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ABSTRACT 

A s e i s m i c r e f r a c t i o n p r o j e c t known as the North A t l a n t i c 
Seismic P r o j e c t (NASP) was c a r r i e d out i n the NE North 
A t l a n t i c between S c o t l a n d and I c e l a n d during J u l y 1972* 
T h i s t h e s i s p r e s e n t s the r e s u l t s and i n t e r p r e t a t i o n of the 
data obtained between S c o t l a n d and the'Faeroe I s l a n d s * 

The f i r s t a r r i v a l t r a v e l time data was analysed by 
f i r s t l y f i t t i n g s t r a i g h t l i n e segments by l e a s t squares, 
and secondly by time term a n a l y s i s . The s h o t - s t a t i o n 
c o n f i g u r a t i o n of the p r o j e c t favoured time term a n a l y s i s as 
t h i s method combines the l a r g e q u a n t i t y of data obtained, 
and the i n t e r p r e t a t i o n i s not l i m i t e d by apparent v e l o c i t i e s . 
Amplitude measurements were made on some of the data i n order 
to p o s i t i v e l y i d e n t i f y the l a r g e amplitude secondary a r r i v a l s 
observed as the r e f l e c t e d phase from the Moho, PmP. T h i s 
phaso was used to supplement the c r u s t a l s t r u c t u r e i nformation 
obtained from the f i r s t a r r i v a l s , and t h e o r e t i c a l t r a v e l times 
have been c a l c u l a t e d f o r these r e f l e c t i o n s . L i t t l e use has 
been made of S wave a r r i v a l s . 

Two main c r u s t a l l a y e r s were e s t a b l i s h e d beneath the 
S c o t t i s h s h e l f w i t h a Moho depth of 25-26 km. The upper 
basement l a y e r i s at a depth of^about 2-3 km beneath mainly 
P a l a e o z o i c sediments (5*0 km s~ ) and has a P wave v e l o c i t y 
of 6 .1 kin s ~ . I t i s i n t e r p r e t e d as L e w i s i a n s c h i s t s and 
g n e i s s e s . The lower l a y e r a t ^ a depth of about 9 km has a 
P wave v e l o c i t y of 6.48 km s~ and i s i h t e r p r e t e d i n terms 
of g r a n u l i t e f a c i e s L e w i s i a n m a t e r i a l . A normal Moho Pn 
v e l o c i t y of 7*99 km s"*- was found. 

A c o n t i n e n t a l c r u s t a l t h i c k n e s s of about 30 km was 
determined beneath the Faeroe P l a t e a u . There i s q u i t e an 
abrupt t r a n s i t i o n i n the basement m a t e r i a l between the n o r t h 
west and south-east r e g i o n s of the P l a t e a u . The m a t e r i a l 
i n the north-west has a v e l o c i t y of about 6 .1 km s~ and i s 
i n t e r p r e t e d as normal c o n t i n e n t a l metamorphic rocks such as 
g n e i s s e s . ^ I n the south-east the v e l o c i t y of about 5 . 5 -
5*6 1cm s~ i s i n t e r p r e t e d i n terms of s l a t e s , and the 
t r a n s i t i o n between the two as a change i n metamorphic grade. 

The c r u s t a l s t r u c t u r e was not w e l l determined beneath 
the Faeroe/Shetland Channel but the re g i o n appears to be 
u n d e r l a i n by anomalous oceanic m a t e r i a l w i t h a Moho depth 
of 11-18 km. Two main c r u s t a l ^ l a y e r s were i d e n t i f i e d w i t h 
v e l o c i t i e s of about k.65 km s~ and 6 .16 km s~ , and at 
dep.ths of about 2 . 2 km and 7>9 km r e s p e c t i v e l y , 
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CHAPTER I 

INTRODUCTION 

A l a r g e s c a l e s e i s m i c r e f r a c t i o n experiment was 

undertaken i n the NE A t l a n t i c ocean, between the north of 

Sco t l a n d and I c e l a n d during J u l y 1972. The experiment, known 

as the North A t l a n t i c Seismic P r o j e c t (NASP), was organized 

by members of the Department of G e o l o g i c a l S c i e n c e s , U n i v e r s i t y 

of Durham and c a r r i e d out wi t h the a s s i s t a n c e of many other 

s c i e n t i f i c e s t a b l i s h m e n t s . The ge n e r a l aim of the p r o j e c t was 

to determine the c r u s t a l and upper mantle s t r u c t u r e s of the 

area s t u d i e d and t h e r e f o r e help to e l u c i d a t e some of the 

problems concerned w i t h the e v o l u t i o n of the North A t l a n t i c . 

T h i s t h e s i s d e s c r i b e s the p r o j e c t and the r e d u c t i o n and 

i n t e r p r e t a t i o n of the data c o l l e c t e d from a l l the l i n e s over 

and to the south of the Faeroe P l a t e a u , w i t h the exception of 

l i n e F shot i n the North Minch. 

1.1 The Region of Study 

T h i s r e g i o n of the NE A t l a n t i c can be subdivided, on the 

b a s i s of bathymetry, i n t o t h r e e d i s t i n c t areas ( F i g . l . l ) . 

1. The North S c o t t i s h C o n t i n e n t a l S h e l f i n c l u d i n g 

the Moray F i r t h . 

2 . The Faeroe/Shetland Channel and Channel s l o p e s . 

3 . The Faeroe l l a t e a u . 

The known s t r u c t u r e s of these t h r e e a r e a s , determined 

both from nearby land geology and pre v i o u s g e o p h y s i c a l work, 

i n d i c a t e t h at as w e l l as the bathymetry d i f f e r e n c e s , the lhr>< 

areas are g e o l o g i c a l l y d i s j s i m i l a r . T h e r e f o r e , the NASP 

r e s u l t s have been int.e^E*£±ed fiar the separate a r e a s . the 
i 
•ce 
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F i g u r e 1 .1 : Physiographic map of the NE North A t l a n t i c 
(from B i r c h . 1 9 7 3 ) . and showing the l o c a t i o n of the 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, L, K, M of Browitt (1971)» and 
the p r o f i l e E12 of Ewing and Ewing ( 1 9 5 9 ) . Bathyinetric 
contours a r e i n fathoms. 
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1.2 The North S c o t t i s h C o n t i n e n t a l S h e l f Area -

G e o l o g i c a l D e s c r i p t i o n 

1 . 2 . 1 The Land masses 

The S c o t t i s h mainland can be d i v i d e d i n t o two s t r u c t u r a l 

u n i t s separated by the Caledonian f r o n t which i s marked by 

the Moine and r e l a t e d t h r u s t s ( F i g . 1 . 2 ) . These u n i t s are the 

Caledonian F o r e l a n d l y i n g to the WNW, and the Caledonian 

Orogenic B e l t l y i n g to the E3E. The exposed rocks of these 

two areas a l s o d i f f e r . 

On the Foreland L e w i s i a n rocks outcrop i n rfest S u therland, 

the Cuter Hebrides, North Rona and the S k e r r i e s . S c o u rian 

g r a n u l i t e s occupy the c e n t r a l a r e a of the L e w i s i a n outcrop 

both on the mainland (Watson, 1965) and on the Outer Hebrides 

(Dearnley, 1 9 6 2 ) . To the north and south WNW-ESE tre n d i n g 

b e l t s of banded b i o t i t e g n e i s s e s of L a x f o r d i a n age outcrop 

(Watson, 1 9 6 5 ) . The Scourian g r a n u l i t e s are a meta-igneou3 

assemblage formed by f o l d i n g and metamorphism during the 

Scourian orogeny (2 ,700-2 ,'i50 m y r ago). The L a x f o r d i a n 

assemblages have been d e s c r i b e d as r e m o b i l i s e d Scourian 

m a t e r i a l metamorphosed during the L a x f o r d i a n orogeny ( 1 , 6 0 0 -

1,300 in y r ago) (Watson, 1 9 6 5 ) , and a l t e r n a t i v e l y , as sediments 

d e r i v e d from the Sco u r i a n and metamorphosed only by b u r i a l 

a t a depth of about 20 km. (Holland, p r i v a t e communication)* 

Gn e i s s e s i n NWi-SE t r e n d i n g b e l t s i n the c e n t r a l r e g i on of the 

L e w i s i a n outcrop on the Foreland have been i d e n t i f i e d as the 

remnants of the I n v e r i a n orogeny ( 2 , 2 0 0 - 1 , 9 5 0 m y r ago). 

These are the only dated I n v e r i a n assemblages and so the 

d e t a i l s of t h i s orogeny are obscure. 

