Mitchell (1969) re-evaluated Tryggvason1s 

measurements and came to a similar conclusion regarding the extent 

of the 7.1+ km/s layer. 

Bott / 
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Bott (1965a) has proposed that an interpretation of the Bouguer 

gravity anomalies of Iceland (Einarsson, 195*0 , compatible with the 

seismic data, suggests large scale part ia l fusion within the upper 

mantle "beneath Iceland. 

Palmason (1970) has interpreted a large number of refraction 

profiles made in Iceland over the past decade. Most of the lines were 

short (25-30 km) although several more recent ones were 80 to 1U0 km 

in length. The following average velocities were obtained for the 

seismic layering in Iceland. 

Layer P-wave velocity (km/s) 

0 2.75 

1 U. 1U 

2 5.O8 

3 6.35 

An examination of the best reversed profi les indicated that the 

most probable velocity for layer 3 i s 6.50 km/s and for layer U, 

observed on longer prof i les , i s 7.2 km/s. 

Palmason has produced maps of the depths to layer 3 and layer k 

which show a considerable variation in the depth to layer 3 , a maximum 

of almost 10 km being found in south-eastern Iceland whereas in the 

eastern region the depth i s about 2 km. The depth to layer U i s found 

to increase eastwards to 1U-15 km in south-eastern Iceland and a 

re-interpretation of Bath's l ine indicates a similar increase in the 

north. Layer U has not been observed in eastern Iceland. 

Palmason's / 
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Palmason's lines L8 and L9 ( f i g . 0-1) are the nearest long 

profiles to the Iceland-Faeroe Rise and the results of Palmason's 

interpretation are tabled. 

L8 LQ_ 
Layer P-velocity Thickness Depth to top : P-velocity Thickness Depth t 

(km/s) (km) (km) : (km/s) (km) (km) 

0 (3 .0) 0.5 (3 .0) 0.3 

1 k.3k 2.9 0.5 : h.kQ 3.k 0.3 

2 5.52 5.0 3.U 5.19 6.2 3.7 

3 6.52 6.1 8.U : (6 .5) 9.9 

h 7.22 1^.5 : 7.19 1U.8 

The velocities in brackets are assumed. The 6.5 km/s layer on 

profi le L9 i s not clearly defined on the records as a f i r s t a r r i v a l 

but i t i s thought to exist as a 'hidden' layer. 

From combined seismic and temperature data Pal mas on suggests that 

the 2-3 boundary i s between metamorphic facies of basalt rocks. 

The small scale features of the gravity f i e l d are found to 

correlate with changes in the depth to layer 3. 

Faeroes 

The Faeroes block has not been studied in as much detail as Iceland. 

3,000m. of plateau lavas have been mapped by Noe-Nygaard (1962). These 

have been dated as lower Tertiary (55"60 mybp) by Tar l ing and Gale (1968). 

Palmason (1965) has described the results of two short refraction 

lines on the Faeroes; one of which was reversed. The results indicate 

that the upper basalt sequence has a P-wave velocity of 3-9 km/s and 

the lower sequence one of h.9 km/s. The apparent velocities of a 

lower layer which was observed are 6 .19» 5-76 and 6.58 km/s, with a 

second arr iva l phase giving 6.58 km/s. Palmason assumes that the true 

velocity of this layer i s 6.U km/s with a strongly dipping interface / 
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in te r face ( 7 ° ) at one end of his p r o f i l e t o explain the 5.76 km/s 
phase, and he correlates t h i s layer w i t h layer 3 i n Iceland. He 
recognises, however, the p o s s i b i l i t y o f a near-horizontal in ter face 
above a layer w i th ve loc i ty 5«76 km/s, the depth t o t h i s in te r face 
being 2-3 km. 

Marine r e f r a c t i o n data 

Refract ion data i n the Iceland-Faeroes region has been obtained 

by Ewing and Ewing (1959)• The loca t ion of t h e i r p r o f i l e E-5 i s shown 

( f i g . O r l ) . This p r o f i l e kko km south of Iceland i n r e l a t i v e l y deep 

water, gives a s tructure o f about 1 km o f consolidated sediments 

(1.9^ km/s) overlying 2.8 km of a layer w i t h P-wave ve loc i t y 5•71 km/s, 

which i n tu rn overl ies a 7-^7 km/s layer . There i s some ind ica t ion 

of a 3 km/s layer but not s u f f i c i e n t evidence t o include i t i n the 

model. The p r o f i l e s E-3 and E-U o f Ewing and Ewing are on the 

Reykjanes Ridge and show two high ve loc i ty layers o f about 5*7 and 

7.^ km/s, w i t h a thickening of the 5»7 km/s layer towards Iceland. 

Talwani et a l . (1968) ran a number o f sonobuoy r e f r a c t i o n p r o f i l e s 

on the Reykjanes Ridge. The p r o f i l e s close t o the ridge crest revealed 

a top layer w i th v e l o c i t y less than 3 km/s overlying a k.5 km/s layer 

which i n t u rn overl ies a 7 ^ km/s layer . Over the inner f l ank of the 

ridge the two layers have ve loc i t i e s k-5 km/s and 6 .0-6 .5 km/s. A 

higher ve loc i t y layer was not observed i n t h i s region. There i s some 

discrepancy w i t h E-U o f Ewing and Ewing where 5.8 km/s over 7-6 km/s 

was observed i n the same area. Talwani suggests tha t t h i s may i n part 

be due t o the difference i n the shot spacing, r e su l t i ng i n the f a i l u r e 

of E-U t o reveal the shallow layer , and f o r a r r iva l s from t h i s possibly 

being included wi th those from the 6 .0-6.5 km/s layer . 

Recent / 
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Recent work on the Rockall Bank (Scrutton, 1970) has y ie lded a crust 

o f continental thickness (31 km) overlying an upper mantle w i t h ve loc i ty 

8.2 km/s. This unreversed ve loc i ty i s high f o r the Worth A t l a n t i c where, 

north of 50°N, upper mantle ve loc i t i e s are t y p i c a l l y 7 .2-7 .7 km/s (Nafe and Drake, 

1969). The observations indicate that the Rockall Bank i s continental c rus t . 

Wilson (1965) considers the Iceland-Faeroe Rise and Iceland-Greenland 

Rise t o be a p a i r of aseismic rises produced at a 'hot spot' on the mid-At lant ic 

ridge and subsequently streamed l a t e r a l l y as new oceanic mater ia l was produced 

i n the middle. 

U.3 Discussion 

The seismic r e f r a c t i o n resul ts on the Iceland-Faeroe Rise y i e l d 

the fo l lowing broad character is t ics : 

(a) A variable thickness o f layer 1 rocks (up to about 3 km) which 

may not be present over the whole o f the Rise. The ve loc i t i e s 

of t h i s layer l i e i n the range 3.2 t o U.6 km/s. 

(b) A substant ia l thickness of layer 2 rocks w i t h a ve loc i ty of 

5.8 km/s, the upper surface o f which shows considerable topographic 

va r i a t ion corresponding t o the v a r i a b i l i t y i n the thickness 

of layer 1. 

(c) A 6.8 km/s layer 3 f o r which there i s direct evidence i n the 

north-west of the Rise and i n d i r e c t evidence i n the south-east. 

(d) A Mbho determination i n which there i s less confidence but 

which i s supported by i n d i r e c t evidence. The probable 

thickness o f the crust l i e s i n the range 16 t o 20 km. 

(e) / 



-70 -

(e) A thinner crust i n the r e l a t i v e l y deep water, on the lower 

f lanks of the Rise, where a high ve loc i t y i s observed. This 

may be correlated wi th the upper mantle ve loc i t i es obtained by 

Ewing and Ewing (1959, l i n e E5) and by Pal mason (1970) on 

Iceland. This statement should be q u a l i f i e d by recognising 

that the 7^10 km/s layer of p r o f i l e GH may be lower c rus ta l 

mater ia l rather than upper mantle. 

A comparison w i t h the seismic s tructure o f Iceland y ie lds 

s i m i l a r i t i e s i n the layer ing and c rus ta l thickness, p a r t i c u l a r l y 

w i t h south-east Iceland. Upper layers w i t h variable v e l o c i t y 

(between 3 and U.5 km/s) have been observed. The v e l o c i t y o f 

layer 2 on Iceland (mean value of 5.1 km/s) i s somewhat lower 

than that observed on the Rise. The t rue ve loc i ty o f layer 3 

i s considered to be 6.5 km/s on Iceland, although some higher values 

have been obtained. The sub-.crustal ve loc i t y observed by Palmason 

(about 7«2 km/s) i s lower than that obtained by other workers (about 

f.k km/s) and i s s i g n i f i c a n t l y less than the author's unreversed 

determination on l i n e CD (l.Qh km/s). Below the variable low 

ve loc i t y layers , the re fore , there i s a systematic increase i n the 

ve loc i t i e s of corresponding layers between Iceland and the Rise. 

A comparison of the thickness of layers obtained by Palmason 

on l ines L8 and L9 i n south-east Iceland and these obtained on the 

Iceland-Faeroe Rise ( l ines EF and CD) i s given overleaf: 

Thickness km / 
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Thickness km. 

Layer L8 L9 EF CD 

0 (0 .5) (0 .3) 0.6 2 .8 

1 2.9 3.k 1.6 

2 5-0 6.2 h.l 9.0 

3 6.1 (U.9) (5 .5) 

The brackets indicate that assumed ve loc i t i e s were used f o r the layer . 

Similar thicknesses o f layers 0 and 1 (1a and 1b i n the Iceland-Faeroe 

Rise study) and o f layer 2 are observed. 

The depth t o the base of the crust i n south-east Iceland increases 

i n an easterly d i r e c t i o n , reaching about 15 km under l i n e L 9 . Line EF 

i s about 200 km due east o f L 9 , p a r t i a l l y separated topographically 

by an incursion o f deep water. The thickness o f the crust on the 

Iceland-Faeroe Rise demonstrates f u r t h e r the s i m i l a r i t y between the 

Rise and the south-east Iceland. 

Stacey (1968) has shown that the increase i n the f r e e - a i r g rav i ty 

anomaly over the she l f edge o f Iceland can be in te rpre ted i n terms 

of a r ise i n the base o f the crus t , to a depth o f 10 km, under the 

Iceland-Faeroe Rise, or tha t i t could be equally w e l l explained 

*>y a systematic increase i n density w i t h hor izon ta l distance eastwards. 

The establishment of a t h i c k crust under the Rise supports the l a t t e r 

a l t e rna t ive . On the basis of the usual re la t ionship i n which density 

increases w i t h seismic v e l o c i t y , an increase i n density between Iceland 

and the Rise i s expected i n the c rus ta l layers 2 and 3 and i n the 

sub-crustal mater ia l . I f the dens i ty /ve loc i ty re la t ionship i s 

assumed l inea r f o r the l ayer2 / l aye r 3 c rus ta l ma te r i a l , then extrapolat ion 
3 

of the density contrast found i n Iceland o f 0.19 g/cm between layer / 
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layer 2 (5.1 km/s) and layer 3 (6.5 km/s), indicates that the 

l a t e r a l va r i a t ion i n c rus ta l density from Iceland to the Rise i s 
3 

about 0.05 g/cm . For a crust 15 km t h i c k t h i s causes an increase 

o f 30 mgal i n the grav i ty f i e l d . 

The seismic evidence indicates a thickening of the crust between 

Iceland and the Iceland-Faeroe Rise. A thickening of 5 km would 

cause a reduction i n the grav i ty f i e l d of Uo t o 60 mgal assuming a 
3 

density contrast o f 0.2 to 0.3 g/cm between layers 3 and U. The 

increase i n gravi ty due to an increase i n l a t e r a l density of the crust 

i s , therefore , more than compensated by the increase i n c rus ta l thickness. 

I t i s thus i n f e r r e d that the observed increase i n the Bouguer anomaly, 

(about U0 mgal from the Icelandic coast to the Rise) i s due to a l a t e r a l 

increase i n density o f upper mantle mater ia l which i n tu rn suggests 

a t r a n s i t i o n from the anomalous upper mantle under Iceland to more 

normal mater ia l beneath the Iceland-Faeroe Rise. 

Assuming that the Rise i s i n i sos t a t i c equi l ibr ium i n accordance 

w i t h A i r y ' s hypothesis, Bott (Bot t , Browit t and Stacey, 1971) has 

re interpreted the g rav i ty data and concludes that the Bouguer anomaly 

gradient over the north-eastern margin o f the Rise can only be s a t i s f i e d 

by a mass deficiency r e l a t i v e l y near the surface. The best f i t o f t h i s 

g rav i ty data requires a crust thickening to about 20 km under the Rise. 

The seismic and g rav i ty resul ts are therefore consistent. 

This work has established that the Iceland-Faeroe Rise i s underlain 

by an Icelandic type o f crust and not by normal oceanic crust . The 

problems surrounding the o r i g i n of the Rise and the complexities of the 

north-eastern A t l a n t i c w i l l require f u r t h e r work before a so lu t ion 

i s obtained. I n p a r t i c u l a r , inves t iga t ion o f var ia t ions i n the 

sub-crustal s t ructure between Greenland and the Faeroes i s important. 

A closer examination of the near-surface layers of the Rise, using deep / 
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deep seismic p r o f i l i n g and dredging or cor ing, t o give f u r t h e r 

information on the topographic var ia t ions i n the upper surface 

of layer 2, may also y i e l d valuable informat ion. A study of the 

upper layers could also he e f f ec t ed wi th short (20 km) seismic 

r e f r a c t i o n p r o f i l e s shot across the Rise and confined w i t h i n single 

high or low magnetic anomaliesto avoid the complications o f major 

o f f se t s i n the t ravel - t ime graphs. 

The observed re la t ionship w i t h the Icelandic crust leads t o the 

requirement that a theory to explain the structure and tectonic processes 

i n Iceland must also explain the evolut ion o f the Iceland-Faeroe Rise. 

Clear ly , f u r t h e r detai led work i n Iceland and the surrounding shelf 

areas, where data may be more eas i ly obtained, w i l l y i e l d information 

per t inent t o the Rise. 
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CHAPTER 5 

THE SEDIMENTARY BASIN WEST OF THE SHETLAND ISLANDS 

5•1 In t roduct ion 

A geophysical survey o f the continental she l f west o f Orkney 

and Shetland was made by a Durham group i n 1967 and 1968. Wide 

coverage of the region was obtained using a gravimeter and magnetometer, 

the data from which was supplemented by several seismic r e f l e c t i o n (sparker) 

p r o f i l e s . From these observations a number o f deep sedimentary basins 

have been located together w i t h a NHE trending grav i ty ' h igh ' ( ' h i g h 1 A) 

in terpre ted as Lewisian basement close t o the surface (Bott and Watts, 

1970a). 

This section i s concerned w i t h seismic r e f r a c t i o n data obtained 

over the basin ' low ' E and the adjacent ' h igh ' A ( f i g . 5~1). During 

the summer cruise o f 19699 en route fo r the Iceland-Faeroes region, 

a 50 km reversed seismic r e f r a c t i o n l i n e ( l i n e AB) was shot along 

the s t r i k e of the g rav i ty ' low' E. The method used was the two-ship 

system described previously. I n 1970 a 19 km unreversed l i n e ( l i n e L) 

was shot on the ' h igh ' A, adjacent to ' l ow ' E, t o obtain the ve loc i t y 

of the basement rocks. Data was acquired during t h i s l a t t e r cruise 

using a sono-buoy telemetry system, detai ls o f which appear i n Chapter 6. 

5.2 In te rpre ta t ion o f the seismic r e f r a c t i o n data 

5.2.1 Line L 

Good records f o r l i n e L were obtained on u l t r a - v i o l e t sensit ive 

paper only, and have not been stacked. Fourteen records were obtained 

over 19 km, the t rave l - t ime graph f o r which i s shown i n f i gu re 5-2. 

The range has been calculated f o r a ve loc i t y i n sea water of 1.U8 km/s -

being t ha t obtained from measurements made on the l i n e B data. 

A / 



Fig. 5~1• Part of the Bouguer anomaly map (after Watts, 1970) showing 

the relationship between 'low' E and 'high' A and the seismic 

refraction profiles A,B,L and gravity profi le XX*, The . 

contours are in mgal. 
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Fig . 5-2. Travel-time graph and interpreted model for l ine L . 

Layer velocities are in km/s. 
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A s t r a i g h t l i n e f i t t e d t o a l l o f the p o i n t s on the t r a v e l - t i m e 

graph y i e l d s a v e l o c i t y o f 5-89 ± 0.08 km/s w i t h a t i m e i n t e r c e p t 

o f 0.13 ± 0.03 seconds. Shots out t o a range o f 7 km g ive 5.67 ± 

0.12 km/s w i t h a t ime i n t e r c e p t o f 0.09 ± 0.02 seconds. 

The e f f e c t i v e sea depth f o r t h i s l i n e i s 0.07 ± 0.03 km. For 

a l a y e r w i t h a v e l o c i t y o f about 5«7 km/s , the expected t ime i n t e r c e p t 

i s 0.09 ± 0.0i+ seconds - a range which encompasses t h e two observed 

values s t a t e d above. 

These r e s u l t s , t h e r e f o r e , c o n f i r m t h a t h i g h v e l o c i t y basement 

m a t e r i a l crops out a t the sea bed i n the r eg ion o f ' h i g h ' A. There 

i s i n d i c a t i o n o f an i n i t i a l continuous increase i n v e l o c i t y w i t h depth 

f r o m about 5-6 t o 5-9 km/s a f t e r which no f u r t h e r increase i s de tec ted . 

5 .2.2 The records and the t r a v e l - t i m e graphs o f l i n e AB 

The r e c o r d sec t ions o f l i n e s A and B ( f i g s . 5~3 and 5-*0 have been 

prepared by s t a c k i n g reduced t r a v e l - t i m e s against range. The range was 

c a l c u l a t e d us ing a water-wave v e l o c i t y o f 1.U81 km/s , ob ta ined f r o m the 

n a v i g a t i o n a l f i x e s and water-wave p i c k i n g s o f l i n e B . 

Three d i s t i n c t phases are c l e a r on the l i n e A s e c t i o n which extends 

t o ho km. I n a d d i t i o n , a m u l t i p l e o f the phase AU, v i z . A^M, i s 

observed about 1.6 seconds a f t e r the f i r s t onset . 

Three phases are a l so observed on l i n e B , shot i n a reverse 

d i r e c t i o n out t o 55 km. Except f o r a few in t e rmed ia t e range r e c o r d s , 

those o f l i n e B are more n o i s y than those o f l i n e A . This i s a t t r i b u t e d 

t o the worsening weather c o n d i t i o n s . I t has no t been p o s s i b l e t o p i c k 

a r r i v a l s on records BU, B5 and B6. A m u l t i p l e o f t h e phase BU i s 

observed (bUm) a l though i t s onset i s not as c l e a r as t h a t on l i n e A . 

A t / 
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A t ranges g rea te r than 10 km on l i n e A and 30 km on l i n e B a s t r o n g 

h i g h f requency a r r i v a l f o l l o w s the water-wave ( l a b e l l e d AR and BR) and 

appears t o be asymptot ic t o the d i r e c t water-wave a r r i v a l (WW). The 

l i n e AR on the r eco rd s e c t i o n f o r l i n e A gives the c a l c u l a t e d a r r i v a l 

t imes f o r a water-wave o f v e l o c i t y 1.U8 km/s , r e f l e c t e d a t a plane boundary 

p a r a l l e l t o , and 12 km f r o m , t h e p r o f i l e . The good f i t o f t h i s l i n e 

t o the onsets o f the phase leads t o the suggest ion t h a t i t i s a s ide 

r e f l e c t i o n f r o m a topograph ic boundary i n the sea f l o o r . Watts (1970) 

has ob ta ined ba thyme t r i c records across the r e g i o n o f t h e steep g r a v i t y 

g r a d i e n t between ' h i g h ' A and ' l o w ' E which show a r e l a t i v e l y steep 

r i s e i n the sea f l o o r o f about 100 metres . To t h e east o f t h i s f e a t u r e , 

basement m a t e r i a l crops out and t h e sea-bed topography p robab ly marks 

the p o s i t i o n o f the f a u l t - l i n e between the Lewis ian basement and the 

sedimentary b a s i n . The f e a t u r e f o l l o w s the contours o f t h e s teepest 

p a r t o f the g r a v i t y g r a d i e n t which i s p a r a l l e l t o l i n e A and about 12 km 

f r o m i t . Th is i s , t h e r e f o r e , almost c e r t a i n l y the boundary g i v i n g 

r i s e t o the r e f l e c t e d phase. 

The t r a v e l - t i m e graphs ( f i g s . 5-5 and 5-6) show the f i t o f 

s t r a i g h t l i n e s t o t h e r e f r a c t e d a r r i v a l da ta . The phases ob t a ined 

are t a b l e d below. 