The L e w i s i a n basement of the Foreland i s o v e r l a i n w i t h 

strong unconformity by T o r r i d o n i a n sandstone deposited during 



F i g u r e 1 .2 : The geology of northern S c o t l a n d and t h 
c o n t i n e n t a l s h e l f extending to the S h e t l a n d I s l a n d s . 



NASP SHOT POSITIONS ON THE SCOTTISH CONTINENTAL SHELF 

LEWISIAN BASEMENT I — BASEMENT RIDGE 

BASEMENT AT 
SHALLOW DEPTH 

F=77= AREA OF MAJOR 
111=] SEDIMENTARY THICKNESS 

CENTRAL PORTION OF 
SEDIMENTARY BASIN 

INE OLD RED SANDSTONE 
OUTCROP 

A RECORDING STATION 

SHOT POSITION 

s 1 00 
I«L?N1 LINE D KMS 

1 4 L I U 

21 
3 

IGS •17 
•16 GS2 

U*3 •9 
•7 LINE E A B 

GGF 

UL 

AUBL 

ABH AB 

AU \lL 

MH0JV 



t h e l a t e P r e - C a m b r i a n ( J o h n s o n , 1965)* The T o r r i d o n i a n i s 

r e l a t i v e l y undeformed and unmetamorphosed. A l o w e r P a l a e o z o i c 

s e q u e n c e o f q u a r t z i t e s and d o l o m i t e s o f Cambrian and 

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

( W a l t o n , 1965)» and i s p r e s e r v e d a l o n g a n a r r o w b e l t j u s t t o 

t h e w e s t o f t h e Moine t h r u s t . 

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

l a r g e p a r t by o u t c r o p p i n g Moine s c h i s t s . T h e s e s c h i s t s a r e 

t h e r e s u l t o f t h e l a t e S i l u r i a n - e a r l y Devonian metamorphism 

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

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

on t h e F o r e l a n d ( J o h n s o n , 1965). The Moine t h r u s t forms t h e 

boundary between t h e M o i n i a n and T o r r i d o n i a n r o c k s , but t h e 

M o i n i a n r o c k s may have been t r a n s p o r t e d t o t h e f a u l t from t h e 

e a s t . (Watson, 1963)* 
T h e r e i s no e v i d e n c e of D a l r a d i a n r o c k s t o t h e n o r t h 

o f t h e G r e a t G l e n F a u l t but s o u t h o f i t s c h i s t s and g n e i s s e s 

o f D a l r a d i a n age o v e r l i e t h e M o i n i a n i n c e n t r a l S c o t l a n d . 

S i m i l a r r o c k s a l s o compose t h e metamorphic basement e a s t o f 

t h e W a l l s Boundary F a u l t on t h e S h e t l a n d I s l a n d s . M i n e r a l o g i c a l 

d i f f e r e n c e s have l e d t o t h e s e S h e t l a n d metamorphic r o c k s 

b e i n g d i v i d e d i n t o t h r e e s e r i e s ( M i l l e r and F l i n n , I966). 
The E a s t M a i n l a n d S u c c e s s i o n o u t c r o p s on t h e c e n t r a l m a i n l a n d , 

t h e Q u a r f f S u c c e s s i o n t o t h e s o u t h o f t h e W h a l s a y - C l i f t 

D i s l o c a t i o n , and i n t h e n o r t h and on t h e w e s t e r n s i d e s o f 

Y e l l , F e t l a r and U n s t , t h e L u n n a s t i n g S u c c e s s i o n o u t c r o p s . 

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

g r a v i t y and m a g n e t i c f i e l d s ( M c Q u i l l i n and B r o o k s , 1967). 
The Q u a r f f S u c c e s s i o n i s p r o b a b l y a p a r t o f t h e E a s t M a i n l a n d 

S u c c e s s i o n ( M i l l e r and F l i n n , 1966) and t h e s e c o n s i s t o f 



k 

m e t a s e d i m e n t s and metamorphosed i g n e o u s r o c k s s i m i l a r \to 

t h e D a l r a d i a n o f c e n t r a l S c o t l a n d . 

D evonian i g n e o u s a c t i v i t y i n v o l v e d t h e s y n - o r o g e n i c 

i n j e c t i o n and p o s t - t e c t o n i c i n t r u s i o n o f g r a n i t e i n t h e 

M o i n i a n and D a l r a d i a n r o c k s of S u t h e r l a n d , C a i t h n e s s and t h e 

S h e t l a n d I s l a n d s , w i t h e x t r u s i o n s o f l a v a i n t h e S h e t l a n d 

and Orkney I s l a n d s ( F l i n n e t a l , 1968; W i l s o n e t a l , 1935). 

T h i c k d e p o s i t s o f p o s t - o r o g e n i c Old Red S a n d s t o n e 

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

t i m e s . T h e s e d e p o s i t s a r e of i n t r a m o n t a n e t y p e ( M i l l e r and 

F l i n n , 1966) and were p r o b a b l y d e p o s i t e d i n deep t r o u g h s 

a d j a c e n t t o t h e o r o g e n i c b e l t , and e x t e n d i n g from t h e b o r d e r s 

o f t h e Moray F i r t h t h r o u g h C a i t h n e s s , t h e Orkney I s l a n d s , 

F a i r I s l e and F o u l a t o t h e S h e t l a n d I s l a n d s ( W a t e r s t o n , 1965). 

M i d d l e and Upper Old Red S a n d s t o n e d e p o s i t s a r e p r e s e r v e d 

a r o und t h e Moray F i r t h . The Orkney I s l a n d s , w i t h t h e 

e x c e p t i o n n e a r S t r o m n e s s where g r a n i t i c and s c h i s t o s e r o c k s 

o c c u r , and a few l a v a s and d y k e s , c o n s i s t e n t i r e l y o f M i d d l e 

and Upper ( ? ) O l d Red S a n d s t o n e . R e c e n t l y i t has been 

d e m o n s t r a t e d t h a t t h e Hoy S a n d s t o n e i s n o t o f Upper Old lied 

S a n d s t o n e age ( F a n n i n , p r i v a t e c o m m u n i c a t i o n ) . The Hoy 

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

o f M i d d l e O l d Red S a n d s t o n e d e p o s i t s . T h i s l a v a f l o w has 

been d a t e d by t h e K-A.r method a s V T e s t p h a l i a n i n age, w h i c h 

i n d i c a t e s a p o s t - V / e s t p h a l i a n ( P e r m i a n ? ) age f o r t h e Hoy 

S a n d s t o n e . 

M i d d l e Old. Red S a n d s t o n e d e p o s i t s u n c o n f n r m a b l y o v e r l i e 

t h e U u a r f f S u c c e s s i o n along: t h e e a s t c o a s t o f the S h e t l a n d 

m a i n l a n d s o u t h of L e r w i c k . M i d d l e Old Red S a n d s t o n e and 

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

w e s t o f t h e W a l l s Boundary F a u l t a p a r t from a s m a l l a r e a o f 



metamorphic r o c k s a d j a c e n t t o t h e f a u l t ( M i l l e r and F l i n n , 

1966). The W a l l s P e n i n s u l a r i s c o v e r e d by s a n d s t o n e 

d e p o s i t s e x c e p t a l o n g t h e n o r t h e r n c o a s t l i n e where metaniorphic 

r o c k s o u t c r o p . The s a n d s t o n e d e p o s i t s have been i n t e r p r e t e d 

a s o f M i d d l e O l d Red S a n d s t o n e age ( F i n l a y , 1930), but F l i n n e t a l 

(1968) s u g g e s t s t h a t t h e d e p o s i t s a r e not o f t h e O l d Red 

S a n d s t o n e t y p e and may be o f p o s t O l d Red S a n d s t o n e age. 

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

h a s been g i v e n a K-Ar age o f 330 ID y r , so t h e s a n d s t o n e 

d e p o s i t s must be o l d e r t h a n Lower C a r b o n i f e r o u s . 

A l t h o u g h C a l e d o n i a n o r o g e n i c b e l t r o c k s have been 

i d e n t i f i e d on S h e t l a n d t h e t e c t o n i c r e l a t i o n s h i p o f t h e 

I s l a n d w i t h t h e S c o t t i s h m a i n l a n d i s u n r e s o l v e d . The G r e a t 

G l e n F a u l t on t h e b a s i s o f a e r o m a g n e t i c and b a t h y m e t r y 

e v i d e n c e ( F l i n n , 1969; F l i n n , 1970) h a s been s u g g e s t e d t o 

c u r v e n o r t h w a r d s from t h e Moray F i r t h and become t h e W a l l s 

Boundary F a u l t . However, t h i s h a s been c h a l l e n g e d by Dott 

and W a t t s , (1970) on t h e grounds t h a t l i n e a r i t y i s a main 

f e a t u r e o f t r a n s c u r r e n t f a u l t s , and t h e f a i l u r e o f t h e f a u l t 

t o d i s p l a c e t h e metamorphic basement t r a c e d by g r a v i t y 

p r o f i l e s t o t h e n o r t h o f S h e t l a n d . 

M e s o z o i c s e d i m e n t s o u t c r o p i n both s t r u c t u r a l r e g i m e s 

on t h e S c o t t i s h m a i n l a n d but a r e l i m i t e d t o t h e c o a s t a l 

a r e a s . Sandy R h a e t i c beds have been found on M u l l and d a r k 

s h a l e s on A r r a n . J u r a s s i c r o c k s o u t c r o p on t h e e a s t c o a s t 

i7i S u t h e r l a n d and on t h e west a t G r u i n a r d Bay and on t h e 

Hebr.id.es. Along t h e n o r t h - w e s t margin o f t h e Moray F i r t h 

t h e r e i s a d i s c o n t i n u o u s s e q u e n c e of T r i a s t o Kimmeridge. 

M e s o z o i c r o c k s younger t h a n K i m m e r i d g i a n a r e n o t found e a s t 

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

http://Hebr.id.es


i n t h e g l a c i a l d r i f t ( H a l l a i n , 1965). Many s c a t t e r e d minor 

o u t c r o p s o f C r e t a c e o u s s e d i m e n t s o c c u r i n w e s t e r n S c o t l a n d . 

The t h i c k e s t d e p o s i t s a r e found a t Morven where t h e y a r e 

p r e s e r v e d by T e r t i a r y l a v a s . The g e n e r a l l a c k o f M e s o z o i c 

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

was a p p r o x i m a t e l y one l a r g e i s l a n d d u r i n g most o f t h e 

Me s o z o i c ( H a l l a m , 1965)* 

T e r t i a r y s e d i m e n t s a r e a l s o v i r t u a l l y a b s e n t a]Ja r t 

from l o c a l t e r r e s t r i a l a c c u m u l a t i o n s w i t h i n l a v a s e q u e n c e s , 

i n d i c a t i n g t h a t t h e l a n d was a l s o above s e a l e v e l d u r i n g 

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

wes t c o a s t o f S c o t l a n d , t h e F o r e l a n d , d u r i n g t h e T e r t i a r y . 

The a r e a formed p a r t o f t h e T h u l e a n i g n e o u s p r o v i n c e 

e x t e n d i n g from N o r t h e r n I r e l a n d t o G r e e n l a n d ( R i c h e y , 1 9 6 l ) . 

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

f l o w s , m a i n l y b a s i c , o f w h i c h o n l y t h e rem n a n t s a r e now 

p r e s e r v e d . Major i n t r u s i v e c e n t r e s , b a s i c , u l t r a b a s i c a nd 

a c i d i c , were d e v e l o p e d i n S k y e , Rhum, Ardnaniurchan, M u l l 

A r r a n and S t . K i l d a . E x t e n s i v e b a s a l t i c dyke swarms a r e 

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

1.2.2 The C o n t i n e n t a l S h e l f 

The g e o l o g y o f t h e c o n t i n e n t a l s h e l f i s s i m i l a r t o 

t h a t o f t h e a d j a c e n t l a n d a r e a s . C o n t i n u i t y o f t h e Old Red 

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

e x p e c t e d from t h e o u t c r o p p a t t e r n s s e e n on l a n d . Watts (1971) 

h a s shown t h a t t h e g r a v i t y and m a g n e t i c 'low' s e e n on l a n d 

o v e r t h e o u t c r o p p i n g O l d Red S a n d s t o n e a l s o e x t e n d s between 

t h e Orkney and S h e t l a n d I s l a n d s i n d i c a t i n g t h a t t h e s e 

d e p o s i t s a r e c o n t i n u o u s o v e r t h e c o n t i n e n t a l s h e l f . 
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L e w i s i a n metamorphic basement o u t c r o p s t o t h e w e s t o f t h e 

O l d Red S a n d s t o n e d e p o s i t s a l o n g most o f t h e s h e l f . The 

o u t c r o p forms a r i d g e t r e n d i n g NNE-SSW w h i c h h a s been 

d e t a i l e d by g r a v i t y , m a g n e t i c and 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 

( B o t t and W a t t s , 1970; W a t t s , 1971). T h e s e g e o p h y s i c a l 

s u r v e y s a l s o found a s e r i e s o f f a u l t bounded M e s o z o i c b a s i n s 

on t h e s h e l f . They have been i n t e r p r e t e d a s between 2-5 km 

deep and p r o b a b l y c o n t a i n i n g P a l a e o z o i c and/or T o r r i d o n i a n 

s e d i m e n t s a s w e l l a s t h e M e s o z o i c d e p o s i t s . Basement r i d g e s 

a d j o i n i n g t h e s e b a s i n s have been t r a c e d o v e r t h e s h e l f 

( W a t t s , 1971; F l i n n , 1969). B o r e h o l e s sunk by I . G . S . 

( C h e s l i e r , p r i v a t e c o m m u n i c a t i o n ) i n t h e N o r t h Minch, n o r t h 

e a s t o f Cape Wrath, and a d j a c e n t t o N o r t h Rona and t h e 

S k e r r i e s f o und M e s o z o i c s e d i m e n t s i n a l l c o r e s . J u r a s s i c 

s h a l e s and T r i a s s i c New Red S a n d s t o n e d e p o s i t s were 

i d e n t i f i e d . 

The o n l y T e r t i a r y s e d i m e n t s found a r e on and n e a r t h e 

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

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

H e b r i d e a n r e g i o n o f t h e c o n t i n e n t a l s h e l f . I n t r u s i v e 

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

S c o t l a n d . S u c h c e n t r e s a s B l a c k s t o n e Bank have been p r o v e d 

by g e o p h y s i c a l methods ( M c Q u i l l i n e t a l , 1973)• 

S e v e r a l s h o r t r e f r a c t i o n l i n e s have p r e v i o u s l y been 

s h o t on t h e c o n t i n e n t a l s h e l f ( F i g . 1.1) and t h e r e s u l t s o f 

t h e s e were i n t e r p r e t e d by B r o w i t t (1971» 1972) i n t e r m s of 

t h e f o l l o w i n g 1' wave v e l o c i t i e s , r o c k t y p e s and t h i c k n e s s e s : 
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P R O F I L E P VELOCITY 
(km 3~ ') 

LAYER 
THICKNESS (km) ROCK TYPE 

L I N E L 5.89 
( o v e r g r a v i t y 
' h i g h A 1 ) 

REVERSED L I N E S 2.0 
A AND B 
( o v e r g r a v i t y 
• low E 1 ) 2.69/3.59 

5.95 

REVERSED L I N E S 
K AND M 2.65 
( o v e r g r a v i t y 
•low F ' ) 5.25 

0.7 

3.8 

0.10 

1.18 

L e w i s i a n 
metamorphic 
basement 

M e s o z o i c 
s e d i m e n t s 

P e r m o - T r i a s s i c 
s e d i m e n t s 
P a l a e o z o i c 
s e d i m e n t s 
L e w i s i a n 
metamorphic 
basement 

P e r m o - T r i a s s i c 
s e d i m e n t s 
W a l l s O l d Red 
S a n d s t o n e 

1.2.3 The Moray F i r t h 

The Moray F i r t h i s s i t u a t e d on t h e C a l e d o n i a n O r o g e n i c 

B e l t i n t h e r e g i o n o f p o s t - o r o g e n i c i n t r a m o n t a n e O l d Red 

S a n d s t o n e d e p o s i t i o n . The n o r t h - w e s t c o a s t a l m a r g i n o f t h e 

F i r t h i s formed by o u t c r o p p i n g Upper and Middle Old Red 

S a n d s t o n e d e p o s i t s and some M e s o z o i c s e d i m e n t s . S i m i l a r 

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

D a l r a d i a n metamorphics on t h e e a s t e r n p a r t o f t h i s c o a s t l i n e 

( F i g . 1.3). 

The M i d d l e O l d Red S a n d s t o n e d e p o s i t s form a b r o a d 

s y n c l i n e c e n t r e d on t h e B l a c k I s l e and e x t e n d i n g i n a NE-SW 

d i r e c t i o n . The b a s a l group o f s a n d s t o n e s o c c u r i n f a n s w h i c h 

f r i n g e t h e s u r r o u n d i n g metamorphic M o i n i a n and D a l r a d i a n 

r o c k s . T h i s p a t t e r n , and t h e r a p i d l a t e r a l v a r i a t i o n s e e n 

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

p e r i o d o f e a r l y d e p o s i t i o n o f O l d Red S a n d s t o n e t h e Moray 

F i r t h formed a t o p o g r a p h i c b a s i n (Waterstbn, 1965). 