TABLE 5.1 

Layer Segment V e l o c i t y S.E. on Time S.E. on t ime No. o f 
km/s v e l o c i t y i n t e r c e p t ( s ) i n t e r c e p t observa t ions 

water WW 1.U81 0.005 

2 A2 3.59 0.09 0.58 0.07 6 

3 A3 U.62 0.10 1.10 0.08. 5 

k Ak 5-75 0.08. 2.35 0.08 6 

2 B2 2.69 0.03. 0.53 0.02 3 

3 B3 h.BO 0.0k 1.80 0.03 5 

k Bk 6.\6 0.19 2.98 0.19 6 

5 .2 .3 The i n t e r p r e t a t i o n o f t h e t r a v e l - t i m e graphs / 
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5.2.3 The i n t e r p r e t a t i o n o f the t r a v e l - t i m e graphs 

Lines A and B were in t ended t o comprise a reversed l i n e . On 

p l o t t i n g ou t the shot p o s i t i o n s a c c u r a t e l y , however, i t i s found 

t h a t t h e two l i n e s are between 3.5 and U.5 km apa r t . They are 

p a r a l l e l t o the s t r i k e o f the g r a v i t y low and t h e r e i s , t h e r e f o r e , 

l i k e l y t o be zero o r only smal l components o f d i p i n seismic boundaries 

a long the two p r o f i l e s . The g r a v i t y f i e l d has been shown by Watts (1970) 

t o r e q u i r e a dens i t y con t r a s t across a boundary which d ips towards 

the s teep , p robably f a u l t e d , s o u t h - e a s t e r l y boundary o f t h e b a s i n . 

The discrepancy o f 0.6 t o 0.7 seconds i n the t ime i n t e r c e p t s o f t h e 

observed h ighe r v e l o c i t y phases - A3 and B3, and Ak and Bk - i s most 

p robab ly a consequence o f a s o u t h - e a s t e r l y d ip i n the l a y e r 2 - l aye r 3 

i n t e r f a c e , cons i s t en t w i t h the g r a v i t y da ta . 

Because o f t h e r e l a t i v e p o s i t i o n s o f the two l i n e s over a d i p p i n g 

s t r u c t u r e t hey cannot be t r e a t e d as a reversed p a i r b u t each must be 

i n t e r p r e t e d i n terms o f h o r i z o n t a l l a y e r i n g . 

The h i g h v e l o c i t y phases, 6.16 km/s on l i n e B and 5.75 km/s on 

l i n e A , correspond t o a r r i v a l s f rom a basement l a y e r . The discrepancy 

may i n p a r t be due t o the n o n - h o r i z o n t a l boundaries and i n p a r t t o 

o the r u n c e r t a i n t i e s embodied i n t h e quoted s tandard e r r o r s . The 

mean value o f 5.95 km/s i s i n good agreement w i t h t h a t ob ta ined on 

l i n e L f o r the basement (5.89 k m / s ) , and t h i s mean va lue p robab ly 

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

There i s r e l a t i v e l y good c o r r e l a t i o n between the i n t e rmed ia t e 

v e l o c i t i e s ob ta ined - k.62 km/s on l i n e A and U.80 km/s on l i n e B . 

D i s p a r i t y / 
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D i s p a r i t y i s observed i n the v e l o c i t i e s o f t h e n e a r - s u r f a c e , 

l a y e r 2 . The p o s i t i o n s o f the two de terminat ions are about Uo km 

apar t and as the v e l o c i t i e s are probably o f d i p p i n g sedimentary 

l aye r s t h i s v a r i a t i o n i s t o be expected. The i n t e r c e p t t imes o f 

O.58 and 0.53 seconds are comparable and are t oo h i g h f o r t h e l a y e r 

t o crop out a t the sea f l o o r . A topmost l a y e r o f 550 t o 630 metres 

o f assumed v e l o c i t y 2.0 km/s i s r e q u i r e d t o s a t i s f y the t r a v e l - t i m e 

data o f l a y e r 2 . I f t h e mean v e l o c i t y o f t h e t o p l a y e r were as low 

as 1.7 km/s a th i ckness o f ^30 t o U50 metres wou ld be r e q u i r e d . For 

the purpose o f t h e i n t e r p r e t a t i o n o f the deeper s t r u c t u r e , the former 

v e l o c i t y has been used. There i s some d i r e c t evidence f o r t h i s 

upper l a y e r i n t h a t the f i r s t r ecord o f l i n e A y i e l d s an a r r i v a l 

t o o e a r l y t o f i t the phase A2 ( f i g . 5~5). 

Models have been ob ta ined by assuming t h a t t h e two l i n e s 

independent ly determine the t r u e v e l o c i t i e s o f h o r i z o n t a l l a y e r s , 

and a l so by t a k i n g t h e mean values f o r each phase as t h e t r u e v e l o c i t y , 

but r e t a i n i n g the observed t ime i n t e r c e p t s o f t h e deeper l a y e r s . These 

models are shown below t h e t r a v e l - t i m e graphs ( f i g s . 5"5 and 5~6) and 

i n t a b l e 5.2. 

TABLE 5.2 / 



TABLE 5.2 

Line A observed parameters. 

L 
Layer 

I 
I n t e r c e p t 

( s ) 

SEI 
S.E. on 

i n t e r c e p t 

V 
V e l o c i t y 

km/s 

SEV 
S.E. on 
v e l o c i t y 

D 
Depth t o 

bottom(km) 

SED 
S.E. on 
depth 

wa te r 1.U8 0.005 0.1U 0.03 

1 0.09 0.03 (2.00) 0.0 0.69 0.11 

2 0.58 0.0T 3.59 0.09 2.05 0.k6 

3 1.10 0.08 k.62 0.10 6.37 1.16 

k 2.35 0.08 5.75 0.08 

L i n e B observed parameters . 

L 
water 

I SEI V 
1.U8 

SEV 
0.005 

D 
0.1U 

SED 
0.03 

1 0.09 0.03 (2.00) 0.0 0.76 0.09 
2 0.53 0.02 2.69 0.03 2.56 0.18 

3 1.80 0.03 k.80 o.ok 6.61 0.96 

h 2.98 0.19 6.16 0.19 

L i n e A mean v e l o c i t i e s . 

L 
wa te r 

I SEI V 
1.U8 

SEV 
0.005 

D 
0.1U 

SED 
0.03 

1 0.09 0.03 (2.00) 0.0 0.71 0.08 

2 0.56 0.03 3.11* 0.05 1.67 0.27 

3 1.10 0.08 U.71 0.05 6.15 0.85 

k 2.35 0.08 5.95 0.10 

L i n e B mean v e l o c i t i e s . 

L 
water 

I SEI V 
1.H8 

SEV 
0.005 

D 
0.1U 

SED 
0 .03 

1 0.09 0.03 (2.00) 0.0 0.71 0.08 

2 O.56 0.03 3.1U 0.05 3.1U 0.23 

3 1.80 0.03 U.71 0.05 6.98 O.98 

k 2.98 0.19 5.95 0.10 

A / 
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A comparison o f the depths t o the i n t e r f a c e s g iven "by the f o u r 

models shows a r e l a t i v e l y cons i s t en t depth t o t h e h i g h v e l o c i t y 

basement, ranging between 6.1 and 7-0 km, w i t h an u n c e r t a i n t y o f about 

± 1 km. The mean values i n d i c a t e a d ip i n t h i s lower boundary o f 

between f i v e and t e n degrees but w i t h i n the l i m i t s o f the u n c e r t a i n t i e s 

the boundary i s h o r i z o n t a l w i t h a mean depth o f 6.5 km. The observed 

values g ive depths t o l a y e r 3 o f 2.05 km under A and 2.56 km under Br, 

i n d i c a t i n g a s o u t h - e a s t e r l y d ip o f seven degrees, a l though t h e u n c e r t a i n t y 

i n the de te rmina t ion f o r l i n e A i s r e l a t i v e l y h i g h . 

The b road f e a t u r e s o f t h e s t r u c t u r e i n d i c a t e d by t h i s ana lys i s 

are as f o l l o w s : 

(a) A h i g h v e l o c i t y basement l a y e r between 6 and 7 km i n depth . 

(b) An in t e rmed ia t e l a y e r w i t h v e l o c i t y about U.7 km/s p robab ly 

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

( c ) Upper l aye r s w i t h v a r i a b l e v e l o c i t i e s and a l i k e l y combined 

th ickness o f 2 t o 3 km i n the r eg ion o f the two seismic l i n e s . 

The r e c o g n i t i o n o f the m u l t i p l e phases, AhM and BUM, leads t o 

a second approach t o t h e de te rmina t ion o f the th ickness o f l a y e r 2 . 

The m u l t i p l e s , w i t h t h e same phase v e l o c i t y as the f i r s t onse t , have 

s u f f e r e d a r e f l e c t i o n between two boundaries i n the s t r u c t u r e above 

l a y e r U. The t ime i n t e r v a l s between the f i r s t onsets and the 

m u l t i p l e s are 1.6 seconds f o r l i n e A - determined f r o m the good 

records Alk and A15 ( f i g . 5-3), and about 2 .2 seconds f o r l i n e B 

( f i g . 5 -U) . 

On the l i k e l y assumption t h a t the a d d i t i o n a l pa th t r a v e l l e d 

as a body wave was between the l a y e r 2 - l a y e r 3 i n t e r f a c e and the 

f r e e s u r f a c e , the th ickness o f l a y e r 3 may be c a l c u l a t e d . 

Assuming / 
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Assuming t h a t l a y e r 1 i s 2.0 km/s and 0.6 km t h i c k , these 

c a l c u l a t i o n s y i e l d a depth under l i n e B o f 2.5k and 2.37 km 

depending on whether the mean or observed v e l o c i t i e s are used. 

The depth under l i n e A i s 1.75 o r 1.83 km. The computations 

are c l e a r l y n o t s e n s i t i v e t o the v e l o c i t y used. 

I f l a y e r 1 i s assumed t o be absent, u s i n g the mean v e l o c i t y 

o f 3.1U km/s the depths become 2.75 km f o r l i n e B and 1.96 km f o r 

l i n e A , i . e . an increase o f 0.2 km. Th i s once again demonstrates 

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

An e r r o r o f 0.10 seconds i n p i c k i n g the t ime i n t e r v a l between 

the f i r s t a r r i v a l and the m u l t i p l e r e s u l t s i n an e r r o r o f about 

0.15 km on t h e c a l c u l a t e d depth . 

This approach gives a range o f p o s s i b l e depths t o l a y e r 3 -

between 2.3 and 2.7 km f o r l i n e B and 1.6 t o 2 km below l i n e A . 

These are i n good agreement w i t h t h e values ob ta ined us ing f i r s t 

a r r i v a l data ( t a b l e 5 .2) . 

The use o f m u l t i p l e s i n t h i s way has c e r t a i n advantages over 

f i r s t a r r i v a l da ta . W i t h the l a t t e r , an u n c e r t a i n v e l o c i t y de te rmina t ion 

r e s u l t s i n an u n c e r t a i n t ime i n t e r c e p t t o which the depth c a l c u l a t i o n 

i s s e n s i t i v e . I n a d d i t i o n , t ime i n t e r c e p t s are s u b j e c t t o h idden 

systemat ic e r r o r s which may be i n t r o d u c e d by a f a u l t y c l o c k , m i s s - p i c k i n g 

o f the shot i n s t a n t o r i n the range d e t e r m i n a t i o n . The t ime i n t e r v a l 

between the f i r s t a r r i v a l and a m u l t i p l e may be w e l l determined on a 

s i n g l e f avourab le r eco rd o r may be ob ta ined f r o m a number o f independent 

de t e rmina t ions , wh ich are f r e e f r o m sys temat ic e r r o r s . 

The / 
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The disadvantage o f the method i s t h a t i t depends upon the 

accurate i n t e r p r e t a t i o n o f the pa th o f the m u l t i p l e and the assumption 

t h a t a P t o S t o P wave conversion i s not i n v o l v e d . A study o f 

expected ampli tudes o f m u l t i p l e a r r i v a l s r e f l e c t e d between d i f f e r e n t 

boundaries f o r a number o f models may enable c r i t e r i a t o be e s t a b l i s h e d 

which would make t h i s i n t e r p r e t a t i o n more c e r t a i n . 

I n t h i s p a r t i c u l a r case, a l though the f i r s t a r r i v a l data g ives 

a model which conf i rms the i n t e r p r e t a t i o n o f t h e m u l t i p l e and 

t h e r e f o r e permi ts c lose r l i m i t s t o be pu t on the depth t o l a y e r 3, a 

p o s s i b i l i t y remains t h a t a r e f l e c t i o n w i t h i n l a y e r 3 c o u l d produce 

the observed m u l t i p l e s . Records A10, A11 and A12 ( f i g . 5~3) show 

a second a r r i v a l phase at about 1.U seconds a f t e r the f i r s t onsets 

which may be the corresponding m u l t i p l e f o r the phase A3. This i s 

no t c l e a r l y d e f i n e d b u t i f c o r r e c t l y i d e n t i f i e d supports the i n t e r p r e t a t i o n 

t h a t the m u l t i p l e s have been r e f l e c t e d between the top o f l a y e r 3 and 

the f r e e s u r f a c e . 

5 .2.U Geolog ica l i n t e r p r e t a t i o n o f t h e seismic model 

Laye r ing which has been e s t a b l i s h e d i n terms o f v a r i a t i o n s i n 

e l a s t i c p r o p e r t i e s o f t h e rocks cannot be unambiguously i n t e r p r e t e d 

i n terms o f g e o l o g i c a l sequences. There i s cons iderable over lap 

i n the compressional wave v e l o c i t i e s o f d i f f e r e n t s t r a t a . These 

v e l o c i t i e s , however, t oge the r w i t h p o s s i b l e d e n s i t i e s i n f e r r e d f r o m 

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

o f nearby l a n d areas can y i e l d a probable model . Comparison o f the 

present work w i t h t h a t o f o thers over sedimentary basins i n the 

I r i s h Sea and on t h e s h e l f o f f south-west England i s l i k e l y t o be o f 

assis tance i n t h i s i n t e r p r e t a t i o n . 

The / 
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The h i g h g r a v i t y g r a d i e n t between ' h i g h ' A and ' l o w ' E has 
been i n t e r p r e t e d as a f a u l t e d contac t between Mesozoic and Lewis ian 
rocks (Wat t s , Ph.D. Thes i s , 1970, B o t t and W a t t s , 1970a). Basement 
i s shown t o crop out t o the east o f the f a u l t , f r o m sparker records 
and h i g h f requency magnetic anomalies. The g r a v i t y g r a d i e n t r equ i r e s 
a h i g h dens i t y con t ra s t o f a t l e a s t - 0 . H g/cm w h i c h , w i t h r e fe rence 
t o the work o f S t r i d e and others (1969) , and the g e o l o g i c a l h i s t o r y 
o f western S c o t l a n d , leads t o the conc lus ion t h a t a succession o f 
Mesozo ic -Te r t i a ry s t r a t a must be present i n the b a s i n . 

As f a r as the depth o f the b a s i n i s concerned, the g r a v i t y 

i n t e r p r e t a t i o n i s ambiguous i n t h a t a mean dens i t y c o n t r a s t o f - 0 . 6 g/cm 

y i e l d s a depth o f 3 km and - 0 . U g/cm a depth o f over 5 km. 

A r e i n t e r p r e t at i o n o f t h e g r a v i t y p r o f i l e (XX ' ) across the 

bas in has been made w i t h the seismic r e f r a c t i o n c o n t r o l ( f i g . 5 "7 ) . 

A v e r t i c a l f a u l t has been assumed t o g e t h e r w i t h a maximum depth t o 

l a y e r 3 o f about 3 km beneath the seismic l i n e , B . These assumptions 

l e a d t o a minimum d e n s i t y con t r a s t be ing r e q u i r e d t o f i t the steep 

g r a v i t y g r a d i e n t . 

Two models are shown, one i n which the western b u r i e d r i d g e i s 

considered t o be topography o f the l a y e r 3 su r face and the o ther i n 

which the h i g h v e l o c i t y ( h i g h d e n s i t y ) basement comes up. The former 

model r equ i r e s a lower con t r a s t between l a y e r 3 and the basement, w i t h 

a cor responding ly h i g h con t r a s t f o r l a y e r 2 . 

The d e n s i t i e s shown are l i n k e d t o an assumed Lewis ian basement 

dens i ty o f 2.80 g/cm which i s cons i s t en t w i t h f i e l d measurements made 

by Tuson (1959) and M c Q u i l l i n and Brooks (1967) . 

The / 



F i g . 5-7.. . P r o f i l e ' XX1 showing the f i t "between the c a l c u l a t e d 

and observed g r a v i t y anomalies f o r two. models. 

' A ' and ' B ' l o c a t e the se ismic r e f r a c t i o n p r o f i l e s 

approximate ly pe rpend icu la r t o X X 1 . 
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The arguments o f B o t t and W a t t s , t h e r e f o r e , h o l d f o r up t o 3 km 

o f the uppermost sediments ( l a y e r s 1 and 2) which are probably 

Mesozo ic -Te r t i a ry i n age. Layer 1, which was probably observed 

d i r e c t l y on o n l y one r e c o r d bu t which i s r e q u i r e d t o s a t i s f y the t ime 

i n t e r c e p t s o f t h e segments o f the t i m e - d i s t a n c e graph corresponding 

t o l a y e r 2, i s no t the t h i n veneer o f sediments observed by Watts on 

a sparker p r o f i l e . A th i ckness o f U50 t o 600 metres o f l a y e r 1 i s 

r e q u i r e d , depending on the assumed v e l o c i t y , whereas less than 50 metres 

o f upper sediments were observed on the r e f l e c t i o n records . Layer- 1 

may be assoc ia ted w i t h the d i p p i n g sediments observed beneath t h e t op 

50 metres by Wat t s . I f i t i s a d i s c r e t e l a y e r , t hen i t i s p robably 

the T e r t i a r y sediments which S t r i d e and others (1969) recognised as 

r e s t i n g unconformably on upper-Cretaceous a t the western s h e l f edge. 

There i s o n l y i n d i r e c t evidence f o r t h i s r e l a t i o n s h i p between l a y e r s 1 

and 2 i n the b a s i n and a d i s c r e t e l a y e r 1 may n o t e x i s t , t he t r a v e l - t i m e 

data b e i n g s a t i s f i e d by a continuous increase i n v e l o c i t y w i t h depth 

over t h e t o p few hundred metres . 

The probable d e n s i t y o f l a y e r 3, 2.60 t o 2.TO g/cm t o g e t h e r w i t h 

t h e v e l o c i t y o f ^ .7 km/s i n d i c a t e s t h e presence o f a t h i c k succession 

o f Palaeozoic sediments o r T o r r i d o n i a n sandstone. The d e n s i t y - v e l o c i t y 

parameters f o r Carboniferous rocks are v a r i a b l e depending on the 

p r o p o r t i o n o f l imes tone p resen t . Those f o r Old Red Sandstone have been 

determined i n l a b o r a t o r y experiments by Day and o thers (1956) as U.15 
3 

t o k.6k km/s and 2.63 g/cm . Tuson measured t h e dens i ty o f O ld Red 
3 3 on Ar ran as 2.60 g/cm and T o r r i d o n i a n sandstone as 2.63 t o 2.65 g/cm . 

3 

M c Q u i l l i n ob ta ined a value o f 2.68 g/cm f o r t h e O ld Red o f She t land . 

On / 
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On the basis of seismic r e f r a c t i o n experiments i n the area o f 

the western approaches of the English Channel, H i l l and King (1953) 

and Day and others (1956) suggested that the observed compressional 

wave ve loc i t i e s f e l l i n t o four classes which, w i t h reference t o the 

nearby land, could be in terpre ted i n terms o f geological d iv i s ions . 

This c l a s s i f i c a t i o n i s as fo l lows : 

Class 1 1 . 7 - 2 . 5 km/s Mesozoic 
2 2.7 - 3.6 Permo-Triassic 

3 3.65- Palaeozoic 

h 5 - 2 - 7 . 0 Metamorphic and igneous basement. 

Day and others d id not have s u f f i c i e n t geological cont ro l t o separate 

classes 1 and 2 as shown above. They also recognised the probable 

presence of Ter t i a ry and Quaternary sediments i n the area i n which they 

obtained the ve loc i t i e s and preferred t o combine classes 1 and 2 as 

'Permian and a l l younger sediments*, 

The ve loc i t i e s obtained i n the west Shetland shelf bas in , being 2 . 0 , 

2 .69/3 .59 , U.7 , 5.95 km/s, f a l l neatly i n t o the above classes. From 

t h i s comparison support i s lent t o the in t e rp re ta t ion previously 

ou t l ined . 

The s tructure o f the basin has strong a f f i n i t i e s w i t h the 

Cardigan Bay sedimentary basin. Both are probably f a u l t bounded and 

s t r u c t u r a l l y control led along Caledonian t rend direct ions and are of 

approximately the same hor izon ta l extent. Blundel l and others (1968) 

have reported the g rav i ty and seismic resul ts obtained over the 

Cardigan Bay basin. A negative Bouguer anomaly of about 70 mgal below 

the regional ex i s t s . Gently fo lded s t ra ta occur overlain unconformably 

by hor izon ta l beds 30 t o 60 metres t h i c k . Two primary layers are / 
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are observed w i t h ve loc i t i e s 2.3 and 3.5 km/s, the "base o f the former 

reaching a depth o f 1 km wh i l s t the l a t t e r exceeds 2 km i n thickness. 

An in t e rp re t a t ion o f the g rav i ty anomaly indicates a t o t a l depth 

of 3-5 t o 6.5 km. Deep r e f l e c t i o n work (Bul le rwe l l and McQui l l in , 

1969)t t i e d t o the Mochras borehole (Wood and Woodland, 1968), 

establishes a maximum thickness of about 800 metres of Te r t i a ry 

sediments (corresponding t o the 2 .3 km/s layer of Blundel l et a l . ) . 