F i g u r e 1.3 : The l a n d g e o l o g y s u r r o u n d i n g t h e Moray F i r t h 



CO 
111 

CO 

UJ CO 
CO CO (0 

CO 
CO 

C9 

U l 

1 u 

9 

I I I 



9. 

A Bouguer anomaly g r a v i t y map o f t h e Moray F i r t h 

c o m p i l e d by IGS ( S u n d e r l a n d , 197") shov.r s a l a r g e g r a v i t y low 

e x t e n d i n g t o t h e n o r t h w e s t i n t o t h e N o r t h S e a . T ' l i s g r a v i t y 

low was a l s o s e e n on an e a r l i e r map p r o d u c e d by C o l l e t t e 

(1960) and i n t e r p r e t e d by him a s c a u s e d by a g r a n i t i c body. 

However, t h e M e s o z o i c s e d i m e n t s on t h e e a s t c o a s t o f S c o t l a n d 

d i p i n g e n e r a l t o w a r d s t h e Moray F i r t h ( H a l l a m , 1965), 

s u g g e s t i n g t h a t t h e F i r t h was a l s o a b a s i n d u r i n g M e s o z o i c 

t i m e s . The g r a v i t y low h a s been i n t e r p r e t e d as c a u s e d by a 

M e s o z o i c b a s i n ( S u n d e r l a n d , 1972) and t h e r e s u l t i n d i c a t e d 

a s e d i m e n t t h i c k n e s s of l e s s t h a n k kin. The p r e s e n c e o f 

P e r m o - T r i a s s i c , J u r a s s i c and C r e t a c e o u s r o c k s h a s s i n c e been 

p r o v e d by d r i l l i n g and s a m p l i n g by IGS ( C h e s h e r e t a l , 

1972). Sediment h o r i z o n s w i t h i n t h e Moray F i r t h b a s i n have 

been i d e n t i f i e d by s e i s m i c r e f l e c t i o n p r o f i l i n g ( B a c o n , 

p r i v a t e c o m m u n i c a t i o n ) . The h o r i z o n s s e e n w e r e : -

The b a s e o f t h e J u r a s s i c was t h e l o w e s t h o r i z o n t o be 

c o n f i d e n t l y i d e n t i f i e d and i s i n t e r p r e t e d a s a t a depth o f 

about 3 km below t h e s e a bed. 

The s e a w a r d e x t e n s i o n o f t h e G r e a t G l e n F a u l t p a s s e s 

p a r a l l e l t o and j u s t o f f t h e n o r t h - w e s t c o a s t a l boundary o f 

t h e Moray F i r t h . ' Normal f a u l t i n g a s s o c i a t e d w i t h t h e G r e a t 

G l e n F a u l t and a f f e c t i n g t h e M e s o z o i c s e d i m e n t s can be s e e n 

on t h e s e i s m i c r e f l e c t i o n r e c o r d s . A r e c e n t i n t e r p r e t a t i o n 

o f t h e G r e a t G l e n F a u l t ( W i n c h e s t e r , 1973) 1 b a s e d on t h e 

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

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

1. I n t e r - l o w e r C r e t a c e o u s 
Base o f t h e l o w e r C r e t a c 
Mid J u r a s s i c 
Base o f t h e J u r a s s i c 
P e r m o - T r i a s s i c ? 

eou s 
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o f 160 km. The f a u l t i s a l s o s e e n t o p o s t d a t e t h e 

emplacement o f C a l e d o n i a n i n t r u s i v e s . 

1.3 The F a e r o e / S h e t l a n d C h a n n e l and C h a n n e l S l o p e s 

1.3.1 The F a e r o e / S h e t l a n d C h a n n e l 

The F a e r o e / S h e t l a n d C h a n n e l i s t h e a r e a o f r e l a t i v e l y -

deep w a t e r l o c a t e d between t h e F a e r o e l'-lateau t o t h e n o r t h 

w e s t , and t h e S c o t t i s h C o n t i n e n t a l S h e l f t o t h e s o u t h - e a s t . 

( F i g . 1.1). 

The c h a n n e l e x t e n d s i n a NNE d i r e c t i o n from t h e W y v i l l e -

Thomson R i s e i n t h e s o u t h t o where i t merges w i t h t h e 

Norwegian S e a n o r t h - e a s t o f t h e S h e t l a n d I s l a n d s . At t h e 

s o u t h e r n boundary t h e c h a n n e l t u r n s t o t h e n o r t h - w e s t where 

i t becomes t h e F a e r o e Bank C h a n n e l s e p a r a t i n g t h e W y v i l l e -

Thorason R i s e from F a e r o e Bank. On merging w i t h t h e 

Norwegian C h a n n e l i n t h e n o r t h t h e c h a n n e l i d e n t i t y i s l o s t 

i n t h e l a r g e a r e a o f deep w a t e r o f f t h e Norwegian s h e l f 

edge. 

The p o s i t i o n o f t h e F a a r o e / S h e t l a n d C h a n n e l i s a p p a r e n t 

on t h e F r e e A i r Anomaly map o f t h e S c o t l a n d t o F a e r o e s r e g i o n . 

The anomaly v a l u e s d e c r e a s e away from t h e F a e r o e P l a t e a u t o 

t h e s o u t h - e a s t , and a l s o away from t h e S c o t t i s h S h e l f t o t h e 

n o r t h - w e s t . Minimum v a l u e s o c c u r o v e r t h e c h a n n e l . A Bouguer 

anomaly map h a s been c a l c u l a t e d f o r t h e a r e a ( W a t t s , 1970). 

T h i s i n d i c a t e s a Bouguer anomaly h i g h , w h i c h i n c r e a s e s t o w a r d s 

t h e n o r t h - e a s t , i s a s s o c i a t e d w i t h t h e c h a n n e l . W a t ts (1970) 

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

S c o t t i s h S h e l f t o t h e F a e r o e P l a t e a u . Assuming t h e 

C o n t i n e n t a l S h e l f c r u s t t o be 27 km t h i c k and 1 km o f s e d i m e n t s 

i n t h e c h a n n e l , a c r u s t a l t h i n n i n g o f 6 km b e n e a t h t h e 

c h a n n e l was found t o e x p l a i n t h e Bouguer anomaly h i g h . T h i s 
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i n t e r p r e t a t i o n was l i m i t e d by l a c k o f e x a c t knowledge o f 

the s e d i m e n t s i n t h e c h a n n e l . 

A more s a t i s f a c t o r y c o n t i n e n t a l r e c o n s t r u c t i o n o f t h e 

N o r t h A t l a n t i c i s o b t a i n e d i f t h e F a e r o e P l a t e a u i s 

c o n s i d e r e d t o be c o n t i n e n t a l a s w e l l a s t h e R o c k a l l P l a t e a u . 

( B o t t and W a t t s , 1971). T h i s s u g g e s t s t h a t t h e F a e r o e / 

S h e t l a n d C h a n n e l i s s i m i l a r t o t h e R o c k a l l T r o u g h a s b o t h 

a r e t h e n deep w a t e r a r e a s s e p a r a t i n g m i c r o c o n t i n e n t a l 

f r a g m e n t s from t h e S c o t t i s h S h e l f . The two a r e a s a r e 

s e p a r a t e d by t h e W y v i l l e - T h o m s o n R i s e w h i c h h a s been 

i n t e r p r e t e d (Himsworth, 1973) a s formed by T e r t i a r y b a s a l t i c 

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

F a e r o e I s l a n d s . A 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 n R o c k a l l 

Trough f a i l e d t o d e t e c t Moho a r r i v a l s ( S c r u t t o n , 1972). 

Upper s e d i m e n t v e l o c i t i e s o f 2.17 kin s -^ " , 3»5 km s-''" and 

3.89 km s ~ ^ were r e c o r d e d and a basement v e l o c i t y o f 4.72 km 

The i n t e r p r e t e d d e p t h t o t h i s basement was a l m o s t 8 km. 

Two o t h e r 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 have been s h o t i n 

R o c k a l l T rough ( E w i n g and Ewing, 1959). T h e s e p r o f i l e s f o u n d 

u n r e v e r s e d v e l o c i t i e s o f 2.65 km s ~ ^ , 3-22 km s ~ ^ and 6.96 

km s - 1 ( p r o f i l e E 1 0 ) , and 2.08 km s " 1 and 4.97 km s - 1 

( p r o f i l e E 11) w i t h s e d i m e n t t h i c k n e s s e s above t h e basement 

o f 2.6 km and 5«4 km r e s p e c t i v e l y . S c r u t t o n (1972), 

combined t h i s d a t a i n a model w i t h 5 km o f se d i m e n t above t h e 

4.7 km s~^~ basement. T h i s model was u s e d i n t h e 

i n t e r p r e t a t i o n o f a g r a v i t y p r o f i l e from t h e H e b r i d e a n S h e l f 

out a c r o s s t h e R o c k a l l T rough and beyond t h e R o c k a l l I ' l a t e a u . 

To m a i n t a i n i s o s t a t i c e q u i l i b r i u m a Moho d e p t h o f 12 km 

was n e c e s s a r y b e n e a t h t h e Trough i n d i c a t i n g an o c e a n i c 

c r u s t a l s t r u c t u r e . 



12. 

1.3*2 P r e v i o u s Work i n t h e F a e r o e / S h e t l a n d C h a n n e l 

The A e r o m a g n e t i c map o f t h e r e g i o n srhows t h a t t h e channe 

i s a r e l a t i v e l y q u i e t zone. M a g n e t i c h i g h s and lows t r e n d i n g 

NNE-SSW a r e p r e s e n t and have been i n t e r p r e t e d by B i d s t o n 

(1970) a s p a r t l y c a u s e d by basement r e l i e f and p a r t l y by 

l a t e r a l c h a n g e s i n t h e m a g n e t i c p r o p e r t i e s . A m a g n e t i c 

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

n o r t h e r n c h a n n e l h a s been i n t e r p r e t e d by power s p e c t r u m 

a n a l y s i s ( H i msworth, 1973)* A s e d i m e n t c o v e r o f 2.3 km was 

d e t e r m i n e d a t a p p r o x i m a t e l y 6l° 20'N, 4° O'W. 

A g r a v i t y p r o f i l e a c r o s s t h e c h a n n e l h a s a l s o been 

i n t e r p r e t e d by Himsworth (1973)• A s e d i m e n t t h i c k n e s s o f 

3 km was assumed and t h e Moho depth c a l c u l a t e d t o be 18 km. 

A s e i s m i c r e f r a c t i o n l i n e h a s been s h o t i n t h e s o u t h o f 

t h e c h a n n e l ( E w i n g and Swing, 1959)• The two s h i p t e c h n i q u e 

was u s e d w i t h one s h i p p o s i t i o n e d where t h e F a e r o e / S h e t l a n d 

C h a n n e l t u r n s t o become t h e F a e r o e Bank C h a n n e l (59 56'N, 

06° 29'W), and t h e o t h e r s h i p p o s i t i o n e d on t h e W y v i l l e -

Thomson R i s e (59° 48'N, 07° 09'W). Sediment v e l o c i t i e s 

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

a p p a r e n t v e l o c i t i e s o f 1.72 km and 2.2,4 1cm s - ^ . Both 

s h i p s r e c o r d e d good basement a r r i v a l s g i v i n g a r e v e r s e d 

v e l o c i t y o f 4.91 km s"^" and t h e r e f r a c t o r was i n t e r p r e t e d t o 

be a t a de p t h o f 1 . 8 l km below t h e s e a f l o o r . 

1.3.3 The F a e r o e / S h e t l a n d C h a n n e l S l o p e s 

I f t h e F a e r o e / S h e t l a n d C h a n n e l i s s i m i l a r t o t h e 

R o c k a l l T rough t h e n t h e s l o p e from t h e S c o t t i s h S h e l f i n t o 

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

c r u s t t r a n s i t i o n z o n e . S i m i l a r l y i f t h e F a e r o e I s l a n d s a r e 

c o n t i n e n t a l i n n a t u r e , t h e n t h e s l o p e from t h e c h a n n e l t o 
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t h e F a e r o e T l a t e a u w o uld a l s o be s u c h a t r a n s i t i o n zone. 

The Bouguer anomaly c h a r t o f t h e S c o t t i s h S h e l f and 

S l o p e c o m p i l e d by Watts (1970) shows t h a t a number o f 

c i r c u l a r g r a v i t y lows o f about 20-30 mgal a m p l i t u d e a r e 

a s s o c i a t e d w i t h t h e s l o p e . As t h i c k a c c u m u l a t i o n s o f 

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

w e s t of B r i t a i n ( S t r i d e e t a l , 19^9) t h e s e g r a v i t y lows 

a r e p r o b a b l y c a u s e d by s u c h a c c u m u l a t i o n s . A Bouguer 

anomaly p r o f i l e a c r o s s a g r a v i t y low h a s been i n t e r p r e t e d 

by W a t t s (1970) and, depending on t h e s e d i m e n t d e n s i t y 

c o n t r a s t u s e d , s e d i m e n t t h i c k n e s s e s o f 3*2 km and 2.3 km 

were d e t e r m i n e d . M a g n e t i c anomaly lows o c c u r w i t h t h e 

g r a v i t y l o w s and t e r m i n a t e s h a r p l y a t t h e s h e l f b r e a k i n s l o p e . 

The t h i n Q u a t e r n a r y s e d i m e n t s on t h e s h e l f c a n be 

t r a c e d by 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 o v e r t h e s l o p e where 

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

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

o f T e r t i a r y / Q u a t e r n a r y s e d i m e n t s o v e r t h e s l o p e s around 

B r i t a i n s u g g e s t i n g , t h a t u n l e s s l o c a l s u b s i d e n c e has o c c u r e d , 

p r e - T e r t i a r y s e d i m e n t s a r e p r e s e n t . 

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 on t h e F a e r o e S h e l f t o t h e 

s o u t h / s o u t h - e a s t of t h e i s l a n d s , show t h a t t h e b a s a l t i c 

basement o u t c r o p s t o a d i s t a n c e o f a p p r o x i m a t e l y k5 km from 

T o r s h a v n , and i s t h e n u n c o n f o r m a b l y o v e r l a i n by s e d i m e n t s 

t h i c k e n i n g towards t h e F a e r o e / S h e t l a n d C h a n n e l ( W a t t s , 1970). 

T h e s e s e d i m e n t s a p p e a r t o be younger t h a n t h e T e r t i a r y l a v a . 

The F r e e A i r Anomaly map o f t h e S c o t l a n d t o I c e l a n d r e g i o n 

c o m p i l e d by Watts (1970) i n d i c a t e s a l o c a l g r a v i t y low of 

about 20 mgal a m p l i t u d e on t h e s o u t h - e a s t F a e r o e S h e l f . 

However, more r e c e n t g r a v i t y measurements ( L e w i s , p r i v a t e 



c o m m u n i c a t i o n ) show t h a t a l o c a l low p r o b a b l y does not e x i s t , 

but i n s t e a d t h e r e g i o n o f low g r a v i t y v a l u e s e x t e n d s t o t h e 

s o u t h - e a s t i n t o t h e F a e r o e / S h e t l a n d C h a n n e l . The low v a l u e s 

on t h e F a e r o e S h e l f have been, i n t e r p r e t e d i n t e r m s of about 

1.5-3 km of s e d i m e n t s o v e r l y i n g t h e l a v a s ( W a t t s , 1970). 

The F a e r o e S h e l f i s a s s o c i a t e d w i t h m a g n e t i c h i g h s 

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

and have a N-S t r e n d . T h e s e a r e p r o b a b l y r e l a t e d t o an 

e x t e n s i o n o f t h e f i s s u r e s y s t e m o f t h e F a e r o e I s l a n d s or t h e 

l a t e r dyke i n s t r u s i o n ( A v e r y e t a l , 1968; W a t t s , 1970). 

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

o v e r t h e c h a n n e l and i t s s l o p e s d u r i n g J u l y and August 1973 

on a Durham U n i v e r s i t y g e o p h y s i c a l c r u i s e , but as y e t no 

r e s u l t s a r e a v a i l a b l e . 

1.k The F a e r o e P l a t e a u 

1.4.1 P o s i t i o n and r e l a t i o n t o R o c k a l l P l a t e a u and t h e 

I c e l a n d - F a e r o e R i d g e 

The F a e r o e P l a t e a u l i e s a t t h e n o r t h - e a s t end o f a r e g i o n 

o f s h a l l o w banks i n t h e N o r t h A t l a n t i c known a s t h e R o c k a l l -

F a e r o e P l a t e a u . The P l a t e a u e x t e n d s from R o c k a l l and I l a t t o n 

Banks i n t h e s o u t h - w e s t t h r o u g h t h e s m a l l e r banks (George 

B l i g h , L o u s y , B i l l B a i l e y , F a e r o e ) t o the F a e r o e P l a t e a u i n 

t h e n o r t h - e a s t ( F i g . 1.1). 