This i s underlain by a considerable thickness of what are probably 

Mesozoic and Permian s t ra ta . No pre-Permian basement, corresponding 

t o the U.T km/s layer found i n the west Shetland shelf bas in , has yet 

been established i n Cardigan Bay, unless a corre la t ion can be made w i t h 

the k.O km/s layer found i n Tremadoc Bay and in terpre ted as Ordovician 

by G r i f f i t h s and others (1961). 

5 .2.5 SUMMARY 

The seismic r e f r a c t i o n resul ts i n the west Shetland shelf basin 

support the in t e rp re t a t ion made from other geophysical data that a 

succession o f Mesozoic-Tertiary sediments are present (Bott and Watts, 

1970a). I n addi t ion a layer which may be o f Palaeozoic age i s 

established over lying the Lewisian basement which has the same 

compressional wave ve loc i ty as tha t cropping out at the sea bed t o 

the west of the basin where i t forms the ridge of high g rav i ty f i e l d . 
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CHAPTER 6 

A GEOPHYSICAL SURVEY SOUTH-WEST OF SHETLANDS 

6.1 In t roduct ion 

A survey o f the region between the Dunrossness and Walls Peninsulars 

(Shetlands) and the i s land o f Foula was made i n 1970 on R.R.S. John Murray 

( f i g . 6 - 1 ) . The primary object ive was t o invest igate the shallow structure 

by the seismic r e f r a c t i o n method, using a Bradley sono-buoy system lent 

by the Univers i ty o f Birmingham. Two r e f r a c t i o n l ines were shot , and 

250 km o f g rav i ty and magnetic f i e l d data were continuously recorded 

using a Graf-Askania GSS2 sea-gravimeter mounted on a stable p l a t fo rm , 

and using a Varian magnetometer. About 150 km o f seismic r e f l e c t i o n 

p r o f i l e s were obtained using a 1 KJ E.G. and G. sparker system. 

The ship 's tracks and the seismic r e f r a c t i o n l ines were planned 

w i t h respect to a north-south t rending grav i ty low, established from 

previous work (Watts, 1970), and w i t h respect t o the geology o f the 

nearby land. 

6.2 The sono-buoy seismic r e f r a c t i o n system 

A schematic diagram of the instrumentation used i n the Bradley 

system i s shown i n f igure 6-2. Up t o s i x buoys may be deployed 

simultaneously. 

Information i n the frequency range 3 t o 300. Hz i s fed i n t o the 

a m p l i f i e r from the hydrophone which i s suspended beneath the buoy on a 

m u l t i p l e - b i g h t , neutrally-buoyant cable. The s ignal i s used t o 

frequency modulate a 3.375 k Hz sub-carr ier , which, i n tu rn amplitude 

modulates the VHF t ransmi t te r . Each t ransmit ter i s c ry s t a l cont ro l led 

at a frequency i n the v i c i n i t y o f 27 M Hz, the channel spacing being 25 k Hz. 

On / 



Fig . 6-T. Bouguer grav i ty map shoving the locations of seismic 

r e f r a c t i o n p r o f i l e s K and Mj, p r o f i l e ST, and other 

ship 's tracks o f the 1970 cruise. Contours are i n mgal. 
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On board ship, signals are fed from a whip antenna t o the receiver 

rack which contains an E.F. p re -ampl i f ie r un i t and s ix c rys t a l cont ro l led 

receivers . The frequency modulated seismic signals are recovered at the 

receiver outputs and are fed t o a magnetic tape recorder and a demodulator 

u n i t . The o r i g i n a l hydrophone signals are recovered at the demodulator 

outputs and are recorded on a UV osci l lograph. The timer un i t gives seconds 

and tenths o f seconds pulses which are recorded on the osci l lograph and 

superimposed on an FM sub-carrier f o r tape recording. A hydrophone 

t r a i l e d behind the ship i s used t o i n j e c t a shot-instant s ignal i n to the 

t iming channel. 

The spec i f ied range of the system i s up to 25 miles depending upon 

weather conditions, pos i t ion of a e r i a l and s ignal and noise leve ls . 

The pa r t i cu l a r system used i n the south-west Shetland survey d i d not 

f u l l y meet the spec i f i ca t ions . I n p a r t i c u l a r , there was cross-talk 

between the channels together wi th other u n i d e n t i f i e d noise. Tape 

recordings were poor owing t o a low s ignal l e v e l but good paper records 

were obtained up to a range of about 20 km. 

To overcome the problem of cross-talk, which seemed t o be associated 

w i t h the demodulator u n i t the s ignal from one of the two buoys launched 

was heavily attenuated f o r ranges greater than a few km. The replacement 

o f the standard hydrophone by a Clevi te hydrophone resul ted i n an improvement 

i n the qua l i ty of the s igna l . 

The buoys were launched about 1 km apart and shots were f i r e d at 1 km 

in te rva l s to a range at which the s ignal was los t i n the noise. For l ines 

L and K good a r r iva l s were obtained up t o a range of about 20 km. Five 

and ten pound charges were used up to about 8 km a f t e r which 25 pound 

charges were f i r e d . 

The / 
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The charge size was l i m i t e d because the v i b r a t i o n of the ship , 

due t o the reverberation o f the water-wave i n the shallow water> caused 

c i r c u i t breaker switches to cut out the mains voltage supply. An 

attempt t o reduce t h i s e f f e c t by increasing the burn time of the fuses 

to over 100 seconds was only p a r t i a l l y successful. 

6.3 Reduction of the data 

The tape recordings from the seismic r e f r a c t i o n experiment were 

o f poorer qua l i ty than the o r i g i n a l UV paper records. The l a t t e r were, 

there fore , used t o obtain the time-distance data. The programme 'RED 1, 

described previously, was used to convert the water-wave a r r iva l s to 

ranges, assuming a water-wave ve loc i ty o f 1.U8 km/s, and t o apply the 

'drop-bang' correct ion to the t ravel - t imes . 

The g rav i ty , navigation and bathymetry data was converted to punched 

card format by E.M.Himsworth (Department of Geology, Univers i ty of Durham). 

The observed grav i ty values were then reduced to y i e l d f r e e - a i r and 

Bouguer anomalies using a modified version o f a g rav i ty reduction programme 

w r i t t e n by Watts (1970). The programme applies the standard corrections 

to gravi ty data obtained at sea, v i z . d r i f t correct ion (assuming l inear 

d r i f t between base s ta t ions , Eotvos, l a t i t u d e and Bouguer correct ions. 

The mean d r i f t o f the instrument between the Stornoway and Lerwick bases 

(relevant to t h i s survey) was 2.8 mgal/day. 

Cross-coupling corrections have not been applied t o the data and 

t h i s may be a s i g n i f i c a n t source of e r ror . 

The cross-over errors give some ind ica t ion o f the consistency of the 

observations. These are o f the order of 5 mgal except on one section 

where they reach 30 mgal. Fortunately, t h i s section i s crossed twice 

by r e l i ab le l ines and i t has, therefore , been neglected. 

For / 
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For a detai led discussion of the corrections and errors associated 

w i t h marine gravi ty data the reader i s r e fe r red to Worzel, J .L . (1959) 9 

La Coste and Harrison (1961) , Wal l , Talwani and Worzel (1966) and 

La Coste (1967). 

A Bouguer anomaly map ( f i g . 6-1) has been prepared from the 1970 data 

and that data col lected on e a r l i e r surveys. 

Sections o f the seismic r e f l e c t i o n p r o f i l e s have been reduced to 

l i n e diagrams ( f i g . 6-3) and near surface s tructure indicated by the p r o f i l e s 

has been mapped ( f i g . 6 -U) . 

6 . k The geological and geophysical se t t ing 

A deta i led discussion o f the geology of the Shetlands i s given 

by Finlay (1930). More recent ly , McQuill in and Brooks (1967) have 

published the resul ts o f regional g rav i ty and magnetic surveys over the 

Shetland group of is lands. These geophysical resul ts have been re la ted 

t o the observed geological s tructure and have been used t o advance new 

geological in terpre ta t ions o f subsurface s t ruc ture . The geological 

sketch map ( f i g . 6-k), inc luding major s t r u c t u r a l l i n e s , i s taken from 

McQuil l in and Brooks (1967) and i s used as a basis f o r the in t e rp re t a t ion 

o f the geophysical data obtained on the present survey. 

The Walls boundary f a u l t w i t h i t s southerly and nor ther ly extensions, 

has been described by F l inn (1961) as a powerful d is locat ion across which 

there i s no geological cor re la t ion . McQuill in and Brooks suggest that the 

geophysical evidence supports the proposal that t h i s f a u l t i s part o f a 

major tear f a u l t . 

Between the Walls boundary f a u l t and the Whalsay-Clif t sound d is loca t ion 

i s a region of schists and gneisses forming a stable basement and to the 

south-east, forming the Dunrossness Peninsular, i s an area o f P h y l l i t i c rocks / 
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rocks and Old Red Sandstone deposits. A strong pos i t ive gravi ty 

anomaly on the Peninsular has been in terpre ted by McQuill in and Brooks 

as being due to a large basic in t rus ion at shallow depth. Surface 

mapping (Knox, 1930) and an in te rp re ta t ion of the grav i ty f i e l d indicate 

a thickness of Old Red Sandstone of about h km i n the Bressay region 

th inning t o about 2 km under Noss. 

West o f the Walls boundary f a u l t i s an area of predominantly Old 

Red Sandstone rocks intruded by igneous complexes of the same age. A 

broad synform o f Old Red Sandstone rocks occupies most of the Walls 

Peninsular and i s intruded i n the south-east by sheets o f granite (the 

s ands t ing grani te) and d i o r i t e . Concerning t h i s area Finlay (1930) 

says ' the area has been invaded by a sheet of granite which at various 

depths, seems t o underly i t everywhere', and on the Culswick shore 

(south Walls coast) ' the s i l l - l i k e re la t ions of the granite t o the 

overlying sandstones are w e l l shown'. To the north granite rocks are 

exposed on Muckle Roe and Worth Maven. I n broad terms Finlay sees t h i s 

complex west o f the Walls f a u l t as a great sheet i n which there i s a 

t r a n s i t i o n from granite t o gabbro w i t h depth. I n the Sandsting area 

he has observed numerous masses of country rock enclosed i n the g ran i t e , 

inc luding foundered blocks o f sandstone hundreds of square yards i n 

extent together w i t h narrow ridges of o l d f l o o r on which the sediments 

were l a i d down. 

6.5 In t e rp re t a t ion o f the resul ts 

6.5-1 The seismic r e f r a c t i o n experiment 

The two r e f r a c t i o n l i n e s , K and M ( f i g . 6 - 1 ) , do not form a 

t r u l y reversed l i n e because l i n e M i s e f f e c t i v e l y terminated a f t e r 10 km 

owing t o poor s ignal reception. The rec iprocal pos i t ion w i t h the 

hydrophone s ta t ion 9? the 22 km l i n e , K, i s not reached. A negative / 
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negative g rav i ty gradient of about 1.6 mgal/km i s observed along the 

f i r s t h a l f o f l i n e K. A l i n e diagram of the corresponding sparker 

p r o f i l e i s shown ( f i g . 6 -3 , p r o f i l e S1). 

The t ravel - t ime data f o r l i n e K cannot be conf ident ly f i t t e d 

by s t r a igh t l i n e segments but i s be t t e r f i t t e d by a curve ( f i g . 6 - 5 ) . 

To obtain values o f ve loc i ty and time intercepts t h i s curve has been 

approximated by three s t ra ight l i nes f i t t e d t o the data by the method 

o f least squares. Some overlap of the data f o r each segment has been 

used and the resul t of combining data from the t h i r d segment w i t h 

most o f tha t from the second i s seen t o have only a small a f f e c t 

on the v e l o c i t y (K 23, table 6 . 5 . 1 ) . 

The t rave l - t ime data f o r l i n e M ( f i g . 6-5) shows two s t r a i g h t - l i n e 

segments although i t i s uncertain whether the a r r i v a l at a range o f 

about h km l i e s on e i ther of these two l i n e s . The resul ts of the 

analysis neglecting t h i s a r r i v a l are shown i n table 6 . 5 . 1 . 

TABLE 6 .5 .1 

Segment Range Veloci ty S.E. on Time S.E. on time No. o f 
km km/s v e l o c i t y in tercept (s ) intercept observations 

WW 1.1+8 

K1 1.6 - 5.k k.Ok 0.13 0.12 0.03 7 

K2 5 .2 - 13 U.76 0.06 0.31 0.02 7 

K3 12.8-23 5-2U 0.08 0.56 0.05 8 

K23 8 - 2 3 5-09 0.05 0.U5 0.05 12 

M1 1 - 3 2.65 0.17 0.13 0.05 U 

M2 5 - 10.2 5.26 0.16 0.86 0.05 5 

An examination of the sparker p r o f i l e along l i n e K ( f i g . 6-3, 

p r o f i l e S1) shows tha t the sono-buoys were deployed over basement 

mater ia l and that the f i r s t shot, K 1 , i s at the junct ion between t h i s 

rock and sediments dipping i n a southerly d i r e c t i o n ; over which 

subsequent shots are located. This r e f l e c t i o n p r o f i l e indicates / 
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indicates the reason f o r the continuous increase i n ve loc i t y observed 

on l i n e K i n contrast t o the discrete layer ing indicated by l i n e M. 

I t i s suggested that the t h i r d segment of l i n e K (K3)and the second 

segment of l i n e M (M2) give the t rue ve loc i ty of the basement layer 

(5.25 ± 0.18 km/s). The same ve loc i t y i s observed i n both d i rec t ions , 

from which i t can be i n f e r r e d that the in ter face i s hor izonta l beneath 

l i n e M. The lower v e l o c i t i e s , observed at shorter ranges on l i n e K, 

and the discrepancy i n the time intercepts (0.30 sees.) between the 

segments K3 and M2 i s explained i f the 5.25 km/s layer r ises t o the 

surface between shots KY and K1 . 

The in te rp re ta t ion o f the data from l i n e M as a two-layered 

structure i s shown below. 

TABLE 6 .5.2 

Layer Intercept S.E. on Veloc i ty S.E. on Thickness S.E. on 
s intercept km/s ve loc i ty km thickness 

Water 1.U8 0.005 ° ? 1 0 0.02 

1 0.08 0.05 2 .65 0.17 1.18 0.16 

2 0.86 0.05 5.26 0.16 

The intercept used f o r layer 1 i s 0.05 seconds less than that 

observed. This i s i n agreement w i t h the mean A f f e c t i v e sea depth. 

The discrepancy between the known sea depth and that calculated using 

the observed time intercept f o r layer 1 cannot be e n t i r e l y explained 

by assuming that a lower ve loc i ty layer l i e s above layer 1. Such 

a s i t ua t ion i s not compatible w i t h the seismic r e f l e c t i o n data. 

The mean dip o f the layer 1 - layer 2 in te r face between shots K1 

and KT can now be determined from the thickness of layer 1 and the 

separation o f the two shots. The value obtained i s 11.3 degrees. 

An / 
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An apparent ve loc i t y <?f h km/s ( that o f segment K1) i s observed 

when shooting down a 5-25 km/s layer dipping at 11 degrees. This 

i s i n good agreement w i t h the above estimate. 

The discrepancy i n the delay times to layer 2 , "between segments 

K3 and M2, ( table 6 .5 .1) i s explained "by considering the d i f f e r e n t 

paths taken by a wave t o the lower layer . For l i n e M the wave passes 

through 1.2 km o f layer 1 below the shot and below the hydrophone. 

For l i n e K i t passes through 1.2 km of layer 1 at the shot but comes 

up to the sea bed as a headwave e n t i r e l y i n layer 2 . The calculated 

delay time under the hydrophone f o r l i n e M i s 0.U3 seconds and f o r 

l i n e K the delay time due t o the water and an .11 degree dip i n layer 2 

i s 0.09 seconds. The calculated discrepancy between the two intercept 

times f o r the proposed model i s , therefore , 0.3^ seconds, which i s i n 

good agreement w i t h the observed 0.30 seconds. 

Assuming that the v e l o c i t y o f 2.65 km/s f o r the sediments extends 

t o the region o f shot K1 ( p r o f i l e S1, f i g . 6-3) the apparent dip o f the 

sediments i s k degrees. The grav i ty f i e l d indicates that the r e f r a c t i o n 

l ines and r e f l e c t i o n p r o f i l e S1 are perpendicular t o the s t r i k e o f the 

basement i n t h i s region and, therefore , that the values calculated 

above are close to true dips. 

The proposed model ( f i g . 6-5) s a t i s f i e s the geophysical data. 

The non-correspondence between the dip of the surface sediments 

(h degrees) and that of the basement (11 degrees) does not present a 

problem provided tha t sediments were not l a i n down ho r i zon ta l l y on the 

basement w i t h subsequent t i l t i n g . The mutual dip of the sediments 

towards the centre o f the basin on the northern, eastern and western 

margins indicates tha t dipping margins were present before sedimentation. 

6.5 .2 The gravi ty and seismic r e f l e c t i o n maps / 



Travel-time graphs and s t r u c t u r a l in t e rp re ta t ion o f p r o f i l e s 

K and M. Circles r e fe r to one sono-buoy and t r iangles to 

a second. 
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6.5.2 The gravity and seismic r e f l e c t i o n maps 

The Bouguer anomaly map ( f i g . 6-1) shows a NNE-SSW trending 

gravity low ('low1 F) which increases i n width from the Walls Peninsular 

i n a southerly direction. The steep gradient o f the eastern margin 

of the trough follows the 50 .fm contour and the southerly extension 

of the Walls "boundary f a u l t ( f i g . 6 - ^ ) . To the west the contours 

follow the regional gravity f i e l d along Caledonian trend directions 

(Watts, 1970). Within t h i s "broad gravity low there i s a higher 

frequency trough outlined by the zero mgal contour. This closely 

follows the 50 fm bathymetric contour to the east and north. The 

maximum amplitude of the 'low' i s about -30 mgal. 

The seismic r e f l e c t i o n map (6-U) has been compiled by recognising 

several types of near-surface structure. Examples of the d i f f e r e n t 

regions are shown i n the l i n e drawings taken from the r e f l e c t i o n records 

( f i g . 6-3). The locations of these p r o f i l e s are shown on the r e f l e c t i o n 

map. 

'Sed' i s a region i n which a continuous expanse of near-uniform 

sedimentary layers are observed. 'Base' i s an area i n which p r o f i l e s 

do not show any sub-bottom structure, indicating that a good r e f l e c t i n g 

basement material crops out at the sea-bed. ' I n t ' i s a region showing 

variable and inter m i t t e n t layered structures w i t h i n material with 

basement features. The feature 'm1 was observed on the three p r o f i l e s 

which traversed the 50 km contour o f f the west coast of the Dunrossness 

Peninsular. This zone between sedimentary and basement material almost 

certainly locates the southerly extension of the Walls boundary f a u l t 

and i s probably the mylonitized zone which is observed i n association 

with the f a u l t on land. 

P r o f i l e / 
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P r o f i l e S1 ( f i g . 6-3) has already been described. I t shows 

the t r a n s i t i o n from basement to sediments at the northern edge of the 

higher frequency gravity low. P r o f i l e S2 shows the nature of the 

intermediate structures between sediment and basement. Pro f i l e s 

S3 and Sk are part of the continuous east-west p r o f i l e ST, observed 

across the gravity low and the seaward extension at the Dunrossness 

Peninsular. This p r o f i l e i s discussed i n d e t a i l i n the next section. 

S3 shows the intermediate structure giving way t o sediments with an 

apparent easterly dip. About 8 km of these are omitted between 

sections S3 and SU (note that the distances shown are those used on 

the p r o f i l e ST). Section SU shows the t r a n s i t i o n from easterly' 

dipping t o westerly dipping sediments and the t r a n s i t i o n through 

the f a u l t zone 'm' onto basement material. The l a t t e r i s associated 

with a rough bottom topography and a reduction i n sea depth. P r o f i l e S5 

is i n a north-westerly direction from basement material across the Walls 

f a u l t . I t traverses the embayment between the Walls and Dunrossness 

Peninsulars. I t shows more recent sediments l y i n g unconformably on the 

dipping sediments observed els-ewhere i n the region. This i s the only 

example showing an unconformity and i t i s probably a l o c a l feature associated 

with the embayment. A continuation of t h i s p r o f i l e t o the north-west 

was not obtained but i t appears that the base of the top layer would 

intersect the sea bed a few km t o the north-west, indicating a structure 

with the form of a buried channel. 

The three primary regions described above have been mapped ( f i g . 6-U). 

This map shows correlation with the gravity map ( f i g . 6-1) and outlines 

a sedimentary basin i n the region of deeper water. In addition, i t shows 

that the southerly extension of the Walls boundary f a u l t closely follows 

the 50 ffm contour. A westward trending narrow s t r i p of sediments i s / 
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is observed south of Foula island which i s confined to a region 

of deeper water. The basement material should not necessarily be 

considered t o be uniform over the region. I n p a r t i c u l a r , the p r o f i l e 

crossing due south of Sumburgh Head shows a continuous good r e f l e c t i n g 

rock but the topography of the sea bed changes from rough to smooth. 

The location of t h i s change has been connected to the junction between 

P h y l l i t i c rocks and the Old Red Sandstone of the Dunrossness Peninsular 

by the l i n e labelled 'g'. This l i n e follows the s t r u c t u r a l grain i n 

the area (dictated by the Walls f a u l t ) which supports the suggestion 

that the relationship between the two rock types on the Peninsular 

extends southwards to produce the observed change i n the topography. 