T h e r e i s v e r y good e v i d e n c e t h a t R o c k a l l P l a t e a u i s 

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

h a v e been i n t e r p r e t e d on R o c k a l l Bank and on t h e H a t t o n -

R o c k a l l B a s i n ( S c r u t t o n , 1972). Two main c r u s t a l l a y e r s were 

i d e n t i f i e d on t h e Bank w i t h P wave v e l o c i t i e s o f 6.36 km s""''" 

and 7»02 kin s"''" a t d e p t h s o f about 5 1cm and 15 km r e s p e c t i v e l y . 

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



a s t h e S e y c h e l l e s ( D a v i e s and F r a n c i s , 1964). The Moho was 

i n t e r p r e t e d t o be a t a depth of 31 km w i t h a Pn v e l o c i t y o f 

3.2 km s T h e s e v a l u e s a r e w i t h i n t h e r a n g e s t o be 

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

( H o l d e r and B o t t , 1971; B l u n d e l l and P a r k s , 1969; Agger and 

C a r p e n t e r , 1965). The r e s u l t s from t h e H a t t o n - R o c k a l l B a s i n 

i n d i c a t e d a c r u s t a l t h i c k n e s s of 22 km and a t r u e Pn v e l o c i t y 

o f 8.07 km a""*". A main c r u s t a l l a y e r o f P wave v e l o c i t y 

6.55 km s""*" was i d e n t i f i e d a t about 5 km d e p t h , and t h e r e was 

some e v i d e n c e o f a 7.15 km s ~ ^ r e f r a c t o r w h i c h c o r r e l a t e s 

w e l l w i t h t h e 7.02 km a"^~ r e f r a c t o r o b s e r v e d b e n e a t h R o c k a l l 

Bank. The upper c r u s t a l v e l o c i t i e s o b s e r v e d were t a k e n t o 

i n d i c a t e t r u e s e d i m e n t v e l o c i t i e s o f 2.8 km s~^", and 4.54 

km s ^. By c o m p a r i n g t h i s c r u s t a l s t r u c t u r e w i t h t h a t o f 

o t h e r a r e a s of s u b s i d e d c o n t i n e n t a l c r u s t , s u c h as t h e G u l f 

o f Mexico, S c r u t t o n (1972) i n t e r p r e t s - • t h e c r u s t b e n e a t h t h e 

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

T h e s e c r u s t a l c r o s s s e c t i o n s were u s e d t o compute a F r e e A i r 

g r a v i t y anomaly model o v e r R o c k a l l Bank and t h e H a t t o n -

R o c k a l l B a s i n ( S c r u t t o n , 1972). A good agreement was f o u n d 

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

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

o f t h e R o c k a l l P l a t e a u i n d i c a t e s t h a t i t i s u n d e r l a i n by 

c o n t i n e n t a l m a t e r i a l . The i s l e t o f R o c k a l l c o n s i s t s o f l o w e r 

E o c e n e a e g i r i n e g r a n i t e and i s p r o b a b l y p a r t o f a T e r t i a r y 

i n t r u s i v e c e n t r e s i m i l a r t o t h o s e on t h e S c o t t i s h C o n t i n e n t a l 

S h e l f ( R o b e r t s , 1969)* An i s o t o p i c s t u d y o f t h i s g r a n i t e 

(Moorbath and Welks, 1969) i n d i c a t e d t h a t i t had p r o b a b l y 

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

d u r i n g i n t r u s i o n . The l e a d i s o t o p e c o n t e n t s a r e s i m i l a r t o 
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those of Skye l a v a s which are considered to have r i s e n 

through L e w i s i a n c r u s t . 

G r a n u l i t e cobbles with a s i m i l a r m ineral assemblage 

to t h a t of the L e w i s i a n found i n the Outer Hebrides have been 

dredged from the south of Roclcall Bank (Roberts et a l , 1 9 7 2 ) . 

Photographic and p a l a e o n t o l o g i c a l evidence i s taken to 

i n d i c a t e a l o c a l provenance. 

S o l i d rock outcrops on the p l a t e a u have been d r i l l e d 

at two s i t e s (Roberts et a l , 1973)* The cores i n v e s t i g a t e d 

contained g r a n u l i t e f a c i e s metamorphic rocks showing some 

secondary a l t e r a t i o n to hornblende. Radiometric age 

determinations gave a date for the hornblende of 1,566^ 33 m y r , 

and f o r the whole rock of 1 ,670* 24 m y r . These d r i l l samples 

were very s i m i l a r to the cobbles dredged nearby and so confirm 

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

T h i s evidence of Preeambrian L e w i s i a n type metamorphic 

r o c k s forming a t l e a s t p a r t of the p l a t e a u , together w i t h the 

ge o p h y s i c a l r e s u l t s , i s taken to prove the c o n t i n e n t a l 

nature of the u n d e r l y i n g m a t e r i a l . T h e r e f o r e , R o c k a l l 

P l a t e a u should be in c l u d e d i n any c o n t i n e n t a l r e c o n s t r u c t i o n 

of the North A t l a n t i c . B u l l a r d et a l (196?) used the 500 

fathom bathymetric contour as the c o n t i n e n t a l boundary f o r 

t h e i r f i t of the co n t i n e n t s around the North A t l a n t i c . The 

f i t was poor i n th a t t h e r e was some overlap to the north and 

north-west of Sc o t l a n d , but to the west of S c o t l a n d a gap 

was l e f t which was f i l l e d by r e t a i n i n g Llockall P l a t e a u as 

c o n t i n e n t a l . T h i s f i t was improved on by Bott and Watts 

(1971) by matching the edge of the Greenland C o n t i n e n t a l 

S h e l f to the western edge of the combined R o c k a l l - F a e r o e 

P l a t e a u . T h i s i s i n d i r e c t evidence f o r a c o n t i n e n t a l c r u s t 
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beneath the Faeroe I s l a n d s . 

E s t i m a t e s of c r u s t a l t h i c k n e s s beneath some of the 

sm a l l e r banks have been obtained by g r a v i t y i n t e r p r e t a t i o n s 

(Hirasworth, 1 9 7 3 ) . A g r a v i t y p r o f i l e c r o s s i n g from the 

Hebridean S h e l f onto George Dligh Dank has been i n t e r p r e t e d 

to i n d i c a t e a c r u s t a l t h i c k n e s s beneath the Bank of up t o 

25 km. Another p r o f i l e extending from George D l i g h Bank onto 

B i l l B a i l e y Bank i n d i c a t e s a s i m i l a r c r u s t a l t h i c k n e s s , 25-28 km, 

beneath B i l l B a i l e y Bank. The Free A i r Anomaly observed 

over Faeroe Bank (55 mgal) i s the same as t h a t measured over 

the p r evious two Banks and so Faeroe Bank probably has a 

s i m i l a r c r u s t a l t h i c k n e s s . These c r u s t a l t h i c k n e s s e s are 

too l a r g e to e x p l a i n the Banks i n terms of seamounts and 

i n d i c a t e a c o n t i n e n t a l c r u s t beneath them. A g r a v i t y 

i n t e r p r e t a t i o n along a l i n e running E-W between George 

B l i g h and B i l l B a i l e y Banks ( L e w i s , p r i v a t e communication) 

a l s o i n d i c a t e s a c r u s t a l t h i c k n e s s of 25 km suggesting that 

the a r e a s between the Banks may a l s o be u n d e r l a i n by 

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

The Faeroe I s l a n d s a l s o l i e at the south-east end of the 

Ic e l a n d - F a e r o e Ridge, which has been i n t e r p r e t e d (Bott et a l , 

1971; Bott, 1973) as u n d e r l a i n by anomalous I c e l a n d i c type 

oceanic c r u s t . G r a v i t y p r o f i l e s show t h a t the Bouguer anomaly 

drops s t e e p l y a c r o s s the bathymetric s c a r p s e p a r a t i n g the 

Faeroe I s l a n d s from the Ridge. The l i m i t i n g depth c r i t e r i o n 

of Bancroft ( I96O) has been a p p l i e d to the g r a v i t y r e s u l t s 

(Bott et a l , 1971) and i n d i c a t e s t h a t the depth to the top of 

the anomalous body cannot be g r e a t e r than ' l - l ' t km. R e f r a c t i o n 

r e s u l t s from the Ridge (Bott et a l , 1971) show that the Moho 

i s deeper than l't km and so much of the anomaly must be 
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caused by a l a t e r a l d e n s i t y v a r i a t i o n w i t h i n the c r u s t . The 

lo.ver d e n s i t y c r u s t n e c e s s a r y beneath the I s l a n d s suggests 

t h a t they could be u n d e r l a i n by c o n t i n e n t a l m a t e r i a l . 

1.4.2 The Faeroe I s l a n d s 

The Faeroe I s l a n d s form the emergent p a r t of the Faeroe 

P l a t e a u and c o n s i s t almost e n t i r e l y of f l a t l y i n g e a r l y 

T e r t i a r y p l a t e a u b a s a l t i c l a v a s w i t h v o l c a n i c s h a l e s and 

agglomerates. Three s e r i e s are recognised (Rasmussen and Noe-

Nygaard, 1970), the lower, middle and upper s e r i e s * The 

lower s e r i e s i s separated from the middle s e r i e s by a c o a l 

b e a r i ng sl-.ale sequence up to 15 m t h i c k . Another break i n 

vulcanism s e p a r a t e s the middle from the upper s e r i e s . A l l 

thre e s e r i e s have been r a d i o m e t r i c a l l y dated ( T a r l i n g and 

Gale, 1968) as probably between 50-60 m y r o l d . The b a s a l t s 

were probably extruded from NW-SE tre n d i n g s u b - a e r i a l 

f i s s u r e s and s h i e l d volcanoes, and were followed by the 

i n t r u s i o n of s i l l s and dykes (Noe-Nygaard, 1962). F i n a l l y 

the l a v a s were warped i n t o a ge n t l e NE-SW tr e n d i n g a n t i c l i n e . 

The r e s u l t s of a r e f r a c t i o n survey on the I s l a n d s 

(Palmason, I965) i n d i c a t e d upper l a y e r F wave v e l o c i t i e s of 

3.9 kra s""'" and 4.9 km s ~ ^ . These v e l o c i t i e s were c o r r e l a t e d 

w i t h the upper s e r i e s and middle and lower s e r i e s 

r e s p e c t i v e l y . At g r e a t e r ranges the a r r i v a l s were i n t e r p r e t e d 

as i n d i c a t i n g a r e v e r s e d basement v e l o c i t y of 6.4 km s"^" 

beneath a v a r i a b l e l a v a cover (2.5-4.5 km). T h i s suggested 

t h a t the c r u s t a l s t r u c t u r e was s i m i l a r to t h a t found beneath 

I c e l a n d (Palmason, 1970). However, a more r e c e n t r e f r a c t i o n 

experiment on the I s l a n d s (Casten, 1973) found an unreversed 

baseirent v e l o c i t y of 5*9 km s T h i s i s i n agreement w i t h 

normal c o n t i n e n t a l c r u s t v e l o c i t i e s . 
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1 .5 The Aim3 of NASP 

The experiment was designed to determine the v a r i a t i o n s 

i n c r u s t a l and upper mantle s t r u c t u r e s from the S c o t t i s h 

C o n t i n e n t a l S h e l f out to I c e l a n d . T h i s t h e s i s i s concerned 

w i t h the south-east p a r t of the experiment, and the r e s u l t s 

along the Ic e l a n d - F a e r o e Hidge are not d e a l t w i t h . 

There have been s e v e r a l r e f r a c t i o n i n v e s t i g a t i o n s of 

c r u s t a l s t r u c t u r e around the B r i t i s h I s l e s (Agger arid 

Carpenter, 1965i Baniford and B l u n d e l l , 1970; B l u n d e l l and 

Park s , 1969; Holder and Bott, 1971) but none on the northern 

c o n t i n e n t a l margin. The nature of the c r u s t i n t h i s r e g i o n 

and any d i f f e r e n c e s between the Caledonian Foreland, and 

Orogenic B e l t were unknown. Large s c a l e g r a v i t y f e a t u r e s 

have been e s t a b l i s h e d on the s h e l f (Bott and Watts, 1971; 

Watts, 1970) and i n t e r p r e t e d i n terms of metamorphic 

basement outcrops and sedimentary b a s i n s . However, t h e r e was 

no information on the lower c r u s t a l s t r u c t u r e a'idany Moho 

v a r i a t i o n beneath these f e a t u r e s . S i m i l a r l y the Moray F i r t h 

r e g i o n has been i n t e r p r e t e d as a Mesozoic sedimentary b a s i n 

(Sunderland, 1972) and the nature of the Moho beneath t h i s 

b a s i n was a l s o unknown. The Moho topography beneath these 

f e a t u r e s should help determine t h e i r o r i g i n . 

The c r u s t a l s t r u c t u r e beneath both the Faeroe I-lateau 

and the Faeroe/Shetlanc3 Channel i s of c o n s i d e r a b l e importance 

to the h i s t o r y of the e v o l u t i o n of the NE North A t l a n t i c . 

I t has been p o s t u l a t e d by Talwani and Eldholm (1972) t h a t an 

escarpment, the Faeroe/Sh=tland excarpment, runs approximately 

do\m the western s i d e of the Faeroe/Shetland Channel, and 

marks the p o s i t i o n of the T e r t i a r y opening of the southern 

Norwegian Sea. T h i s escarpment was i d e n t i f i e d mainly by 
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bathymetric and s e i s m i c r e f l e c t i o n data and c o r r e l a t e d with 

the Voring 1 l a t e a u escarpment i d e n t i f i e d f u r t h e r to the 

north (Talwani and Eldholm, 1 9 7 2 ) . The Voring P l a t e a u 

escarpment was determined as marking the t r a n s i t i o n from 

t h i n sediments to the west of the escarpment to a r e g i o n of 

t h i c k e r sediments, i n t e r p r e t e d as those of a marginal b a s i n , 

to the e a s t . A t r a n s i t i o n from high amplitude magnetic 

anomalies to the west to a magnetic quiet zone i n the east 

i s a l s o marked by the escarpment. The l a r g e amplitude 

anomalies were i n t e r p r e t e d as t y p i c a l of oceanic c r u s t 

( Talwani and Eldholm, 1972) and the quiet zone as caused by 

subsided c o n t i n e n t a l c r u s t beneath a s u b s t a n t i a l t h i c k n e s s of 

sediments. However, l a c k of data i n the Faeroe/Shetland 

Channel prevented any determination of sediment t h i c k n e s s to 

the e a s t of the Faeroe/Shetland escarpment, and the magnetic 

anomaly v a r i a t i o n over the escarpment was not very c l e a r . 

T h i s was a t t r i b u t e d to a g r e a t e r depth of b u r i a l , but Ta l w a n i 

and Eldholm, (1972) admitted t h a t the evidence f o r the 

Faeroe/Shetland escarpment ( i n t e r p r e t e d as the p o s i t i o n of 

the T e r t i a r y c o n t i n e n t a l s p l i t ) was l e s s strong than f o r the 

Voring P l a t e a u escarpment. 

Bott and Watts (1971) obtained a b e t t e r f i t of the 

co n t i n e n t s around the Worth A t l a n t i c by matching the c o a s t l i n e 

of Greenland to the western margin of the R o c k a l l - F a e r o e 

P l a t e a u , suggesting, i n c o n t r a s t to the previous h y p o t h e s i s , 

t h a t the Faeroe P l a t e a u i s u n d e r l a i n by c o n t i n e n t a l m a t e r i a l . 

S i m i l a r l y , an i n t e r p r e t a t i o n of a g r a v i t y p r o f i l e extending 

from the Ic e l a n d - F a e r o e Ridge onto the Faeroe P l a t e a u (Bott 

et a l , 1971) i n d i c a t e s a d i f f e r e n c e i n the c r u s t a l s t r u c t u r e 

beneath the two re g i o n s and suggests t h a t the c r u s t beneath 
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the Faeroes may be c o n t i n e n t a l . However, a s e i s m i c 

r e f r a c t i o n experiment on the Faeroe I s l a n d s (Palnason, 

1965) found evidence of an upper c r u s t a l s t r u c t u r e s i m i l a r 

to t h a t beneath I c e l a n d . The problem of the nature of the 

c r u s t beneath the Faeroe 1 l a t e a u remained unresolved and 

r e f r a c t i o n data on the c r u s t a l v e l o c i t y s t r u c t u r e and t h i c k n e s s 

was r e q u i r e d . 

G r a v i t y i n t e r p r e t a t i o n s a c r o s s the Faeroe/Shetland 

Channel have found c r u s t a l t h i c k n e s s e s of 21 lcm (Watts, 

1970) and 18 km (Himsworth, 1973)• These i n t e r p r e t a t i o n s , 

although l i m i t e d by l a c k of exact knowledge of the sediment 

s t r u c t u r e , suggest t h a t the channel i s not u n d e r l a i n by 

subsided c o n t i n e n t a l c r u s t as was i n t e r p r e t e d by Talwani 

and Eldholm, 1972). Seismic r e f r a c t i o n r e s u l t s were 

r e q u i r e d to determine which, i f e i t h e r , of the two d i f f e r i n g 

i n t e r p r e t a t i o n s was c o r r e c t . 