6.5.3 The south Shetland p r o f i l e ST 

Using the controls imposed by the int e r p r e t a t i o n of the seismic 

r e f l e c t i o n and refraction data the gravity p r o f i l e , ST, passing about 

10 km south of Sumburgh Head, i s interpreted to y i e l d a two-dimensional 

model. Figure 6-6 shows the observed data and two possible s t r u c t u r a l 

models. A close correlation i s observed between the seismic r e f l e c t i o n 

and gravity p r o f i l e s . The t o t a l magnetic f i e l d p r o f i l e has not been 

interpreted quantitatively. I t shows a close resemblance t o the gravity 

p r o f i l e , which i s expected f o r an almost north-south trending structure 

at these latitudes where the magnetisation vector i s probably near 

v e r t i c a l . High frequency magnetic anomalies are associated with the 

region of rough sea bottom topography, giving further support to the 

int e r p r e t a t i o n proposed i n the previous section. Similar high f i e l d 

gradients are observed on a p r o f i l e crossing the Walls f a u l t further 

north. 

A / 



Diagram showing the geophysical data obtained on p r o f i l e -

ST and two s t r u c t u r a l interpretations which are compatible 

with the seismic re f r a c t i o n p r o f i l e s K and M. 
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A near-vertical f a u l t i s necessary t o f i t the steep gravity 

gradient which i s i n agreement with f i e l d observations of the Walls 
3 

boundary f a u l t . A minimum mean density contrast of -0.H5 g/cm i s 

required f o r the sedimentary material with a mean depth of about 1.2 km 

(indicated by the refract i o n r e s u l t s ) . The long wavelength part of 

the gravity low i s s a t i s f i e d by a body having either an inward or an 
3 

outward sloping contact to the west and a density contrast of -0.15 g/cm . 

I r r e g u l a r i t i e s i n the gravity f i e l d and the truncation of the p r o f i l e 

t o the west prevents the nature of the contact being defined more 

precisely. East of the f a u l t the gravity low i s s a t i s f i e d best by a 

body with an outward sloping contact t o the east and a v e r t i c a l contact 
3 

at i t s western margin. Using a density contrast of -0.15 g/cm the 

f i t f o r a body with an inward sloping easterly margin i s shown. Within 

the l i m i t s of the observational errors i t i s thought that the f i t of t h i s 

l a t t e r model i s satisfactory. A greater density contrast across the 

westerly margin would improve the f i t . The t h i n v e r t i c a l s t r i p of 

material placed i n the f a u l t zone improves the f i t marginally by reducing 

the maximum residual i n the region of high gravity gradient from about 

5 mgal t o 2 mgal. 
6.6 Discussion 

A r e l a t i v e l y simple model s a t i s f i e s the geophysical data. A 

geological i n t e r p r e t a t i o n o f t h i s model i s attempted. 

The P-wave velocity of the sedimentary basin (2.65 km/s) f a l l s 

i n t o the Permian and post-Permian di v i s i o n of Day and others (1956). 

About 60 metres of sediments (Quaternary ?) have been observed i n the 

north-east of the basin l y i n g unconformably on dipping sediments. A / 
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A similar unconformity was observed by Watts (1970) i n the west 

Shetland shelf basin described i n Chapter 5> although i n that area 

i t was shown to be more extensive. 

An i n t e r p r e t a t i o n of the material underlying the sedimentary 

basin i s more d i f f i c u l t . An extrapolation of the geology of the Walls 

Peninsular suggests that Old Red Sandstone or granite or a mixture 

of the two may be present. The seismic velocity (5.25 km/s) seems t o 

favour igneous rock rather than Palaeozoic sediments i n the central 

region, although laboratory measurements on Middle Old Red Sandstone 

st r a t a i n the Orkneys have yielded P-wave veloc i t i e s of U.9 to 5.8 km/s 

(McQuillin, 1968). Whilst such laboratory measurements usually 

overestimate velocities determined i n the f i e l d there i s evidence that 

the velocity range could include the observed 5*25 km/s. I n addition, 

Finlay's description (1930) of the Walls sandstone as a fine-grained, 

hard, compact rock w i t h laminae of heavy mineral concentrates, contrasting 

with the Old Red Sandstone elsewhere on Shetlands, suggests the p o s s i b i l i t y 

o f an abnormally high vel o c i t y . 

The density of the P h y l l i t e s t o the east of the Walls f a u l t l i e s 

i n the range 2.70 - 2.85 g/cm (McQuillin and Brooks, 1967). The 

densities of the Walls sandstone and South Walls granites have been 

determined as 2.68 and 2.63 g/cm , respectively. Because of the 

uncertainty i n the mean density of the metamorphic rocks either of these 
3 

densities could produce the required contrast o f -0.15 g/cm . 

The gravity low to the east of the Walls f a u l t i s almost certainly 

due t o Old Red Sandstone. This i s deduced from the observed relationship 

between P h y l l i t i c rocks and Old Red Sandstone on the Dunrossness Peninsular, 

and by comparison with the h km deep trough of Old Red Sandstone beneath 

Bressay. 

The / 
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The model with an outward sloping contact i n the west gives 

a change of structure at the surface which may be correlated with 

the division between the material 'Base' and ' I n t ' , observed on the 

r e f l e c t i o n records. This i s not conclusive, however, because only 

about 100 metres of near surface structure i s observed and there may 

not be a persistance of t h i s with depth. I t i s tempting t o relate 

t h i s intermediate structure with the granite-sandstone mix observed 

by Finlay on the Walls Peninsular, although the r e f l e c t i o n records 

over the proposed Old Red Sandstone at the eastern end of the p r o f i l e 

do not show any layered structures. 

I t i s concluded that the geophysical data i s consistent with the 

hypothesis that a large granite mass underlies the region south of the 

Walls Peninsular. The observed P-wave ve l o c i t y of rock beneath the 

sedimentary basin and the density contrast required t o s a t i s f y the 

gravity f i e l d are, however, at the extremes of ranges of parameters 

a t t r i b u t e d t o Walls sandstone. A probable solution i s t h a t g r a n i t i c 

and sandstone rocks are both present i n a similar relationship to that 

observed on the Walls Peninsular. 

I t has been shown that hard rock crops out at the sea bed 20 km 

south of the Walls Peninsular and bottom samples from t h i s region would 

y i e l d useful information. 

Summary 

The in t e r p r e t a t i o n of geophysical data collected i n the region 

south of the Walls Peninsular (Shetlands) yields the following r e s u l t s : 

(a) / 
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A confirmation of the southerly extension of the Walls boundary 

f a u l t , t o 10 km south of Sumburgh Head, and the precise location 

of the f a u l t zone at three places. 

The existence of a sedimentary basin, probably of Mesozoic-Tertiary 

age, with a depth i n excess of 1 km. 

The southerly extension of granite and Old Red Sandstone rocks 

beneath the sedimentary basin, which are probably s i m i l a r t o those 

of the Walls Peninsular. 

The existence of a trough of Old Red Sandstone east of the Walls 

f a u l t i s established, together with i t s relationship t o the 

metamorphic b e l t observed on the western side of the Dunrossness 

Peninsular. 
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APPENDIX A 

The locations of the end points of the seismic re f r a c t i o n p r o f i l e s 

obtained i n 1969 and 1970 are given. 

A comparison i s made of the charge sizes used at d i f f e r e n t ranges 

for the longer p r o f i l e s , A t o H, f o r which record sections are shown elsewhere. 

Location of p r o f i l e s 

Hydrophone End point 
Line Latitude Longitude Latitude Longitude Direction Length 

north west north west degrees km 

A 59 53 09 03 39 37 60 12 07 03 17 00 33 U1 

B 60 13 37 03 11 37 59 51 09 03 38 22 210 56 

C 62 38 56 08 1*7 12 63 11 25 09 1*5 21 320 68 

D 63 12 20 09 1*7 03 62 36 26 08 ko 12 1U0 85 

E 63 22 50 10 21 27 6U 0U ko . 12. .'1U 02 313 122 

F 63 59 13 11 58 1*3 63 15 36 10 08 30 130 123 

G 62 00 12 16 08 35 61 35 1+2 15 19 1*8 135 68 

H 61 36 07 15 20 1*9 62 03 12 16 1U 31 322 62 

L 59 59 26 03 02 39 60 08 2k 02 50 18 35 20 

K 60 oU kk 01 33 33 59 53 36 01 39 5U 196 22 

M 59 55 1*6 01 39 37 60 02 3U 01 36 55 15 10 
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Charge sizes 

Charge sizes are given i n pounds of geophex below the p r o f i l e i d e n t i f y i n g 

l e t t e r . 

Range km A B C D E F G H 
2 IP. JO 
k 2.5 2.5 2^5. 1 20 
6 JO. 10 20 

8 JO. 15_ I5_ 25 
10 10 25 25 
12 10 25 
Ik 25 25 50 50 
16 25 50 
18 25 
20 100 100 
22 50 
2h 50 

26 50 50 100 50 
28 200 200 

30 _ _ 
35 100 100 
k0 100 100 

U5 100 
50 300 300 
55 200 200. 
60 

65 200 200 200 
70 

75 
80 300 300 
85 
90 

100 
120 
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APPENDIX B 

Six programmes are described and l i s t e d together with sample output. 

They are w r i t t e n i n fortr a n IV f o r the IBM 360/67 series computer used by 

Durham University. 

Programme 'RED' 

This programme reduces the raw picking data from a two-ship seismic 

refracti o n experiment t o y i e l d time-distance data. A correction i s made f o r 

the time taken f o r the direct water-wave t o t r a v e l between the shot and the 

shooting ship. For t h i s correction an estimate of the ship's v e l o c i t y i s 

required i n units of distance/hour. 

The programme i s specialised t o allow f o r pickings from the receiving 

ship records being i n units of time which are not seconds ('E time'). The 

appropriate factor ( m u l t i p l i e r ) i s inserted t o effect the conversion t o seconds. 

Where necessary the output i s duplicated so that times appear i n seconds and 

*E time*. 

Input 

A header card of 80 columnsfjeld width i s used t o i d e n t i f y the data. 

The following general parameters are required:-

( i ) two estimates of the water-wave vel o c i t y (WVEL) - the f i r s t one, only, 

i s used t o give the reduced t r a v e l time, although ranges and reducing 

factors are computed f o r both v e l o c i t i e s : 

( i i ) two reducing vel o c i t i e s (REDV) - the f i r s t i s used i n computing 

the reduced t r a v e l time and both are used t o give reducing factors 

( i . e . distance/reducing v e l o c i t y ) : 

( i i i ) / 
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( i i i ) four scaling factors (SCALE) - these scale the ranges through 

division by 'SCALE', eg. SCALE = 6.67 (km/inch), i s useful i n 

preparing record sections f o r which 20 km are represented by 3 inches. 

Following the l i s t of general parameters raw data f o r each record i s 

input as follows:-

ALPHA - a f i e l d of eight alphameric characters t o name the record. 

CALIB - the multiplying factor to convert 'E time' t o seconds, on the 

receiving ship pickings. 

PBSEC, PBTEN1, PBTEN2 - the time on the receiving ship record between the 

common correlation pip and the a r r i v a l i n whole numbers and 

fractions of 'E time 1 (positive f o r time increasing from pip and 

negative f o r time decreasing). 

PWSEC, PWTEN1, PWTEN2 - similar t o the above times but applying s p e c i f i c a l l y 

t o the water-wave a r r i v a l . 

SPSEC, SPTEN - the time, i n seconds and fractions of seconds, between the 

shot instant 'break' and the correlation pip on the shooting 

ship record (positive i n the stated d i r e c t i o n ) . 

SHIPV - the ve l o c i t y of the ship (positive f o r range increasing) i n units 

of distance/hour). 

DBTIM - the drop-bang time, i . e . time between the charge going overboard 

and the instant of detonation. 

Column 80 i s read (ITRIG) on each data card. I f a blank (zero) i s found the 

next data card i s read: a '1' stops the programme aft e r the computations r e l a t i n g 

t o that card and a '2' sets up the programme to read an e n t i r e l y new set of data 

commencing with a header card. 

The input format i s given at the beginning of the programme l i s t i n g . 

Output / 
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Output 

The input data i s p r i n t e d out together w i t h the sums of the 

whole number and f r a c t i o n a l parts of the pickings i n 'E time' and 

seconds. The shot instant t o pip i s printed, corrected for the 

drop-bang distance (SECSP). This i s followed by the times and 

ranges of the a r r i v a l s , the reducing factors i n seconds and 'E time', 

and the scaled ranges. This output i s explained adequately by the 

column headings (see sample output a f t e r the programme l i s t i n g ) . 
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Flow diagram of 'RED' 

Input routine 
^ i 

L i s t header and general parameters 
} . 

Combine input times i n sees, and 'E time' and apply 
drop-bang correction. 
P r i n t raw input and combined input times. 1 
Compute t r a v e l times of a r r i v a l and water-wave and the ranges 
for the two estimated water-wave v e l o c i t i e s . i 
Compute shot instant to pip i n 'E time'; the reducing factors 
(distance/reducing velocity) f o r the two water-wave v e l o c i t i e s 
i n seconds and 'E time 1; the reduced t r a v e l time using the 
f i r s t water-wave velocity and reducing v e l o c i t y ; and the scaled 
ranges f o r the two water-wave v e l o c i t i e s . 

I 
Test f o r : -

— new data card, 
end or new header. 

I 
Output routine 

Test f o r : -
— new header or 

end I 
End programme 



RED LISTING 
LF.VQL LH ^A11\ C U E = 'f i ^' 2 1 / ' 7 / 2 5 

c T C .u-cucc s e i s m i c ^ E F R A C r i i ' i . i D A T A 
C h V » : L l A'-?i: ».. ATE^ V-SLCCIT I s S 
C KJOV i ,U ! i i i < / : . » AiVJ REHLCING v J L S . TC G I V E tf S C l C c C TRAVEL T I M E S 
C S C U E l , ? , 1, ' t S C V . E T H E R A J J J S TO I N S . S A Y WITH UNI T S OF K M / I N 
C ALPH V 'E r t I C F l c L C C F 8 C C C H ' M , : S F I R S T 8 COLS 
f. C U l U - C x L l i i t - M . : i THE T U ' L SC \ L C ( t / P M J L T I P L H : D ;?.Y C A I. I B ) 
C P P S E C , P n< T E I I , P •! T l " ! ! 2 APE T I M c L I I T S TC P I P WHICH ARE AC DEO 
C * K 3 E C , P r f T E I I , P W T , 3 K 2 APE T I M E U N I T S TO P I P FOR WATER WAVE A R R I V A L 
C SPSEC .• SPTC I A R ': 11 UNI TS F R C V SHOT TC P I P ALSC ACCEC 
C S H I P V - S H I P ' S SPEED I N K M / H R , S A Y 
C D P . T I " - D R C P T I M E I N SECS 
C I T R 1 1 1 - NORMALLY /ERG I F SET T C 1 I N CCL 8 0 STOPS PROGRAMME 
C I F SET TC 2 I N CCL 8') SENDS TO NEW HEADER 
C F O R M A T -

C HEADER ( 8 0 COLS) 
C \ ;vEL 1 WVEL2 REDV1 RECV2 SCALE1 SCALE2 SCALE 3 SCALED {8 F 5 . ) 
C ALPHA CAI. I R PHSEC PP. TEN 1 PP.TEN2 PWSF.C PW7F.N1 Pl \TEN2 S P S E C -
C - S P T E K S H I P V CRT I i v I T R I G (OJ ABOVE CARD) ( 4 A 2 , 1 I F 6 . C) 
C ARRAY OF ABOVE 
C ON LAST C A R D SET I T R I G I N CCL 8 * - 1 S T C P S , 2 SENDS TG HEADER 
C 

D J P G.NS I ON L IN END (4>' ) 
0 1 K ' . N S I ON S H C S P ( 9 9 ) ,CAL I D ( 9 9 ) , I S H C T ( 4 , 9 9 ) , FT I V E D { 90 ) , ET IM EW ( 9 9 ) 
D I M E N S I O N SECP. ( 9 9 ) , SECW< 9 9 ) , V,UTI F E ( 9 9 ) , A R T I N E ( 9 9 ) , RANG E l ( 9 9 ) 
C I F E N S 1 ON RANGE2 ( 99 ) , SP E T IM ( s 9 ) , R T IM 1 1 ( 9 9 ) , R T I M 1 2 ( 9 9 ) , RT I V 2 1 ( 9 9 ) 
D l PENSION RT I f-22 ( 9 9 ) , ERT 11 ( 9 9 ) , E RT 12 ( 9 9 ) , E R T 2 i { 9 9 ) , E R T 2 2 ( 9 9 ) 
D I M E N S I O N R I M ! 1 1 ( 9 9 ) , R I N G 1 2 ( 9 9 ) , R I N C 1 3 ( 9 9 ) i R I N C 1 4 ( 9 9 ) 
DIM E M S ION P. I N C 2 I ( 9 9 ) , R INC 2 2 ( 9 9 ) » R I N C 2 2 ( 9 9 ) »R I NC 2 4 ( 9 9 ) 
C J f ENSIGN S H I PV ( 9 9 ) f ICB ( 9 0 ) , RECT IN ( 9 9 ) 

C READ HEADER NAME 
12 i R E A D ( 5 , )L IN END 

2 . ' FORMAT (4 'JA2 ) 
'v.RI TL ( 6 ,30 . ) L I N E N C 

3 ) FORMAT ( 4s!A 2 ) 
C 
C READ D E T A I L S OF IvVELS & R E D . V E L S & S T A C K I N G SCALES 
C 

R E A D ( 5 , 2 1 ) W V E L i , W V E L 2 , R E D V I , R E C V 2 , S C A L E I , S C A L E 2 , S C A L E 3 , S C A L E 4 
2 1 F 0 P. M A T ( 4 F 5 . • i , 4 F 5 •«. ) 

i-.RI T E ( f t , 3 2 ) 
32 R I R M A T ( / / ' h V E L l WVEL2 REDV1 REDV2 SCALE1 SCALE2 SCALE3 SCA 

S L E V ) 
W R I T E ( 6 , 3 3 ) W V E L 1 , W V E L 2 , R E C V 1 , R E D V 2 , S C A L E 1 , S C A L E 2 , S C A L E 2 , S C A L E 4 

2 3 F O R M A T ( F 6 . 3 , 3 F 7 . 3 , F 9 . 3 , 3 F 8 . 3 ) 
W R I T E ( 6 , 3 4 ) 

3 4 F O R M A T ( / / 1 7 X , • * • , 1 2 X , ' P I P TO B R E A K • , 1 I X , • * • , 1 I X f • P I P TO U W A V E ' t l l X 
4 , , 4 X , ' S H C T TQ P I P * ) 

H I U T L ( 6 , 3 5 ) 
FORMAT {» SHOT MO C A L I B * SEC TENTHS E T I M E B SECB * SEC 

3 TENTHS ETINW SECH * SEC TENTHS SECSP S E C S P C ) 
C 
C R E A D P I C K I N G I N F O . 
C L A S T CARD 1 I N CUL 8 0 T O END, 2 I N COL Q:'> FOR NEW HEADER 
C 

I = . 
': .. 1=1 + 1 

H'i\i: C i , 2 2 ) ( I S HOT ( J , I ) , J = l , 4 ) , C A L I B ( I ) , P B S E C , P 6 T E N 1 , P B T E N 2 , P V > S E C , P K 
5 r E N L , P W T E N 2 , S P S E C , SPTEN , S H I P V ( I ) , C B T I I S I T R I G 



G L C V E L m MA 1:1 DATE = 7 1 J 5 " 2 1 / - 7 / 2 5 

Z.t F C ^ i ' \ T (-'t , I J. F6 . V S X , 11 ) 
1 \V>i i D = ri T I I' 

C 
c o PI I T S T o m E T I M E S & m e s I N S E C S 
c 

Ll 11 i ' ' 11 ( I ) = H !3 G C + P Si T N I + P P. T E X 2 
E T I U J W t [ )=PWSEC + PWTE:-ll + P h 7 E N 2 
S E C ; ( I ) =CAL 1 2 ( 1 ) +ET 11". E 3 ( I ) 
G -.:C',. ( 1 ) = C/i L I C { I ) * E T i r ' E W ( I ) 
.S.2CSP ( I ) =SP SEC+SPTEN 
SSCSPC = S E C S P t I ) + 5 H I P V ( I ) * D N T I P / ( 3 6 C 2 . * 1 . 5 ) 
I PNSEC = PWSEC 
IPUSEC = PtiSEC 
[SPoEC = SPSEC 
•JRITE (6 , 36 ) ( I S H G T ( J , I ) , J = l , 4 ) , C A L I B ( I ) , IP 0 SEC , PBTEN 1 , PB TE N2 , E T I tfEB 

t\ ( I ) F SECIi ( I ) i 
2 IP W SEC »P hTEN 1,P w TEN2 , E T I P E w( I ) i S E C h ( I ) , I S P S E C , S P T E N , S E C S P ( I ) , S E C S P 
SC 

36 F CRM AT ( / 4 A 2 , F 7 . 3 I 2 ( I 7 , F ? ' . 2 , F 5 . 2 , 2 F 3 . 2 } , I 7 , F 6 . 2 , F 7 . 2 , F 6 . 2 ) 
S E C S P ( I ) = SECSPC 

C 
C C C f P U T E TTI iYE M v A V E , T I M E ARR I VAL , RANGE ( WWAVE 1 ) ( WWA V E 2 ) t 
C SHOT I N S T A i \ T TC P I P I N E T I f E r C EL T A / R E C V , 2 FOR WWAVE 1 , 2 I N 
C ET IME * S c C S , RANGE IM INCHES FOR SCALES 1 , 2 
C 

WWTIMEl I ) = SECV» ( I ) +SECSPI I ) 
A I U I M E ( I ) = S E C r > ( I ) + S t C S P ( I ) 
R V - l G E K I ) = W W T I H E ( I ) * h V E L l 
R A \'G E2 ( I ) =WWT IM E ( I ) *WV EL 2 
G P E T H M I ) = S E C S P ( I ) / C A L I B t I ) 

C 
C CELT A / V E L IN S i C S 
C 

R T I i ^ i l ( I ) = R A N G E 1 ( I ) / R E D V 1 
RT I'M I 21 I ) = R A N G E 1 ( D / R E D V 2 
R T I M 2 1 ( I ) = RAMGE2( I ) / R E D V l 
R T I ^ 2 2 ( I ) = R Ai\G E2 ( I ) / R EDV2 
R E D T I M ( I ) = A R T I P E U ) - R T m i ( I ) 

C 
C C E L T A / V E L I N ET IME 
C 

E I < T l i ( I )=R T I N l l l I ) / C A L I O ( I ) 
E R T 1 2 ( I ) = R T I M 1 2 ( 1 J / C A L I O ( I ) 
E R T2 1 ( I ) = R T I M 1 ( I ) / C A L I B ( I ) 
E R T2 2 ( I ) =R T I N2 2 ( I ) /CA L I I H I ) 

C 
C R A N G E S I*,?. SCALED 4 T I M E S 
C 

\\ l i lC 1 1 ( 1 ) = RAMGE 1 ( I ) / SCALE 1 
R I I C i 2 ( 1 ) = R A f | G E l ( I ) / S C A L E 2 
R I N C 1 3 ( I ) = R A N G E l ( I J / S C A L E 3 
R I N C 1 M I ) = RANGE 1 ( I ) / SCALE4 
R f : j C 2 i ( I ) = RANGE2( I ) / S C A L E ! 
Rf N C 2 2 ( F) = R A N G E 2 ( I J / S C A L E 2 
R I . J C 2 3 1 I ) = RANGE 2 ( I ) / S C A L E 3 
R I N C . i A l I ) - RANGE 2 ( I ) / S C A L E * 
I F ( I T U I G - 1 ) 4 1 , 4 2 , 4 2 

4 2 NCARD = I 



G LV= V : i I . 1 1 l *A I , \ CATE = 7 1 J 5 0 2 1 / > 7 / 2 5 

C 
C CUT :"*l*T ROUTINES 
C 

. « i r - ( f i , H 7 ) 
\ 3 7 FOKli '\T ( ' i ' T 1 • <, 'REDUCED T T 11' E ' ) 

I T F { 6 , 3 7 ) 
27 F ' ,1K1AT( ' SMC T NC V% 'A \ V H TRAVEL A R R I V A L T I P E R A N G c l FRCM RANG 

6 3 / Fkil.'-t .1.1. TO P I P S H I P VEL OB T I * E D E L T A / ' , F 4 . 2 ) 
38 F C ' ^ A M M X ' T I M E S E C S ' , 6 X , » SECS W s ' i F S . S i 1 KMS K = « , F 5 

6 . 3 , ' K i 'S I N E T I ! ^ « , 5 \ K ^ S / H ' ,5X , • SECS 1 t 2 X , «WVEL = ' » F5 . 3 ) 
;n I T : { 6 , 3 - ) W VE I., i , k VE L 2 , k VE L 1 
CC i I = l , N C A R C 
h I I T;-: ( f t , 4 3 ) ( I SMCT ( J , l ) , J = l , 4 ) f WWT IME ( I ) , ART IMF( I ) , RANGE 1 ( I )»RANGE 2 

2 ( 1 ) , S:'ET I K ( I ) , S H I P V ( I ) » I 0 !3 ( I ) . R E C T I K ( I ) 
43 FORMAT ( / 4 A2 , F 12 . Z , F 1 5 . 2 , i l - 1 4 . 2 , F 1 2 . 2 , I 8 , F 1 1 . 3 ) 

1 CONTINUE 
•<RI T:_ ( 6 , 'i 5 ) 

45 FORMAT ( • 1 ' R c D U C I l G FACTOR FCR TRAVEL T I f E I N S E C S ' ) 
WRI Tc. (C , 4 6 > R E C V 1 , R E C V 2 , R . : C V 1 , R E C V 2 

4 6 FORMAT( / / ' SMCT NC C c L T A / ' , F4 . 2 , 3 ( ' C E L T A / • , F 4 . 2 ) ) 
4 7 F ( U M A T ( 1 1 X , • ! A V E L = , , F 5 < , 3 , 3 ( ' V\ V E L = ' , F 5« 3 ) ) 

WK I T 1 ( 6 , 4 H \-lV E L 1 , WV E L 1 , WV EL 2 , WV E L 2 
DC I I = 1 iNCARC 
* . U TL- ( 6 , 4 9 ) ( I SHOT ( J , I ) , J - 1 , 4 ) , R T I M 1 ( I ) , RT I V12 ( I ) , RT I M 2 1 ( I ) , RT IM 2 2 

5 ( 1 ) 
43 FCRMAT 1 / 4 * 2 , F l . 2 . 3 F 1 3 . 2 ) 

2 CCNTINUE 
W R l T i i ( 6 , 4<5 ) 

49 FCRMAT( 1 L • , • RECUCING FACTOR FOR TRAVEL TIMES I N E T I ME • ) 
h R I T E ( 6 ,.+ 6 ) REDVJ. , R E C V 2 , R E C V 1 ,RECV2 
nR I TE ( 6 , 4 7 ) V\ vEL 1 , fcVELi i WVEL2 , WVEL2 
DO 3 I = l , N C A R C 
WRITE ( 6 , 4 3 ) ( I SHOT ( J , I ) , J = l , 4 ) , EST 11 ( I ) , E R T 1 2 ( I ) , E R T 2 K I ) t E R T 2 2 ( I ) 

3 CONTINUE 
W R I T E ( 6 , 5 6 ) 

58 F C R M A T ( • 1 ' , 8 X ' RANGES SCALED TO X K M / I N C H ' ) 
h R I TL ( 6 , 6 1 ) h V E L l , i<\VEL2 

6 1 F OR :"1A T { / / 2 7X 1 R \NG£ 1 FROM k V E L = • ,F 5 . 3 , 8X ,« * • , 7 X , • RANGE2 FRCP WVcL 
1 = ' , F 5 . 3 / / )• 

! , i R I T E ( 6 , 5 •?) S C A L E1 , S C A L L:2 , S C A L E 3 , S C A L E4 , S C AL E 1 , SCAL E 2 , S C A L E 3 t SCALE4 
5S FORMA T ( ' SCALE • , 3 ( F 7 . 2 , • K M / I N ' ) ) 
67 F O R M A T ( / « SHOT NO • , 8 ( 4 X , • INCHES ' ) ) 

WRITE I 6 , 6 7) 
1)0 4 1 = 1 , . \CARD 
w:"<ITii( 6 , 6 1) ( I SHO F { J , I ) , J = 1 , 4 ) »R I N C 1 1 ( I ) , R I NC 12 ( I ) , R I NC 13 ( I ) , R I NC i 4 

1 ( I ) , R M C 2 1 ( I ) , R I NC 2 2 ( 1 ) , RI.MC 2 3 ( I ) , R I N C 2 4 ( I ) 
6 ' j FORMA T( / 4 A 2 , F M . 2 , 0 ( F 1 2 . 2 M 

4 CONTINUE 
W 3 I T E ( 6 , 1 6 0 ) 

1 6 FCKMAT( • 1 1 ) 
I F I I T R I G - 1 ) 9 , 9 , 1 2 - j 

9 CONTINUE 
CALL E X I T 
el Nil 
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Programme 'DZD' 

The distance and azimuth between two geographical co-ordinates are 

computed. The key subroutines used to e f f e c t the ca lculat ions (AZIM and 

ANGIE) have been extracted from a programme of the Decca Navigation Company 

and modified to run on the IBM 360/67 s er i e s computer. 

Lati tudes and longitudes are input in degrees according to the convention 

that N and E are p o s i t i v e , and S and W negative. The functions of the routines 

are described below: 

MAIN programme - t h i s contains input and output routines and manipulates 

the data into the required format for the key subroutines and output 

rout ines . The required option on the form of operation of the 

programme i s set up (see NDFORM under sect ion ' i n p u t ' ) . 

RADEC - subroutine to convert l a t i tude and longitude i n degrees, to radians . 

NESW - subroutine to convert from the sign convention to ' N ' , ' E ' , ' S ' s 

'W for output.. The assignation of these l e t t e r s i s dependent upon the 

alphamaric coding of the machine. 

RADEG - subroutine to convert radians into degrees, minutes and seconds 

for output. 

ANGIE - subroutine to compute the distance between a p a i r of geographical 

co-ordinates . 

AZIM - subroutine to compute the azimuth between two geographical pos i t ions . 

The l i m i t a t i o n of the programme i s that there i s no f a c i l i t y for 

dealing with the case where oneposition i s i n the southern hemisphere and the 

other i n the northern hemisphere. 

Input / 
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Input 

A header card i s required on which the f i r s t 55 columns may he used for 

naming the data. I t i s followed hy a card from which NDFORM i s read. This 

parameter s p e c i f i e s the form of operation of the programme. The options are: 

NDFORM = 1 - the distance and azimuth are ca lculated for each p a i r 

of co-ordinates . 

NDFORM = 2 - the distance and azimuth of each subsequent co-ordinate 

are computed with respect to the f i r s t one. 

.NDFORM = 3 - the computation i s made for co-ordinates 1 and 2 , 

2 and 3 e t c . 

When using the option NDFORM = 3 a ' 3 ' i n column 80 i s required on 

the f i r s t co-ordinate card. 

Geographical co-ordinates are read i n as PHI and AL where PHI i s the 

la t i tude and AL the longitude i n degrees, and the convention for N, E , S or W 

i s as described previous ly . The f i r s t 16 columns of each card comprise an 

alphameric f i e l d which may he used for i d e n t i f i c a t i o n . There i s a f a c i l i t y 

for reading and w r i t i n g time in hours and minutes which may be l e f t blank i f 

not required. 

The programme i s d irected e i ther to read a new header or to the end with 

a ' - 2 ' or ' - I 1 , r e spec t ive ly , i n columns 79 and 80 of an otherwise blank card 

placed behind the l a s t pos i t ion co-ordinate. 

Further de ta i l s of the input are given at the head of the programme l i s t i n g . 

Output 

Examples of the output for each NDFORM option are given a f t e r the programme 

l i s t i n g . The azimuths are given i n degrees, minutes, seconds and i n rad ians . 

They are i n a clockwise sense from geographical north, the bearing being that of 

the second co-ordinate from the f i r s t . 
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Flow diagram of 'DZD' 

END 4r-

Subroutine ANGIE 

Subroutine AZIM 

Subroutine RADEG 

Ijiput header 1 
Test NDFORM 

1 . 2 3 -i 
Input , output and change 
format of f i r s t pos i t ion 

V 
_^ Input pos i t ion ^ 

Test for new header, 
end or continue 

Test NDFORM 

1 2 3 

J, I I 
Assign l a t s and longs to 
arrays appropriate to option 

Test NDFORM 

1 2 3 

I I t 
Appropriate output rout ine . 



LEVEL 18 
DZD L I S T I N G 

MAIN DATE = 7 1>J4e 2 2 / 5 9 / 1 1 

C ROITINE COMPUTES DISTANCE AMD AZIMUTH BETWEEN TWO GEOG COORDS 
C AZIMLTil I S 2NO CCORP F R O 1ST - C L C C K h l S E FRCC GECG NCRTF 
C OK IN NORT F/SOUTH HEMISPHERES BUT WILL NOT CROSS EQUATOR 
C INPUT IN DEGREES - SCUTH & WEST NEGATIVE 
C NDFORM = 1 PAIRS OF CCCRDS DIST & A11V CCNP FOR EACH PAIR 
C = 2 L I S T OF COORDS ALL SUBSEQUENT CNES ARE REF TC 1ST 
C = 3 L I S T C I S T & AZIM COMP 2 FROM 1,3 FROM 2 E T C 
C FOR NDFORN = 3 RECUo 3 IN CCLo 80 CF 1ST CARD WITH CCORCSo 
C E . G . OF FORMAT 
C FEADER CARD (55 ALPHAMERIC C C L S ) 
C NDFORN ( I I ) 
C ALPHA HOUR MI N LAT LONG (8 A2 , 12 , F5 „0 ,20X , F9 .0 , F18 „0 ) 
C ARRAY OF ABOVE DATA 
C - 2 (COL 7 9 , 80 ND3) 
C - 2 IN COL 7 9 , 8 C SENDS TC NEW HEADER, -1 STOPS RUN 
C TIME IS ONLY PRINTED OUT AND MAY BE LEFT BLANK 

IMPL IC IT R E AL * 8 ( A - H , 0 - Z ) 
DINENSICN ALPH18) 
COMMON A , E SQRD »A J 
ESGRD = 0 . 0 0 6 6 7 0 5 4 0 • 
A = 6 3 7 8 1 5 7 . 5 
A J = 1 . 0 / ( 1 . C - E S G R D J 

3 READ( 5, 57 ) 
57 FORMAT(55H NAME OF DATA 55 COLSo AVAILABLE ) 

W R I T E ( 6 , 2 2 0 ) 
2 2! • FORMAT ( • 1» ) 

WR I T E ( 6 , 5 7 ) 
R E A D ( 5 , 5 8 ) N C FCRN 

5 8 FORMA T ( I D 
W R I T E ( 6 , 15 )ESQRD,A*,AJ 

15 FORMAT ( / ' EARTH PARAMETERS - ESQRD = ' , F 1 2 . 9 , « A = ' , F 1 C 2 , 
1' AJ = • , F 1 2 . 9 / ) 

I = ' i 
I F ( N D F O R M - 2 ) 7 1 , 7 2 , 7 3 

73 WRITE (6 ,83 ) 
E3 FORMA T( • D I S T S . & A Z I N S . CCNPl'TEC BETWEEN EACH PAIR CF CCCRCS -

62 FROM 1, 3 FROM 2 E T C . 1 / ) 
GC TO 71 

72 R E A D ( 5 , 2 4 ) A L P H , I H G U R , F M N , P H I ,AL 
24 FORMAT(8A2, I 2 , F 5 . C , 1 7 X , F 1 2 . 0 , F 1 e . C ) 

CALL R A C E C ( P H I , A L , P H I A , A L A M A ) 
CALL NESW(PHIA,ALAMA,LAA,LOA) 
PDLM=PHIA 
ADUM=ALAMA 
CALL R A C E G ( P H I A , L A D , L A M , S L A ) 
CALL RADEGIALANA , L G C , L O M , S L O ) 
PHIA=PDL'M 
ALAMA=ADUM 
WRITE ( 6 , 23 ) ALP H, LAD, LAM, SL A, LAA , LOD , LOM, SLO , LOA , I HOUR ,FMI N 

23 F ORNAT(' CCCRC FRCM WHICH C I S T S & AZlfS Of CTHERS ARE COMPUTED* / / 
58A2, 21 3 ,F 7. 2 , I X , A 1 , 3 X, 21 3 , F 7 . 2 ,1X ,A1 , 4 X , « TI PE = « , I 2 , F 5 „ 0 / ) 

GC TO 2'.'1 
201 PHIA1 = PHI A 

ALAM1 = ALANA 
71 WRITE( 6, 16 ) 
16 FORMAT(27X, ' INPUT • , 3 6 X , •OUTPUT • , / 2 0 X , 'LAT ITUDE * , 8 X , • L O N G I T U D E • 5 X , • 

eDI ST (KVS) ' , 4X ,» AZIMUTH' ,11X • AZR AC ' / 6 4 X » ' C E G M IN S E C ' , 6 X , 'RADIANS' 
75X, 'TIME •) 



LEVEL 18 MAIN DATE = 71C48 2 2 / 5 9 / 1 1 

60 1=1 + 1 
DC) 2 J = 1 , 2 
READ (i;>, 1" ) A L P F , I HOUR, FM I i i , P H I , A L ,ND3 

1.) FORMAT (0A2 , 12 , F 5 .0 , 17X, F 1 2 . 0 , F18 «G, RX, 12 ) 
CALL RADIX ( PHI »AL t PHI A .ALAPA) 
CALL MCSW(PFIA,ALAMA,LAA ,LOA) 
PCUM=PHIA 
ADUM=ALAFA 
I F ( i J P 3 + l ) 3 f l ,51 

51 CALL R A D E G ( P H I A , L A O , L A M , S L A ) 
CALL R A C E G t A L A H A , L U C , L O N , S L O , 
PHIA=PDLM 
ALAMA=ADUM 
I F I N 0 F U R K - 3 > 2 1 , 1 1 2 , 1 1 2 

112 I F ( M D 3 - 3 ) 1 2 1 , 2 1 , 2 1 
21 WRITE ( 6»42)ALPH,LAD,LAM,SLA.LAA»LCC»LCN»SLC»LCA, IHCUR»Fi v IN 
42 FORMAT (8A2, 4X, 12 , 13 , F 5 . . 1 , IX ,A 1, 4 X , I 2 , I 3 , F 5 . 1, 1 X , A 1 , 4 4 X ,1 2 , F 5 . 0) 

121 CONTINUE 
GO TO 2-T2 

2'>2 I F ( N D F 0 R M - 2 ) 6 1 , 6 2 , 6 3 
62 PHIA2 = PHI A 

A L A f 2 = ALAP A 
. GO TO- l i l l 

63 I F ( N D 3 - 3 ) 6 5 , 6 6 , 6 6 
66 PHIA2 = PHI A 

ALAM2 = ALA fA 
GO TO 60 

65 PHIA1 = P H A 2 
ALAM1 = A LAC'2 
PHI A 2 = PI 11 A 
ALAM2 = ALAMA 
GO TO 101 

61 II-( J - l ) 11 ,11 ,12 
11 PHI A 1= PHI A 

ALAMI = ALAMA 
GC TO 2 

12 PHIA 2 = PHIA 
ALAM 2 = ALAMA 

2 CONTINUE 
101 CALL ANGIF. ( PHIA1 , ALAN1, PHIA2-ALAM2, BL INE) 

CALL AZ I K( PI 11A 1 ,A LA P i , P H I A 2 , A L A P 2 ,A2) 
CALL. RADLGI AZ, I D E G , IM IN ,ASEC) 
BL INE = PL IKE * 0 . 0 0 1 
IF (NDFURM-2)122 ,123 ,122 

12.3 W R I T E ( 6 , 125JBL IN E , IDfc'G, I MIN ,A SEC ,AZ 
135 FORMAT <•+•, 4 9 X , F 1C< . 3 , 4X , 1 4 , I 3 , F 4 . 0 , F 1 3 . 5 ) 

GO TO 6*J 
122 WRITEl 6, 3 5 ) f i L I N E i I D E G , IM IN , ASEC ,AZ 
35 FORMAT (49X, F 1 0 . 3 . 4 X , Mi 1 2 , F 4 . C , F 1 4 . 5 > 

IF (NDF G R N - 3 ) 6 0 , 1 2 4 , 1 2 4 
124 WRITE! 6 , 3 ? ) A L P H , LAD , L A P , S L A , LA A , LOD , L C P , S L C , L C A , I HOUR,FN IN 
39 FORMAT ( 8 A 2 , 4X, 1 2 , I 3, F 5 . 1, I X , A 1, A X, I 2,1 3 , F 5 . 1,1 X ,A1 , 4 4 X , I 2 , F 5 . 0 ) 

GO TO 60 
1 CONTINUE 

END 



LEVEL 18 ANGIE DATE = 71044 01 /22 /57 

SUBROUTINE ANGIE{ALAT,ALON,BLAT 9 BLCN P CIST) 
C SUBROUTINE TO FIND DISTANCES OVER 5C0 MILES 

IMPLICIT REAL*8( A-H,0-Z ) 
COMMON A,ESCRD,AJ 
EQUIVALENCE (BLIT.P)„ITPl„BETAl)„«TP2oBETA2) 
BLIT=A*DSQRT<lo-ESQRD) 
TP1=DSIN(ALAT)/DCOS(ALAT) 
TP2=DSIN(BLAT)/DCCS(BLAT) 
BDIVA=BL IT/A 
BET A1 = DATAN (BDIVA*TP1) 
BETA2=DATAN(BDIVA*TP2) 
SB1=DSIN(BETAI) 
SB2=DSIN(BETA2) 
C0SX=SB1*SB2+DC0S(BETA1)*0C0S<BETA2)*DC0S<AL0N=BL0N) 
SINX=DSQRT(lo-COSX*COSX) 
X=DATAN(SINX/COSX) 
PG=(A=BLIT)*0»25 
P = PQ*HX-SINX) / ( l . + C O S X ) ) 
Q=PQ*( ( X+SINX) / ( U - C O S X ) ) 
D IST=A*X-P* (SB1+SB2) * *2~Q* (SB1-SB2) * *2 
RETURN 
END 

LEVEL 18 AZIM DATE = 71044 01 /22 /57 

SUBROUTINE AZIM(PHI1,ALMD1»PHI2,ALMD2 tAZRAD) 
IMPLICIT REAL*8 (A -H ,0 -Z ) 

C 
C SUBROUTINE AZIM. TO CALCULATE AZIMUTH BETWEEN TWO GEOGRAPHICAL 
C POSITIONS. INPUT AND OUTPUT IN RADIANSo 
C 

COMMON A,ESQRtAJ 
PSDC1=DSIN(PHI1)/DC0S(PHU) 
PSDC2=DSIN(PHI2)/DC0S(PHI2) 
DIFA=ALMD2-ALMD1 
IF(DABS I CI FA) -3 .141592654)109,109 ,101 

101 DIFA=DIFA-6.283185307*DABStDIFA)/CIFA 
109 C0TAZ=DSIN(PHI1)*U 1. 0/< A J*PSDC1) )*PSDC2+(ESQR/DSCRT<AJ+PSDC1**2)) 

1*DSQRT(AJ+PSCC2*PS0C2)-DC0S(DIFA)) /DSIN(DIFA) 
SINAZ=1.0/DSQRTU.0*C0TAZ*C0TAZ) 
I F t D I F A ) 1 , 1 0 , 2 

1 SINAZ=-SINAZ 
2 COSAZ=COTAZ*SINAZ 

AZRAD=DATAN(SINAZ/COSAZ) 
IF (COSAZ)3 ,4 ,4 

3 AZRAD=AZRAC+3.141592654 
4 IF (AZRAD)5 ,6 ,6 
5 AZRAD=6.283185307+AZRAD 

GO TO 6 
10 I F ( P H I l - P H I 2 ) l l f l l , l 2 
11 AZRAD=0.C 

GO TO 6 
12 AZRAD=3.141592654 

6 RETURN 
END 



G LEVEL 18 RADEC GATE » 71044 0 1 / 2 2 / 5 7 

SUBROUTINE RADEC(PHI,AL,RADP 9RADA) 
IMPLICIT REAL *8( A-H,0-Z ) 

C SUBROUTINE TO CONVERT LAY AND LON IN DECIMALS TO RADIANS 
CONST = 206264o8063 
SEC = PHI*FLOAT(36001 
RADP = SEC/CONST 
SEC = AL*FL0AT(3600i 
RADA = SEC/CONST 
RETURN 
END 

G LEVEL IB RADEG DATE = 71044 01 /22 /57 

SUBROUTINE RADEG(RAD,101*IM1yAS 1) 
IMPLICIT REAL*8 (A -H ,0 -Z ) 

C SUBROUTINE TO CONVERT RADIANS TO DEGREES MNS AND SECSe 
C 

IF (RAD-Oo)106 ,105*105 
106 RAD--RAD 
105 ASECS=RAD*206264.8064 

If*IN=ASECS/60.0 
A SECS=ASECS-FLOAT(I MIN)*60o0 
IDEG=IMIN/6C 
IMIN=IMIN-IDEG*60 
IF (ASECS-59o9995)109 ,110v l lO 

110 IMIN=IMIN+1 
ASECS=0.0 
I F ( I M I N - 6 0 U 0 9 , l l l , l l l 

111 IDEG=IDEG+1 
IMIN=0 

109 ID1=IDEG 
IM1»IMIN 
AS1»ASECS 
RETURN 
END 

G LEVEL 18 NESH DATE * 71044 01 /22 /57 

SUBROUTINE NESW(PHI A,ALAMApLAA?LOA) 
IMPLICIT R E A L * 8 ( A - H , 0 - Z ) 

C 
C SUBROUTINE TO SET LAT N/S AND LONG E/W 
C 

IF (PH IA-0o )621 ,622 .622 
621 LAA=-499105728 

GO TO 623 
622 LAA=-717209536 
623 IF(ALAMA-0o)721,722»722 
721 L0A=-431996864 

GO TO 723 
722 L0A=-985644S92 
723 CONTINUE 

RETURN 
END 
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Programme ' T I T 1 

The programme computes the hor izonta l ly - layered model for v e l o c i t i e s 

and time intercepts obtained from the trave l - t ime graph (according to the 

standard formula given i n Chapter 2 ) . I n marine work the thickness of 

the f i r s t l ayer (the water) i s usual ly known. This value i s read i n and 

l a y e r thicknesses are ca lcu lated for the given sea depth, and for the depth 

computed from the parameters of the underlying l a y e r . This enables the 

e f f e c t of incompatibi l i ty between the two depths to be examined. 

Input 

A header card i s required on which columns 2 to 51 are used 

for an alphmaric f i e l d , naming the data. The general parameters 

required are the number of layers (NOLAY), which i s more p r e c i s e l y 

defined by the number of re f rac tors plus one, and the known sea depth 

(Z(1)) This i s followed by an array of the observed v e l o c i t i e s 

( v ( l ) ) a n d time intercepts ( T l ( l ) ) , commencing with the ve loc i ty of 

the sea water. 

Af ter computing a model the programme re -cyc l e s for a new set 

of data, including a new header card . I f a 1 1 ' i s found i n column 1 

of t h i s card (ISTOP) the run i s terminated. 

The format at the input i s given at the head of the programme 

l i s t i n g . 

Output 

The input data i s given together with the corresponding layer 

thicknesses (see sample output following the programme l i s t i n g ) . 
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Input header I 
Test for ISTOP = 1 

or ISTOP = 0 i 
Input data 

Compute Z (1) I 
Compute Z (N - 1) 

where N = 3 to NOLAY I 
Test for Z(1) given 

or Z(1) computed 

Output routine for ^ 

Z (1) given 

Output routine for 

Z(1) computed 

Programme ends ^ 



G LEVEL T-i 

T I T L I S T I N G 

r- AI N CAT E = 7 1 N 4 N 2 2 / 5 5 / 5 9 

C I 'R ' lGUA. ' . l i J Tf l COMPUTE LA Y.IK TH ICKNESSES FROM VE L S A I N T E R C E P T S 
C NC L I ' " I T Cf\ i \ C . OF LAYERS 
C TrtO C A L C i r'ADE - FCR G I V E 7. (1) A CALC 1(1) 
C .'-ML AY = ."10. O l : REFRAC TOR 3+ 1 f Z ( l ) = DEPTH OF LAYER 1 
C V ( I ) . T I U ) ARE V E L O C I T Y AIJ 0 INTERCEPT FOR LAYER I 
C RETLKMS FOR NEW HrfADER UNLESS ' l ' I I \ CCL 1 AFTER CAT A 
C FORMAT -
C HE ACER CARC " (COLS 2 - 5 1 FOR NAME) 
C i-JCLAY H I ) { 15 » F 5 o 1 ) 
c v( N T I n ) ( 2 F I : . :;•) 
C ARRAY OF AHOVE 
C I S T C P ( I D 
C 

D I ML N Si ON V( 2-i) , T I ( 2 ':) , Z < 2 1 ) , D c T I V (2 .1 , 2 ' U , T Q T C T ( 2 - i ) 
9 R EAD ( 5» 1- ' ) ISTOP 

1.) FORMAT ( U , 5 0 H POD EL NAME ) 
WRITE ( 6 , 4 4 ) 

44 FORMAT ( / / ' * > * * * * 4 * * - * - * * 4 * * * * * * * * * * * * * ' * * * * * * * - r ! * * ' / / ) 

WRIT E(C , 1 > ) ISTOP. 
I F ( 1 S T 0 P - 1 ) 1 5 , 1 6 , 1 6 

15 CONTINUE 
C 

R E A D ( 5 , 4 ) N O L A Y , Z ( 1 ) 
4 F O R P A K I 5 , F 5 . 

R E A D ( 5 , 1 ) 1 V ( N ) , T K N ) ,N = 1 , N 0 L A Y ) 
1 FORMAT ( 2 F 1 0 . ' ) 

J = 0 
GO TO 6 

7 Z ( 1 J = T I ( 2 ) * V ( 2 ) * V ( 1 ) * . 5 / ( £CtRT( Mi 2 ) * * 2 . - V ( 1 ) * * 2 . ) ) 
6 CONTINUE 

C 
DO 3 N = 3 , N 0 L A Y 
DT = • ' ) . 
NPK = .1-2 
DC 2 P = l,KW 
D E T I M I N , M ) = 2 . * Z ( P ) * ( S S R T ( V ( N ) * * 2 . - V ( P ) * * 2 . ) ) / ( V ( N ) * V ( M ) ) 
DT = DT + DET IM ( N , M ) 

2 CONTINUE 
T O T D T ( N ) = DT 
Z ( N - 1 ) = ( T I I M ) - f O T D T ( N ) ) * V ( N ) * V ( N - 1 ) * C . 5 / S C R T ( V ( N ) * * 2 . - V ( N - l ) * * 2 . ) 

3 CONTINUE 
C 

Z ( NO L A Y ) = f ) . 
I F t J - 3 . ) 1 1 , 1 2 , 12 

11 WRITE (f. , 1 3 ) 
13 F O R M A T l / / ' Z i l ) DEPTH CF WATER I S G I V E N ' ) 

GO TO 2'" 
12 W R I T E ( 6 , 1 4 ) 
14 F O R M A T ( / / ' Z ( l ) CEPTH OF WATER I S CALC FROM 1ST I N T E R C E P T ' ) 
2 WR I T E ( 6 , £ ) NOLA Y, Z ( 1) 

0 FORMAT ( / / ' .NOLAY = ' , 1 5 / ' DEPTH OF WATER = • , F a . 3 , ' KMS1 / / 1 I N T E R C 
?3i-PT VEL T H I C K N E S S ' / • SECS K M / S KMS ' / ) 

rtK.lTfc(6,5) ( T l ( N ) , V ( N ) , Z ( N ) , N = 1 , N C L A Y ) 
5 FORMAT ( 3FU . 3 ) 

J = J + l 
I F ( J - l ) 3 , 7 ,'~ 

16 CONTINUE 
END 



if * *t -if # « -if * # #>[e $ >> if > j> * j> ;> 4 s> >> :) s> % $ 

L IMC Gl- 31)EC 7^ 

Z ( l ) DEPTH OF WATER I S GIVE!J 

NCLAY = 4-
DEPTH CF V.A.TER = 2 . 2 0C- KMS 

INTERCEPT VEL T H I C K N E S S 
S t C S K K / S KVS 

"i .O 1 . 4 8 C 2 . 2 J C 
2 , 5 2 0 3.22*"i 2 . 4 5 3 
4 . 2 1 . ) b.<tl'.> 1 . 8 9 7 
4 . 5 2 0 7 . 1 0 0 O.O 

Z ( l ) CEPTK OF WATER IS CALC FROM 1ST INTERCEPT 

NOLAY = 4 
C t P T h CF WATER = 2 . 1 ' 1 0 KMS 

INTERCEPT VEL T H I C K N E S S 
S t C S K M / S KM S 

i . . . i 1 .4t!V 
. 2 . 5 2 0 3 . 2 2 0 

4 - , 2 1 ' i 6 . 4 - i • 
4 , ' 5 2 J 7 . 1 JO 

2 . 1 
2 . e*JS3 
1 .8 72 

4 * jfr 3} s} ^ if jji % # >f. * * ;<< $ ^ s{i ?> 5} * J,1! * $ * $ * :.>! * >Jc * * * * * 
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Programme ' T I S ' 

The h o r i z o n t a l l y - l a y e r e d model i s computed from the parameters o f 

t h e t r a v e l - t i m e g r a p h , as i n programme ' T I T ' . S t a n d a r d e r r o r s on the 

t h i c k n e s s e s o f l a y e r s and depths t o "boundaries a r e computed from the 

s t a n d a r d e r r o r s on t h e v e l o c i t i e s and t i m e - i n t e r c e p t s , o b t a i n e d from 

l e a s t squares f i t t i n g o f s t r a i g h t l i n e s t o the t i m e - d i s t a n c e d a t a . 

The s t a n d a r d e r r o r , S , on a q u a n t i t y F ( p , q , - - - ) , where p , q , - - -

have s t a n d a r d e r r o r s S p , S q , - - - , i s g iven "by: 

S 2 = ( 8 F / 8 p ) 2 + ( 9 F / 8 q ) 2 Sq + 
Sp 

D i f f e r e n t i a t i o n o f t h e ' h o r i z o n t a l - l a y e r ' f o r m u l a i s n e c e s s a r y . T h i s 

o p e r a t i o n i s e f f e c t e d by n u m e r i c a l methods f o r t h e v e l o c i t y and t i m e - i n t e r c e p t 

parameters and by a n a l y t i c a l methods f o r t h e t h i c k n e s s e s o f o v e r l y i n g l a y e r s . 

I n p u t 

Columns 2 t o 80 a r e used f o r naming the d a t a on a header c a r d . 

The g e n e r a l parameters r e q u i r e d a r e the number o f l a y e r s (NOLAY) , the 

known s e a depth ( Z G ) , which i s p r i n t e d out as a check on the computed 

s e a depth , and t h e e s t i m a t e d s t a n d a r d e r r o r on t h e s e a depth ( A Z ( 1 ) ) . 

The d a t a r e q u i r e d from each segment o f t h e t r a v e l - t i m e graph 

a r e t h e t ime i n t e r c e p t ( T I ) and v e l o c i t y ( v ) , t o g e t h e r w i t h t h e i r 

r e s p e c t i v e s t a n d a r d e r r o r s (ATI and A V ) . 

As w i t h t h e programme ' T I T * the programme r e c y c l e s f o r a new header 

and i s t e r m i n a t e d by a ' 1 ' i n column 1 on t h i s c a r d . 

Output 

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

depths t o b o u n d a r i e s and t h e i r r e s p e c t i v e s t a n d a r d e r r o r s . An example 

o f t h e output i s g iven af^ter t h e programme l i s t i n g . 
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Flow diagram o f ' T I S ' 

I n p u t header 

S t o r e AV, A T I 
a l t e r n a t e l y 
i n a r r a y A(K) 

S t o r e mean v a l u e s _̂ 
o f Z(N) i n a r r a y x 

-ZM(N) 

T e s t f o r ISTOP = 1 
or ISTOP = 0 

I n p u t d a t a 

Computation o f a l l 
t h i c k n e s s e s ( Z ( N ) ) 

S t o r e v a l u e s o f Z(N) 
f o r a d j u s t e d V and 
T I i n a r r a y ZMO(N,K) 

END 

Add DX t o V and 
a l t e r n a t e l y 

A 

T e s t l a s t T I 
Yes No -

i 
Compute p a r t i a l <~ 
d i f f e r e n t i a l s o f 

h o r i z o n t a l - l a y e r 
f o r m u l a u s i n g 
a r r a y s ZMO, ZM1 

Sum o f squares o f ^ 
components o f the s t a n d a r d 
e r r o r s f o r p a r t i a l 
d i f f e r e n t i a l s w . r . t . a l l 
V and T I 

Combine t h i c k n e s s e s * 

T e s t 
Yes 

DX < 0 
No 

T r a n s f e r ZMO t o 
ZM1 and s e t 
DX =T)X 

Compute components o f 
s t a n d a r d e r r o r s due t o 
e r r o r s i n t h i c k n e s s e s o f 
o v e r l y i n g l a y e r s 

to g i v e depth and SE 
on depth t o each boundary 

Combine components t o g ive 
s t a n d a r d e r r o r on t h i c k n e s s 

I 
Output r o u t i n e 

New header 



T I S L I S T I N G 

L E V E L 1 N A 11\ CA7E = 7 K 3 3 2 2 / 1 2 / 2 3 

I 
C 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

TC CCNPLTE LAYER T H C K . \ E S S CS d SES FRCM VELS 
I S T C P IfNCS I U N I-h-1C(- C 7 h l . R M S t CYCLES TC NEW 

REFRACTORS + i ,ZG = GIV.EN SEA 
ERROR IN SEA 

T I N E A T I = 

NCLAY = N O , CP 
M ( i ) IS GIVEN 
T I = INTERCEPT 
V = V E L O C I T Y 
FCRN AT 
I S T C P MCUEL 
N C L A Y , Z G , A Z 
T I , A T I , V , A V 
ARRAY CF AGCVE 
I S T C P 

D I M E N S I O N 
C I N ENS ICN 
I H NENSICN 

<S INFERCEPTS 
NOCEL 
CEPTh (NCT L'SEC) 

AV 

CEPTF 
SE CN 
SE Ci\ 

NANE ( I 1 , 7 9 C C L S 
( I 5 . 2 F 5 . C ) 
c A F f i . : > 

C12SERVAT IONS 
( I I ) 

T I 
V 

FCR NAME) I S T G P = 0 

I S T G P = 1 S T C P S R U N 

1 ' 

R E A D ( 5 , 1 

V ( 2 C ) , 7 1 ( 2 ' : ) , Z ( 2 0 ) . C E 7 I M 2 C , 2 0 ) , T C T C T ( 2 0 ) 

IV C ( 2 . . , 4 ; ) , Z M K 2 . J - , ) , Z M ( 2 L ) , A Z ( 2 C ) , A T I ( 2 J ) , A V ( 2 , ) 

O ( 2 i ) , A C ( 2 L ) , A ( A O ) T A Z 2 ( 2 0 ) 

) I S T C P 

1 

1 5 

FORMAT( 11 , 7 S F MODEL NAME 

h R I 7 E ( 6 , l C ) I S T C P 
I F ( I S 7 0 P - 1 ) 1 5 , 1 6 , 1 6 
CCNT INUE 

) 

C 

C 

C 

C 
C 
C 

L 
C 
C 

R E A D ( 5 , 4 )NCLAY , Z G , A Z ( 1 ) 
A F O R M A T ! 1 5 , 2 F 5 , : ) 

RE AC 1:3 , 1 ) (T I (N ) , A T I (N ) , V (N ) , AV (N ) , N = 1 , N 0 L A Y ) 
1 F Q R M A 7 ( 4 F S » C ) 

PUT A V , A T I IN ARRAY A ( K ) A L T E R N A T E L Y 

K = I 
CO 52 N = l , N C L A Y 
A ( K ) = A V (N ) 
K = K+ L 
A ( K ) = A T I ( N ) 
K = K - H 
CC.NT INUE 
A Z N S Q = C . 
A C N S Q = 0 . 
K = i 

5 3 

0 X = . " ) . ' 

I K = 1 

I C = 1 
GC TO 5 1 

R O I T I N E TO A C J L S 7 V , 7 I A L T E R N A T E L Y EY CX (THE S E ) 

52 V ( I K ) = V ( I K ) - » C X 
I F ( I K - l M 8 , 4 e , ' i 9 

4<3 T I ( I K - 1 ) = T I ( I K - D - U X 
4 8 I C = 3 

GC TC 5 1 
5 4 T I ( I K ) = T I ( l K ) + n x 

IC = 2 
V ( I K ) = V ( I K ) - C X 
GO 70 5 1 

ROUTINE TC CCMFUTE A L L Z ( N ) 



L E V E L 1 6 N A I N C A T E = 7 1 J 3 3 2 2 / 1 2 / 2 3 

5 1 CGiJT i M E 
Z ( 1 ) = T I ( 2 )*M(2 ) * V ( i ) * . 5 / ( 5 Q R 7 ( V I 2 ) * * 2 . - V ( 1 ) * * 2 . ) ) 

C 
DC 3 N = ? , N C L A Y < 
C T = . „ 

DC 2 N = 1 , N N N 
L i C T i r ' ( . N , N ) = 2 . * Z l N ) * ( S C R T { v ( N J * * 2 . - V ( M * * 2 . ) ) / ( V ( N ) * V ( M ) 
C T = C T + C E T I I M N , M ) 

2 C C.N T R U E 
TCTCT (;v) =CT 
Z ( i • l - J ) = ( 7 I ( ^ ) - T G ^ D T ( ^ ) ) * V ( ^ ) * V ( ^ - l ) * 0 . 5 / S C R T ( V { M ) ' ^ * 2 . - V ( N - l J * * 2 . ) 

3 C O N T I N U E 
Z ( N C L A Y ) = J . 

C 
C R O L T I N E S E T S N E AN V A L U E S 11\ A R R A Y Z M N ) ; v A L U E S F C R C N E ACJUSTEC 
C P A R A M E T E R I N A R R A Y Z f . i ( N , K ) 
C 

GC T O ( 6 C , 6 1 , 6 1 ) , I C 
6 .1 DC 6 5 N = 1 , N C L A Y 

Z N ( N ) = Z I N ) 
6 5 C C M I M ' E 

I C = 2 
GG TO 5 2 

6 1 CC 6 6 \ i = J., N C L A Y 
Z I* C ( N , K ) = I ( N ) 

6 6 C O N T I N U E 
K = K + 1 
GC TC [(> . ,12,54 ) , I C 

^ 2 I K = I K + 1 
, \ ! C 2 = 2 * N G L A Y 
I F ( I K - N C L A Y ) 5 2 , 5 2 , 6 7 

6 7 T I ( I K - l ) = T I < I K - 1 ) - C X 
C 
C R G L T I N E T R A N S F E R S Z K ( N , K ) TC Z M ( N , K J , S E T D X = - O X ^ R E C Y C L E S 
C 

I f ( D X - 0 . ) 5 5 , 5 5 , 5 6 
5 6 I K= 1 

I C = 2 
C X - - C X 
DU 14 K = 1 , N C 2 
CC 9 3 M = 1 , N C L A Y 
If I ( N , K ) = ZNC (N!» K ) 

5 3 C O N T I N U E 
c « CON T I M L E 

K = 1 
GC T C 5 2 

C 
C P C I T I N E TG P R C C L C E AZ ( S E ) FCR EACH L A Y E R CUE T C V A R 1 A N S . I N T I , V 
C 

5 5 C C N T I N U C 
DX = - D X 
DC 7 1 N = 2 , N C L A Y 
A Z N S Q ^ . 
CC 7 2 K = 1 , N C 2 
D Z C X = ( / M ( N , K ) - Z f G ( N , K ) ) / ( 2 . * C X ) 
A Z i l S G = ( C Z C X * * 2 ) * ( M K ) * * 2 ) + A Z N S C 

7 2 C C N T I M J E 



LEVEL i d > A I N CATE = 7 1 C 3 2 5 2 / 1 2 / 2 3 

A / i ( i . ' ) = A Z i \ S C 
7 1 CCriT IUUE 

C 
C P C L T I N E IC C C f ' F L T E CCCPCNENT CF t l CLE TC SC CN ZS OF U G h E R LAYERS 
C 

LT O i N = 2 i N C L A Y 
A I. h 5 C = ' • 
!lwi* = N'-2 
CC 62 I X = l , f \ W " 
CZCX = (SGRT ( V ( N ) * * 2 ( I X ) * * 2 ) * V ( N ) * V ( N - 1 ) ) / ( V ( N ) * V ( I X ) * ( S C R T ( V ( N 

2 ) * * 2 - V ( N - l ) * * 2 > ) ) 
AZHSQ = ( C Z C * * * 2 ) * ( A Z ( I X ) *=> 2 ) + A Z N S C 

fi2 C r . , \ T I M J E 
A Z ( . \ - 1 ) = S C P T ( A Z N S C + A Z 2 ( N - 1 ) ) 

fci C C M T I N L E 
r 
C PCUTINE TC CCPPUTE C E P U ERRORS 
C 

N O N = N C L A Y - 1 
( 1 ) = ZK ( 1 ) 

CC 1 ' 1 i \ ' = l ,NCK 
ACNSQ=C. 
D f ( N + l ) = Z N ( N + l ) + D I » ' ( N ) 
cc i >?. I N = 1 , N 
AC.\SG = AZ ( I N ) * * 2 + A C N S C 

1C2 CONTINUE 
AC IN ) = S Q R T ( A C N S Q ) 

1 . 1 CCNTINUE 
A C ( N O L A Y ) = C 
CP (NOLAY ) = C . 

C 
C CUTPLT R C U T I N E 
C 

W» I T E ( 6 , 6 ) N C L A Y , Z G 
8 F C « f A T ( / / « NCLA Y = ' t l S / 1 CEPTK GF WATER = ' »F 3o 3 t ' KM • / / • I N T E K C 

2EFT SE I N T VEL SE VEL T H I C K N E S S SE T H I C K CEPTH SE D E P T H ' / ' 
A SEC SEC K M / S KN./S KN KN KN KM 
5 ' / / ) 

I T E (6 , 5 ) (T I (N ) I (N ) , V (iM ) , A V (N ) , Z f U N . ) , A Z ( N ) , D M ( N ) , A D ( N ) , N = 1 , N G L 
6 A Y ) 

5 F U r t M A T ( F E . 2 f F S . 2 , F 7 . 2 f F 7 . 3 , 2 F l C . 2 f 2 F S . 2 ) 
WRITE ( 6 , 7 . : 0 ) 

7CC F C R P A T { / / / / / ) 
GC TO 9 

16 CCNTINUE 
END 



L I N E £ CBS V A L I E S H T M 2 . 0 LFPER LAYER EJAN 

N C L A V = .5 
CEPTH OF WATER = C 1 4 0 KM 

INTERCEPT SE I NT V EL SE VEL T H I C K N E S S SE T H I C K CEPTH SE .DEPTH 
SEC SEC K P / S i<iV/S K f KC K N KP 

C O 0 . 0 1 . 4 8 i'! ' O C c- .1;: ': "J .« . ^ C i v C . c 3 
c r s C C 3 2 . J 0 f'j.C 0 . 5 5 0 . 1 1 0 . 6 5 0 . 1 1 
C . 5 8 0 . 0 7 2 . 5S C C S C 1 . 2 6 C 4 5 2 . C I 0 . 4 6 

; » . 0 8 4 . 6 2 • ' i . lGC 4 , 2 2 1 . C 7 6 . 2 2 1. 16 
2 . 2 5 0 . C 8 5 . 7 5 0 . J80 t1 o.u 

L I N E E CES VALUES W I T H 2 . 0 LPPER LAYER g JAN 

NGLAY = 5 
CEPTH CF WATER = C . 140 KM 

INTERCEPT SE I N T VEL SE VEL T H I C K N E S S S E T U C K CEPTH SE CEPTH 
SEC SEC K N / S K M / S K N KN KN 

C C S C C 3 
1 f. 5 2 i . i . C 2 
i . 8 0 i i . u 3 
2 . 9 E C I S 

1.4-8 ;> . '205 
^ . :o C L . C 
2 . 6 S C . : 3 C 
4 . 8 0 0 . 0 4 0 
6 . 1 6 C I S C 

'J . 10 C.v. 2 
C 6 3 ' 0 . 0 8 
1 . 7 9 ' 1 , 1 6 
4 . 0 6 ' , . 9 4 
C . C C.OC 

ClK C . 3 
0 . 7 2 0 . 0 9 
2 . 5 2 C . 1 8 
6 . 5 7 C S 6 
o .c 0 . 0 

L I N E fi NE/SN VALUES W I T H 2 . 0 UPPER LAYER 6JAN 

NGLAY = 5 
CEFTH CF W/TER = C . 1 4 0 KM 

INTERCEPT 
SEC 

SE I N'T 
SEC 

VEL 
K N / S 

SE VEL 
K f / S 

T H I C K N E S S SE T H I C K 
K ^ 

CEPTH 
KP 

SE DEPTH 
K f 

C C S 
. 5 6 

1 . 1 i. 

y •'.; 
C . C 3 
0 . 0 3 
0 . ' - 8 
0 . ce 

1 . 4 8 
2 . 0 l 
3 . 1 4 
4 . 7 1 
5 , 9 5 

• 1 . ' 5-;; 

M C C 

0 . 1 0 
C 57 
' . S6 

4 . 4 0 

...; J 

. : e 

. 2 6 
.ft 1 

0 . 1 0 
C 6 7 
1 . 6 2 
6 . 1 1 

0 . 0 3 
•:.) . .J 8 
C 2 7 
J . 6 5 
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Programme ' D I P ' 

The formulae g iven by Mota (195*0 a r e programmed t o enable a d i p p i n g 

l a y e r s o l u t i o n t o be o b t a i n e d from t h e apparent v e l o c i t i e s and t ime i n t e r c e p t s 

o f the t r a v e l - t i m e graph f o r a r e v e r s e d s e i s m i c r e f r a c t i o n p r o f i l e . 

The f o l l o w i n g assumptions are made: 

1 . The p l a n e u s e d f o r c a l c u l a t i o n i s t h e r e f r a c t i o n p l a n e common t o the 

r e f r a c t o r s , so t h a t F e r m a t ' s p r i n c i p l e i n g e n e r a l and S n e l l ' s law i n 

p a r t i c u l a r can be a p p l i e d w i t h i n t h i s p l a n e . T h i s i s c o r r e c t o n l y i f 

the l a y e r s are a l l o r i e n t a t e d normal t o the r e f r a c t i o n p r o f i l e , but i n 

p r a c t i c e , f o r s m a l l ang le s o f d i p , the assumption may be a p p l i e d w i t h o u t 

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

2 . The t r u e v e l o c i t i e s a r e c o n s t a n t w i t h i n each l a y e r and i n c r e a s e 

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

3 . The r e f r a c t i n g boundary a long which energy t r a v e l s i s p lane and 

cont inuous from one end o f the p r o f i l e t o the o t h e r . 

The convent ion f o r ang le s i s t h a t f o r a l e f t - h a n d - s i d e o r i g i n , a n g l e s 

from t h e h o r i z o n t a l upward and to the l e f t a r e taken as p o s i t i v e ; those upward 

and t o t h e r i g h t as n e g a t i v e . 

A s o l u t i o n i s o b t a i n e d u s i n g the two apparent v e l o c i t i e s f o r each segment, 

VK and V L , t o g e t h e r w i t h the t ime i n t e r c e p t s f o r the VK segments - K I N T . The 

programme r e - c y c l e s and o b t a i n s a second e o l u t i o n u s i n g the t ime i n t e r c e p t s f o r 

the VL segments - L I N T . 

I n p u t 

The number of models t o be run i s e n t e r e d (NOMOD), f o l l o w e d b y a 

header c a r d on w h i c h 80 columns are a v a i l a b l e f o r naming t h e d a t a . The 

number o f r e f r a c t o r s , NMAX, and the t r u e v e l o c i t y o f the f i r s t l a y e r , 

V ( 1 ) , are r e q u i r e d . The r e v e r s e d t r a v e l - t i m e graph da ta i s e n t e r e d 

i n the form K I N T , VK, V L , f o r t h e second, and subsequent l a y e r s , f o l l o w e d / 
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f o l l o w e d by L I N T , V L , VK f o r t h e s e l a y e r s . The programme r e - c y c l e s 

f o r a new header c a r d u n t i l the s p e c i f i e d number o f models i s computed. 

F u r t h e r d e t a i l s o f the i n p u t format are g iven a t the head o f the 

programme l i s t i n g . 

Output 

The i n p u t da ta i s g iven t o g e t h e r w i t h the computed t r u e v e l o c i t y 

and v e r t i c a l t h i c k n e s s o f each l a y e r , and the depth and d ip o f each 

r e f r a c t o r . The t h i c k n e s s e s and depths are g iven below the end K , o f 

the p r o f i l e f o r t h e f i r s t c y c l e and below L f o r t h e second c y c l e . The 

convent ion f o r the s i g n o f the angle o f dip a p p l i e s f o r a l e f t - h a n d - s i d e 

o r i g i n i n each c a s e . 

Sample output i s g iven a f t e r t h e programme l i s t i n g . 

N o t a t i o n used i n the programme and f low diagram 

The f o l l o w i n g parameters a r e those r e q u i r e d : 

U(N) - the d ip o f the Nth r e f r a c t o r , 

V(N+1) - the v e l o c i t y o f t h e ( N + l ) t h l a y e r , 

HS(N) - the v e r t i c a l depth to t h e Nth r e f r a c t o r , 

HSTH(N) - the v e r t i c a l t h i c k n e s s o f the Nth l a y e r . 

A t an i n t e r m e d i a t e s tage the f o l l o w i n g a r e computed: 

A ( N , I ) , B ( N , I ) , C ( N , I ) , D ( N , I ) - angles a s s o c i a t e d w i t h r a y s 

t o the Nth r e f r a c t o r i n the I t h l a y e r , 

Z S ( N , l ) - a component o f t h e t h i c k n e s s o f the I t h l a y e r . 
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Flow diagram of ' D I P ' 

I n p u t n o . o f models 

-> I n p u t h e a d e r , NMAX, V( 1) 

-> Input t r a v e l - t i m e da ta 

i 
Compute parameters o f f i r s t r e f r a c t o r 

T e s t f o r NMAX >1 o r NMAX = 1 I 
N = 2 

Increment N-Compute ang les o f form^A(W,l) 

\ 
T e s t N >2 or N = 2 1 

Compute ang le s o f form A ( N , l ) t o A(N,N-1 ) 

Combine ang les t o g ive U ( N ) , V(W+1) ^ 

I 
T e s t N > 3 o r N <3 

Compute ZS (N, 2) 

} 
T e s t U > 3 o r N = 3 

I 
Compute ZS ( N , l ) f o r 2 <I < N 

i 
Combine computed Z S , ang le s and 
parameters o f h i g h e r l a y e r s t o g i v e HS(N)< 

J . 

Compute HSTH (N) 

Convert U ( N ) from r a d i a n s to degrees 

Output rout ine< . 

i 
END 



D I P L I S T I N G i 

L E V E L 18 MAIN CATE « 7 1 C 3 3 2 2 / 1 4 / J ) 

C 

c 
c 
c 

c 
c 
c 

c 
c 
c 
c 
c 
c 
c 
c 

c 
c 
c 
c 

c 
c 

C IPP ING LAYERS FRUM 
A REVERSED F F C F I L E 

TC COMPUTE' PARAMETERS OF 
AND TIME INTERCEPTS FROM 
ANY OP LAYERS 
!< Ai\C L LAGEL THE ENCS OF THE P R O F I L E 
NCNC!'J = NC. CF NCCELS TC EE RUN 
NM A > = MO, CF REFRACTORS 
V ( l ) = TKLE V E L O C I T Y GF UPPER LAYER 

APPARENT V E L O C I T I E S 

K I i \ T = INTERCEPT CF 
L I M = INTERCEPT CF 
FORMAT -
N C M C C 
HEACER CARD 
NMA > V( 1 ) 
K I N I V K ( I ) V L ( I ) 
ARRAY CF AGCVE CATA 
L I N 1 V L ( I ) VK{ I ) 
ARRAY OF ABOVE CA TA 

SEGMENT 
SEGMENT 

F O R 

F C R 

APPARENT 
AFFARENT 

V E L O C I T Y 
V E L O C I T Y 

VK 
VL 

( 1 2 ) 
( 8 0 COLS 
( 13 , F 1 0 . 
( 2 F E . n 

( 3 F 0 . 0 ) 

FOR 
:») 

NAME ) 

OUTPUT HEADING ON F I R S T DATA CARD 
) 

0 1 ( 'ENSI CN V (2 ; - ) ,S I N T ( 2 0 ) , V K ( 2 0 ) , V L ( 2 0 ) , U ( 2 0 ) , H S ( 2 C ) 9HSTH( 2 0 ) 
D I M E N S I O N A ( 2 C , 2 C ) , 8 ( 2 0 , 2 0 ) , C ( 2 Q , 2 0 J ,C ( 2 0 , 2 0 ) , Z S ( 2.-» , 2 0 ) 

MCCEL F E A C I N G 2 
E T C . 

< a * * « 

READ ( 5 , 1 5 1 J'NCMOD 
1 5 1 F C R M A T U 2 ) 

DC 1 j l NCC = i ,NCNcc 
R E A D ( 5 , 5 2 ) 

53 FORMAT(8 OF 
1 

Vi R 1 T F ( 6 , 1 5 2 ) 
153 FCRMAT ( • 1 ' ) 

W R I T E ( 6 , 5 3 ) 
W R I T E ( 6 , 7 C ) 

7 3 F G R M A T ( / / « 
WP I T E ( 6 , 7 1 ) 

7 1 F O R M A T ( / / • 
R E A R ( 5 , 5 1 ) N M A X , V ( 1 ) 

5 1 FORMAT ( 1 2 , F K ) 
' AR I TC ( 6 , 7 2 ) NMAX , V . ( 1 ) 

72 FORMATt / I 16 . F 2 6 . 2 ) 
CC 1 i2 L I N E R = 1 , 2 
I F ( L I N E R - 1 ) 4 1 , 4 1 , 4 2 

4 1 V.RI T E ( 6 , 7 2 ) 
7 3 F O R M A T t / • 

WP I T E ( 6 , 17 3 ) 
172 FCRMA T( ' 

GO TU 4 2 
4 2 W R I T E ( 6 , E H ) 
e'J FORMAT ( / / • 

W R I T E ( 6 
79 F0RM A T ( / • 

fcPITE ( 6 , 1 7 9 ) 
179 FORMAT( • 

4 2 CONTINUE 

DATA I N P U T ' ) 

N C . REFRACTORS ( N N / X ) V E L . LAYER 1 ( V ( l ) K M / S « ) 

T I M E INTERCEPT 

( K I N T , S E C S > . 

AFP VEL FRCM K 

( K M / S ) 

AFP VEL FRCM L« ) 

( K M / S ) • / ) 

REVERSE P R C F I L E INPUT • ) 

T I M E INTERCEPT AFP VEL FRCM L 

( L I N T . S E C S ) ( K M / S ) 

APP VEL FROM K « ) 

( K M / S ) • / ) 

* 4 4 * * 
DO 1 I = 1 , N M A X 



LEVEL 18 NA I N C A 7 E = 7 1 C 2 2 2 2 / 1 4 / C 

J = I + 1 
R E A D l 5 , 5 2 ) S I N T ( I ) , V K ( J ) , V L ( J ) 

52 F O R M A T ( 3 r £ .C ) 
h P I T E ( 6 , 7 4 ) S I N T ( I ) , V K ( J ) , V L ( J ) 

14 F O R M A T ( c > , F 6 . 2 , 2 F 1 7 . 2 ) 
i CONTINUE 

C 
c * $ * « * 
C CASE FUR N = l 

A ( 1 , 1 ) = ( A R C C S ( l - 2 * ( ( V ( 1 ) / V K ( 2 ) ) * * 2 ) ) + A R C O S ( 1 - 2 * ( ( V ( 1 ) / V L ( 2 ) ) * * 2 } > ) 
9 / 4 . 

n i l , l ) = A ( l , 1 ) 
U( i ) = ( ARCCS.( 1 - 2 * ( ( V( 1 ) / V L ( 2 ) ) * * 2 ) ) - A R C C S ( 1 - 2 * ( ( V ( l ) / V K ( 2 ) ) * * 2 ) ) ) / 4 

9 . 
V ( 2 ) = V ( 1 ) / S I M A ( 1 , 1 ) ) 
ZS( 1 , 1) = ( V( 1) * 5 I M { 1 ) ) / ( 2 * C C S (A ( 1 , 1 ) ) ) 
HS ( 1 )=ZS ( 1 , 1 ) /CGS ( U ( I ) ) 

C 
C CASE FCR N GREATER THAN 1 
C 

IF ( N ^ A X - 1 ) 1 , 2 2 , 2 4 

24 CONTINUE 
DC 3 N = 2 , N M A X 
N P = N + 1 
N N = N - 1 
A ( N , i > = ( A R C C S ( l - 2 * l I V ( 1 ) / V L ( N F ) ) * * 2 ) > ) / 2 . - U ( 1 ) 
C ( M , i ) = ( A R C C S ( l - 2 * ( ( 2 ) / V ( 1) ) * S I N ( A ( N , 1 ) ) ) * * 2 ) ) ) / 2 . 
B ( N , 1 )= ( ARCCS ( 1 - 2 * (.(V ( 1 ) / V K ( NP ) ) **2) ) ) / 2 . + U ( 1 ) 
D ( i \ , l ) = ( A R C C S ( l - 2 * ( ( ( V ( 2 ) / V ( l ) ) * S I N ( E ( N , l ) ) ) * * 2 ) ) ) / 2 . 

C 
C LCUP C A L C S , C ( N . N f ) <5 U ( N - , N M ) 
C 

I F ( N - 2 ) l , 2 6 , 2 5 
C * * * * * 

25 CONTINUE 
CC 4 1=2 , M " 
J = I + i 
K = l - 1 
A ( N , I )=C ( N , K ) - U ( I ) + U ( K ) 
C ( N , I ) = ( A P C C S ( l - 2 * ( ( ( V U ) / V ( I ) ) * S I N { A ( N f I ) ) ) * * 2 ) ) ) / 2 . 
B I N , I ) = C ( N , K ) + U ( l ) - L ( K ) 
L ( N , I )= I A R C C S ( l - 2 * ( I ( V i J ) / v l I ) ) * S I N ( B ( N , I ) ) ) * * 2 ) ) ) / 2 . 

4 CONTINUE 
C * * * * * 
c 

26 A ( N , N ) = ( C (N »N M ) + C ( N , N M. ) ) / 2 • . 
U ( N ) - ( C ( N , N M - C ( N , NN< ) ) / 2 «> -»U ( NM ) 
V ( N P ) = V ( N ) / S I N ( A ( N , N ) ) 
Z S ( N , 1 ) = ZS( 1 , 1 ) 
I F I K - 3 ) 2 1 , 2 3 ,2-J 

2 0 Z S ( N , 2 ) = Z S ( N N , 2 ) + Z S ( l , i ) * ( T A N ( A ( N N , i ) ) - T A N ( A ( N , 1 ) ) } *S IN ( U ( 2 ) - U ( 1 } ) 
I F { N - 3 ) 2 1 , 2 1 , 2 2 

C * * * * * 
C 

2 2 C O N T I N U E 
CC 12 M = 2 , N M 
A L" = i , 



LEVEL 3 0 f fi I N C AT E = 7 10 2 2 2 2 / 1 4 / C C 

C f ' M = M - 2 ' 

CC 1 K K = 1 , M> l» 
K K P = K K + 1 
A O C C S ( L (KKP ) - L ( K K ) 5*AD 

l ' i CCNTINUE 
Q * sjc ;;t s|< :;: 

C J t 4 4 * 4 

BC = Zf. ( N N , 1 ) t (TAN ( A ( N V , 1 ) ) - T A N ( A ( N , 1 ) ) ) * A D 
DC 1L K I = 2 , N V 
K I K = K I - i 
AC = AC/CCS (U (K I ) - U ( K IM ) ) 
P,D=ZS ( N f , K I ) * (TAN ( A ( N t ' f K l ) ) - Z S ( N , K I ) * ( T A N ( A { N , K I ) ) ) ) * A D + BD 

11 C O N T I N L E 
C 

IS ( N , 1 " ) = ZS ihf f M ) + E C * S I N (U (M ) - U ( N « ) ) 
12 C C K T I N L E 

C * * * * * 
2 1 C C = - • , 

CC= i . 
a* -v 'i- •*.* v 

DG 12 J L = 1 , N P 
CC= ( ZS ( N , J L ) / V ( J L ) ) * ( ( C O S ( A ( N , J L ) + B ( N , J L ) ) + 1 ) / C C S ( A ( N , J L ) ) ) + C D 
C C = ( Z S ( N , J L ) * C C S ( M N » J L ) - U ( N ) + U ( J L ) ) ) / C O S l A ( N , J L ) ) + D D 

13 C C M T I N L E 
C * * * 4 * 

Z S ( N , N ) = ( V ( N ) / ( 2 * C 0 S ( A ( N , N ) ) ) } * ( S I N T ( N ) - C 0 ) 
HS (N ) = ( 1/CCS ( L 0\ ) ) ) * ( C C + Z S ( N , N ) ) 

2 C O N T I N U E 
C ***>!>} 4 »> 3 4 * 

2 3 h R I T E ( 6 , 7 5 ) 
7 5 FOi<i<AT( / CUT P U T ' ) 

WR I r C ( £ , 7 £ ) 
76 F C R N A T ( / / ' LAYER TRUE VEL V E R T I C A L V E R T . DEPTH 

8 D I P CF • / • ( K M / S ) T H I C K N E S S KM REFRACTOR KM 
cREFRACTCR DEG S ' / ) 

C < * + =9 * 
CC 1 5 N = 2 r N N A X 
;M N = t\ - 1 
H S T H ( . N ) = H S d \ ) - H S ( N M ) 

15 CCNTINUE 
C * * * * * 

HSTH( 1 ) = h S( 1) 
N M A X P = N M A X + 1 

C * * * * * 
ID C 14 i \ = 1 , N N A X 
U ( N ) = ( U ( N ) * 1 E C . ) / 2 . 1 4 1 5 S 
W P IT E (6 , 7 7 ) N , V (N ) , F S T K N ) , h S (N ) , L ( N ) 

77 F C R f A T ( I 8 » F J 1 . 2 f F 1 2 . 2 , F 1 5 . 2 f F 1 7 , 2 ) 
14 C O N T I N L E 

C * * * * * 
W R I T E ( 6 , 7 8 ) N N A X P , V ( N M A X P ) 

78 F CRNA T { I 6 i F 1 1 . 2 / / ) 
1C 2 C O N T I N U E 
l->i C C N T I N U E 

C A L L E X I T 
END 



L I N E C D D I P P I N G LAYER 27 NOV 70 

D A T A I M P I T 

N O . RE FRACT CR S ( N M A X ) V E L . LAYER 1 (V 1 1 ) K M / S 

2 1 . 4 8 

T I M E INTERCEPT AFP VEL -FROM K APP VEL FROM L 
( K I N T , S E C S ) U M V S ) ( K M / S ) 

0 . 5 4 3 . 2 4 3 , 2 4 
1 . 6 7 5 . 6 6 5 . '3 7 

O U T P U T 

LAYER TRUE VEL V E R T I C A L V E R T . DEPTH C I P CF 
( K M / S ) T H I C K N E S S KM REFRACTOR KM REFRACTOR DEGS 

1 1 .4 8 u . 4 5 0 . 4 5 G . 0 
2 3 . 2 4 2 , 1 1 2 . 5 6 - 1 . J 3 
3 5 . 8 1 

PEVEPSE P R C F I L E I N P U T 

T I M E I N T E R C E P T 
( L I N T » S E C S ) 

APP VEL FRCM L 
( K M / S ) 

AFP VEL FRCM K 
( K M / S ) 

C . 5 4 
2 . 2 3 

3 . 2 4 
5 , 5 7 

3 . 2 4 
5 . 6 6 

CLTFUT 

LAYER TRUE VEL V E R T I C A L V E R T , DEPTH C I P OF 
( K M / S ) T H I C K N E S S KM PEFRACTCK KM REFRACTOR CEGS 

1 1 .4 8 " , ,4 5 : . 4 5 C J 
2 3 . 2 4 3 . 2 1 3 . 6 6 1 , 0 3 
2 5 . 8 1 
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Programme 'MOD' 

Given the v e l o c i t y - d e p t h s t r u c t u r e o f a h o r i z o n t a l l y - l a y e r e d model 

( v e l o c i t y i n c r e a s i n g d i s c o n t i n u o u s l y w i t h depth) the f o l l o w i n g parameters a r e 

computed: 

( i ) the t r a v e l - t i m e s o f r e f r a c t e d a r r i v a l s from each l a y e r , 

( i i ) the c o r r e s p o n d i n g reduced t r a v e l - t i m e s , 

( i i i ) the t ime i n t e r c e p t , 

( i v ) the c r i t i c a l d i s t a n c e a t which an a r r i v a l from a p a r t i c u l a r 

r e f r a c t o r i s f i r s t o b s e r v e d , 

(ft") the t r a v e l - t i m e o f t h e f i r s t a r r i v a l a t each s t a t i o n . 

The p o s i t i o n s o f t h e r e c e i v i n g s t a t i o n s may be s p e c i f i e d , o r may be 

computed a t e q u a l i n t e r v a l s . 

Input 

Columns 2 to 70 o f a header c a r d are used to name the d a t a . 

Column 1 i s u sed t o end the run when ISTOP = 1. The f o l l o w i n g g e n e r a l 

parameters are r e q u i r e d : t h e number o f l a y e r s (NOLAY), number o f s t a t i o n s 

(NOSTA), s t a t i o n s p a c i n g ( S T I N T ) , r e d u c i n g v e l o c i t y ( R E D V ) , and a t r i g g e r 

(IDATA) w h i c h , i f e q u a l t o 1, o v e r i d e s the c a l c u l a t i o n o f range from S T I N T , 

and d i r e c t s the programme t o r e a d t h e s t a t i o n p o s i t i o n s from an a r r a y 

(RANGE). The f i r s t s t a t i o n must be at zero d i s t a n c e . These parameters 

a r e f o l l o w e d by the v e l o c i t y - d e p t h s t r u c t u r e where Z i s t h e t h i c k n e s s o f 

a l a y e r and V i t s v e l o c i t y . The t h i c k n e s s o f t h e l owes t l a y e r i s not 

r e q u i r e d and i s l e f t b l a n k . 

The programme a u t o m a t i c a l l y r e - c y c l e s to r e a d a new h e a d e r . A new 

s e t o f da ta i s r e a d i f ISTOP = 0 b u t i f ISTOP = 1 the run i s t e r m i n a t e d . 

Output / 
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Output 

The input d a t a i s p r i n t e d f o l l o w e d by the computed t i m e - d i s t a n c e 

d a t a . A specimen o f t h e output i s g iven a f t e r t h e programme l i s t i n g . 

The output format would r e q u i r e adjus tments i f more than t e n l a y e r s 

were s p e c i f i e d . 

Format s t a t e m e n t 1 3 8 ' must be l i n k e d w i t h the number o f l a y e r s 

t o o b t a i n the r e q u i r e d l a y o u t f o r the t r a v e l - t i m e s and r e d u c e d 

t r a v e l - t i m e s . The s ta tement s h o u l d r e a d 'FORMAT ( 1 5 , F 1 2 . 2 , NOLAY F 1 0 . 2 ) , 

where NOLAY i s an i n t e g a r e q u a l t o t h e number o f l a y e r s . 
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Flovr diagram for 'MOD' 

• $ Input header I 
Test for ISTOP = 1 > END 
or ISTOP = 0 I 

Input data 
generate equally-

Test IDATA = 0 ;> spaced f i e l d 
or IDATA = 1 point data 

1 
Input ranges of 
f i e l d points I 
Input data 4 I 
Compute t o t a l delay time 
for each refractor I 
Compute travel-times and 
reduced travel-times for 
each refractor at each 
f i e l d point 1 
Compute the minimum t r a v e l 
time at each f i e l d point I 
Compute the minimum range of 
a refracted a r r i v a l from each 
refractor 

— Output routine. 



G LEVEL 18 
MOD L I S T I N G 
f A I N GATE = 7 1 0 5 3 2 1 / 4 1 / 1 2 

C CCMPUTES TT IKES.REDUCED TTIMES,1ST POSS. ARRIVAL D I S T 
C AND INTERCEPTS FCR A HORIZONTALLY LAYERED MODEL 
C UP TO 10 LAYERS - FOR NORE ADJUST FCRNATS 44 TO 4 7 , 3 7 , 3 9 
C FCRNAT 38 SHOULD ALWAYS BE { I 5,F12.2 ,NCLAYF1 >.2) 
C WHERE MOLAY IS INTEGER = NO. OF REFRACTORS + 1 
C NCSTA - NC. CF STATIONS STINT - STATION INTERVAL 
C REDV - VEL FOR REDUCED TRAVEL TINES 
C I C A T A - I F i F I E L D POINTS FROM S T I N T , I F 1 F I E L D POINTS 
C READ AS RANG E ( I ) ( F I R S T STAT I CM MUST EE ZERO ) 
C 7 . ( 1 ) , V ( I ) - THICKNESS AND VELCCITY CF LAYER I 
C AFTER EACH MCCEL RETURNS FOR NEW HEADER STOPS WHEN I S T 0 P = 1 
C FCRI*AT -
C I STOP HEADER CARD ( 1 1 , 7 9 CCLS FOR NAME)ISTCP=0 
C NOLAY NOSTA STINT REDV I DATA ( 1 3 ,1 5 , 2F8.C , 11) 
C RANG E ( I ) ( I F ICATA NOT U) (NEED NOSTA F I E L D PTS 8 F l > o u ) 
C 2 ( 1 ) V ( I > 
C ARRAY OF ABOVE 
C ISTCP ( I F = 1 STCPS R U N ) ( I I ) 
C 

DINENSICN TCT ( 1 ) 
DIMENSION Z ( , V ( 10 ) ,OE T I M ( 1 C , 10 ) , TCT CT ( 1 J ) , A G T ( T ' ) » A G X ( 1 0 ) 
C IN ENS ION RANGE ( 20-J) , T TIME( 1 0 , 2CC ) ,RETIM( 1 j , 2-C ) , f e W T I N ( 2 ^ 0 ) 
DIMENSION C C S I ( 1 v , 1 J ) , S I N I ( l u , 10 ) , D I ST 110 , 1C) ? X ( 1 0 , ) , T ( 10 , 1 0 ) 

C 
C FORMAT 38 LAST F TO READ NGLAYF12o2 

38 FCRNAT( 1 5 , F 1 2 .2 , 5 F L J ,2 ) 
557 R E A D ( 5 , 1 C 2 ) I STOP 
102 FORMAT(I 1,65H NAVE CF MODEL 

1 ) 
W R I T E < 6 , 1 J 3 ) 

1C3 FORMAT( M M 
WR I T E ( 6 , 1-5 2 ) ISTOP 
I F ( I S T O P - 1 ) 5 9 8 , 9 9 9 , 9 9 9 

958 READ(5 ,21)NCLAY , NOSTA , ST I NT , REDV , IDAT A 
2 1 FORMAT( 13, I 5 t 2 F 8 , C t I D 

WRITE(6,31)NOLAY,NOSTA,ST INT,REDV 
31 FORMAT(//« NCLAY NOSTA STINT RECV • / 1 5 , 1 7 , 2 F 7 . 2 / / ) 

I F I I D A T A - 1 ) 5 1 , 5 2 , 5 2 
C 
C INPUT & STATION POSITION GENERATION-RANG(I),FOR IDATA = 0 
C 
C 

5 1 R A N G E ( l ) = C. 
DC 1 1=2,NOSTA 
RANGE ( I ) =RANGE ( I - D + STINT 

1 CONTINUE 
GC TO 53 

C 
C READ I N STATION RANGES FCR IGATA=1+ , R A N G E ( 1 ) O „ 
C 

52 R E A D ( 5 , 2 3 ) ( R A N G E ( I ) , 1 = 1,NOSTA ) 
23 F C R N A T ( 8 F 1 C 0 ) 

W R I T E ( 6 , 3 3 ) ( R A N G E ( I ) , 1 = 1,NOSTA) 
33 FORNAT(//« R ANGES '» 8F1-Q . 2 ) 
53 CONTINUE 

C 
C READ MODEL Z,V 
C 



LEVEL 18 CATE = 7 1 0 5 3 2 1 / 4 1 / 1 2 

R E A 0 < 5 , 2 4 ) ( I ( N ) , V ( N ) , N = 1 , N 0 L A Y ) 
24 FORMAT ( 2 F 8 „•.: ) 
64 FORMAT(//' THICKNESS Z ( N ) VELOCITY (V(NJ)«) 

W R I T E ( 6 , 6 A ) 
W R I T E ( 6 , 3 4 ) ( Z ( N ) , V ( N ) , N = 1 , N 0 L A Y ) 

34 FORMAT ( F l 4 o 2 ,F19,2 ) 
C 
C COMPUTE COMPONENT DELAY TINES FOR EACH LAYER FCR A REFRACTOR 
C & SUN THESE FCR TOTAL CELAY TIME FOR THAT REFRACTOR 
C 

DO 2 N = 2 , N 0 L A Y 
T C T C K N ) = C . 
K = N-1 
DC 3 L = 1,K 
D E T I M ( L , N ) = ( Z ( L ) / ( V ( N ) * V ( L ) ) ) * ( S C R T ( V ( N ) * * 2 - V ( L ) * * 2 ) ) 
T C T C T ( N ) = C E T I N ( L , N ) + T C T C T ( N ) 
T C T ( N ) = 2.*TCTCT(.N) 

3 CONTINUE 
2 CONTINUE 

C 
C TRAVEL TIMES CCNPUTEC FOR EACH REFRACTOR(N = 2,NOLAY> AT EACH STATION»I 
C 

W R I T E ( 6 , 2 6 ) 
36 FORMAT(//• STATION NO- TT IME OF 1ST ARRIVAL SECS RANGE (KMS) 

2 RECUCEC T TIME' (TC RECV) LAYER WATER WAVE TIM E S«) 
C 

CC 4 I=1,N0STA 
DC 5 N=2 iNOLAY 
TT I M E ( N » I ) = R A N G E U ) / V ( N ) + 2 . * T C T C T ( N ) 
R E T I M ( N t l ) = T T I M E ( . N , I ) - RANGE ( I )/REDV 

5 CONTINUE 
T T I M E ( I , I ) = R A N G E ( I ) / V ( 1 ) 
R E T I M ( 111 ) = T T I N E U t I ) - RANGE ( I )/R ECV 

4 CONTINUE 
T T I M E ( 1 , I ) = RANGE ( I )/V ( 1) 

C 
C TRAVEL TIME FOR EACH LAYER COMPARED M T H ALL OTHER T T I N E S AT 
C EACH STATION TO FINC M I N . VsKICh IS WRITTEN 
C 

NOLAYP = NOLAY+1 
WWTIM(L) = (!. 
CC 6 1 = 2 ,NOSTA 
W t s T I M ( I ) = RANGE ( I ) / V ( l ) 
CO 7 N=1tNOLAY 
CC 8 M=i,NOLAYP 

C 
I F ( N - M ) 1 4 , 8 , 1 4 

14 I F I M - N O L A Y P ) 1 5 , 1 3 , 1 3 
15 I F ( T T I M E ( N , I ) - TT IME<M, I ) ) 8 , 8 , 7 
8 CONTINUE 

13 RTTIM = R E T I M C N , I ) 
I 1 = 1 
W R ITE(6 , 3 5 ) I I , T T I N E { N , I ) , R A N G E ( I ) , R T T I M , N , W W T I M ( I ) 

3 5 F O R M A T < I 7 , F 2 3 , 2 , F 2 3 . 2 , F i e . 2 , I 1 9 , F 1 7 . 2 ) 
7 CONTINUE 
6 CONTINUE 

C 
C ROUTINE COMPUTES 1ST POSSIBLE RANGE AT fcHICH ARRIVAL FROM LAYER 



LEVEL 18 N A IN CAfE = 7U.-5 2 2 1 / 4 1 / 1 2 

C N CAN OE CDSEPVEC 
C 

W R I T E ( 6 , 4 1) 
4 1 FCKI"AT<//' 1ST POSSIBLE ARRIVAL & T T I N E FROM EACH REFRACTOR 0 //' RE 

3FRACTCR ARRIVAL C I S T TTINE LAYER' ) 
C 

NCLAYN = NCLAY-1 
OC 6 1 N=l,NCLAYN 
A G T ( N ) = C . 
AGXtN )=•"). 
CC 62 N = l , l \ 
S I N I ( N , N ) = V ( N ) / V ( N + 1 ) 
CGSI(M,N) = S Q R T { S I N I ( M , N ) * * 2 . ) ) 
D I S T ( N , N ) = 2(MJ/CQS I (M,N ) 
T ( N , N) = { C I S T ( f , K ) / V ( f } ) * 2 . 
X(M,N) = C I S T ( M , N ) * S I N I ( K , N ) * 2 . 
AGX(N) = AGX(N) + X ( H f N ) 
AGT(N) = AGT (N) + T { N , N ) 

62 CONTINUE 
NP = N-»l 
W R I T E ( 6 , 4 2 IN,AGX (N ),AGT(N ),NP 

42 F C R N A T ( / I 6 , F14.2 , F I O . 2 f 1 1 0 > 
6 1 CONTINUE 

C 
C THE INTERCEPT CN THE T I N E A X I S IS GIVEN EY THE SUM OF DELAY TIMES TO 
C ANY REFRACTOR - N THE VALUES TDT = TCTCT * 2 GIVE THESE INTERCEPTS 
C 

WRITE ( 6 , 4 3 ) 
43 FORMAT( ///• INTERCEPT TINES T T I N E A X I S ' / / ) 

W R I T E ! 6 , 4 4 ) 
REFRACTOR • , 2 4 X , ' 1 « , 9 X , » 2 , , 9 X , ' 3 « , 9 X , ' 4 , , 9 X , « 5 , , 9 X , ' 6 ' , 9 X 

• 8' ,9X , '9«//) 
45 ) ( T D T ( N ) ,N = 2,NCLAY) 
INTERCEPT T I N E SECS •,EX,«F1C.3//) 

4 6 ) I V ( N ) ,N=2,NGLAY) 
VEL BELOW REFRACTOR KN/S • , 9 F 1 0 . 2 / / ) 

47 ) 
L A Y E R • , 2 S X , • 2 » , 9 X , • 3 • , 9 X , M • , , 5 X f • 5 S 9 X , • e « , 9 X , • 7 • , 9 X , • 8 • , 

44 FORNAT( 
3 , ' 7 ' ,9X 
WRITE(6 

45 FORMAT( 
fcRITE (6 

46 FORMAT( 
W R I T E ( 6 

47 FORNAT( 
8 9 x , « 9 ' , 9 x , ' i c ' / / ) 

c 
C C/P FOR EACH REFRACTOR 
C 

W R I T E ( 6 , 3 7 ) 
37 FORMAT!//• TRAVEL TINES FOR EACH REFRACTOR'//' STATION RANGE KM 

4 W « 9 X , » 1 « , 9 X , • 2 , , 9 X , ' 3 , , 9 X , « 4 ' , 9 X , ' 5 ' , 9 X , ' 6 , , 9 X , ' 7 « , 
5 9 X , ' 8 ' , 9 X , ' 9 ' / / ) 
W R I T C t 6 , 3 8 ) ( I . R A N G E ( I ) , ( T T I N E ( N , I ) , N = 1 , N O L A Y ) , I = 2 , N 0 S T A ) 
W R I T E ( 6 , 3 9 ) 

39 FORMAT!//' RECUCEC TRAVEL TIMES FCR EACH REFRACTOR'//• STATION RA 
3.NGE KM V\« ,9X,'1» ,9X,«2« ,9X, • 3 • , 9 X , » 4 • , 9X, • 5 ' , 9X, • 6 • , 9X , •7«, 
49X, • e 1 , S X , ' ? • / / ) • 
W R I T E ( 6 , 3 8 ) ( I*RANGE! I ) , ( R E T I M t N , I ) ,N= 1 , N O L A Y ) , I = 2 , N 0 S T A ) 
GC TO 997 

999 CONTINUE 
CALL EXIT 
END 
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I N T E R C E P T TIMES CN T T I M E AXIS 

REFRACTOR 

INTER C E P T TIME SECS 
V E L CELOW REFRACTOR KM/S 
LAYER 

C. 541 
2.24 

2 

2 . j 3 3 
5. e i 

3 

3.734 
6. 80 

4 

5 . ."68 
7. 84 

TRAVEL TIMES FCR EACH REFRACTCR 

a ION RANGE KM 1 2 3 4 

2 4. CO 2. 7!< 1 . 711 2 .72 4 .32 5.58 
3 1 6 . CO l ' " i . 8 i 5. 48 4. 79 6.C9 7 . 1 1 

3 i . 2'< .27 9.8:"> 7.2-. e . 1 5 e. e9 
5 50. CO 33.7 8 15 .97 It : .64 11 .09 11.45 
6 7..'. CC 4 7.3 ,: 2 2 . 15 14. ..13 1 4 . 0 3 14.'JM 
7 l . U ,')l> 6 7.57 31.41 19. 24 1 E . 4 4 17. 82 

REDUCED TRAVEL T I K E S FCR EACH REFRACTCR 

STATICN RANGE KM W 1 

2 4 . CM 2.13 • 1. 2*: 2. 15 3. 75 5. 01 
3 I6,?. l f: B - 53 3. 19 2.5.. 3. EG 4.02 
4 3 0 , 0 0 1 5 . 9 0 5.51 2.91 3.86 4.61 
5 5.1.C"! 26.64 Eo 63 3.5. 3.<;4 4.3'i 
6 7:.'..-.:( 37.3.' 1 2 . 1 5 4.-P 4.C3 4. C 
7 1 n o . C O 53 . 2 8 17.12 4.96 4.15 3.54 
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