The western boundary of the Faeroe/Shetland Channel 

may r e p r e s e n t a c o n t i n e n t a l c r u s t - oceanic c r u s t t r a n s i t i o n 

zone (Talwani and Eldholm, 1972) or a l t e r n a t i v e l y i f the 

channel i s u n d e r l a i n by oceanic c r u s t , the two channel 

sl o p e s could both l i e over such a t r a n s i t i o n zone. Two of 

the shot l i n e s of NASP ( l i n e s B and C) were designed to 

c r o s s these slope boundaries and t h e r e f o r e perhaps provide 

an i n t e r p r e t a t i o n of the Moho v a r i a t i o n over a c o n t i n e n t a l 

c r u s t - o c e a n i c c r u s t t r a n s i t i o n zone. 



22. 

CHAPTER 2 

The North A t l a n t i c Seismic P r o j e c t - d e s c r i p t i o n and data 

c o l l e c t i o n and r e d u c t i o n 

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

The North A t l a n t i c Seismic P r o j e c t (NASP) took p l a c e 

between J u l y 7th and August 4th, 1972 and i n v o l v e d f i r i n g 

e x p l o s i v e charges at sea from the shooting ship MV Hawthorn. 

The shots were f i r e d along l i n e s between Scotland and I c e l a n d . 

R e c e i v i n g s t a t i o n s were s i t u a t e d on the S c o t t i s h mainland and 

nearby i s l a n d s , and a l s o on the Faeroe I s l a n d s and I c e l a n d . 

Two r e c e i v i n g ship s t a t i o n s , operated from MV Miranda and the 

S o v i e t r e s e a r c h v e s s e l M i k a i l Lomonosov, recorded on some of 

the shot l i n e s . The s h o t - r e c e i v i n g s t a t i o n c o n f i g u r a t i o n i s 

shown i n F i g u r e 2.1. 

The m a j o r i t y of the shots on l i n e A which extended from 

I c e l a n d to the Faeroe I s l a n d s are not d e a l t with i n t h i s t h e s i s . 

Only shots A1-A6 which were co n s i d e r e d to l i e over the Faeroe 

P l a t e a u have been i n c l u d e d . S i m i l a r l y l i n e F a c r o s s the North 

Minch i s not d i s c u s s e d . L i n e s B and C were shot from the 

Faeroe I s l a n d s a c r o s s the Faeroe/Shetland Channel to the 

S c o t t i s h c o n t i n e n t a l s h e l f , with l i n e B t e r m i n a t i n g at the 

southern e xtremity of the Shetland I s l a n d s and l i n e C at Cape 

Wrath. L i n e CB was a r e v e r s e d l i n e shot along the length of 

the Faeroe/Shetland Channel, f i r s t l y to the n o r t h - e a s t ( l i n e CB) 

and then to the south-west ( l i n e BC). The l i n e along the 

S c o t t i s h c o n t i n e n t a l s h e l f , l i n e D, was shot from the Walls 

p e n i n s u l a r on Shetland to Cape Wrath. L i n e E a l s o over the 

c o n t i n e n t a l s h e l f , was shot a c r o s s the Moray F i r t h . 



F i g u r e 2.1 : The North A t l a n t i c S e ismic P r o j e c t (NASP) 
s h o t - r e c e i v i n g s t a t i o n c o n f i g u r a t i o n f o r the p a r t of the 
p r o j e c t c o n s i d e r e d i n t h i s t h e s i s . 
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2.2 Experimental Procedure 

A l l s h ots were f i r e d from the shooting ship MV Hawthorn, 

which was operated by Durham U n i v e r s i t y personnel under the 

s u p e r v i s i o n of the s e n i o r s c i e n t i s t , Dr. J . Sunderland. The 

charges c o n s i s t e d of geophex e x p l o s i v e v a r y i n g i n s i z e from 

25-l|200 l b s . 301b. boxes of geophex were banded together 

w i t h s t e e l or p l a s t i c banding tape to make up the l a r g e r 

charges. Slow burning f u s e s were used to detonate the charges, 

4-6 foot lengths being used f o r the 300 l b . charges, and 6-9 

foot l e n g t h s f o r the 600 l b . charges. I n the shallow water 

areas around the S c o t t i s h s h e l f and the Faeroe T l a t e a u the 

shots were f i r e d on the sea bed and i n deeper water at c l o s e 

to the optimum depth. Marker f l o a t s were attached to a l l 

charges dropped w i t h i n 12 n a u t i c a l m i l e s of the c o a s t . A t o t a l 

of 274 shots were f i r e d on these l i n e s of which only 16 m i s f i r e d . 

The shot f i r i n g procedure on MV Hawthorn commenced w i t h 

a f i v e minute warning then a two minute warning followed by 

the announcement of shot drop t r a n s m i t t e d by r a d i o to the 

r e c e i v i n g s t a t i o n s . At the time of shot drop p o s i t i o n f i x e s 

were taken and a stop-watch s t a r t e d to r e c o r d the t r a v e l time 

of the water wave from shot to s h i p . The onset of the water 

wave was r e c e i v e d at Hawthorn by a h u l l mounted geophone and 

recorded both on magnetic tape and an u l t r a v i o l e t paper 

r e c o r d e r . I n a d d i t i o n to the output of the geophone the outputs 

of a time encoder and a r a d i o r e c e i v e r tuned to MSF Rugby were 

a l s o recorded. An announcement of the shot detonation was 

broadcast to the r e c e i v i n g s t a t i o n s and, f i n a l l y , the expected 

time of the next shot. The t r a n s m i s s i o n s then ended and both 

r e c o r d e r s on Hawthorn were switched o f f . The magnetic tape 

Recorder was r e s t a r t e d j u s t before the f i r s t warning announcement 
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and a l l broadcasts were recorded on a v o i c e channel on the 

tape. The u l t r a v i o l e t r e c o r d e r was only used f o r the short 

p e r i o d of shot a r r i v a l s at the s h i p . At r e g u l a r i n t e r v a l s 

throughout the shooting programme the time encoder output was 

recorded with MSF Rugby on magnetic tape i n order t o determine 

any d r i f t of the encoder so t h a t absolute time could s t i l l be 

obtained when MSF was not a v a i l a b l e . The output of the time 

encoder was a l s o p e r i o d i c a l l y t r a n s m i t t e d so t h a t any r e c e i v i n g 

s t a t i o n s unable to o b t a i n MSF could c a l i b r a t e t h e i r timing 

system a g a i n s t t h a t of the shooting s h i p . 

2.3 The R e c e i v i n g S t a t i o n s 

A l l the r e c e i v i n g s t a t i o n s apart from the S o v i e t v e s s e l 

Lomonosov employed frequency modulated magnetic tape r e c o r d i n g . 

Absolute r a d i o time, e i t h e r MSF or WWV, was r e c e i v e d at a l l 

s t a t i o n s and i n a d d i t i o n most had a time encoder which was 

r e g u l a r l y c a l i b r a t e d a g a i n s t r a d i o time. Most of the lan d 

r e c e i v i n g s t a t i o n s recorded c o n t i n u o u s l y throughout the p r o j e c t 

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

throughout each day's shooting. 

F i v e l a n d r e c e i v i n g s t a t i o n s were provided and operated 

by Durham U n i v e r s i t y under the s u p e r v i s i o n of Dr. R.E. Long. 

Each s t a t i o n c o n s i s t e d of a t h r e e component s e t of Willmore 

MK I (1Hz) seismometers and a s m a l l p o r t a b l e r e c o r d i n g system 

(Long, 1974). The r e c o r d i n g system comprises a t h r e e channel 

a m p l i f i e r and frequency modulator u n i t , a d i g i t a l c l o c k , and a 

tape r e c o r d e r u n i t . E i g h t t r a c k -J" magnetic tape was used to 

r e c o r d the output of the t h r e e instruments, encoded time from 

the d i g i t a l c l o c k , r a d i o time from MSF Rugby or WWV, and a 

standard frequency used f o r f l u t t e r compensation. A r e c o r d i n g 

speed of 0.1"/sec was used which allowed up to 3 days 
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continuous r e c o r d i n g on a s i n g l e 7" tape r e e l . The amplitude 

response f u n c t i o n of the system i s f l a t up to about 20 Hz, 

apart from at high gains when a f i l t e r i s introduced to l i m i t 

the bandwidth to a range expected f o r d i s t a n t events, and 

t h e r e f o r e , i n c r e a s e the e f f e c t i v e dynamic range. One of the 

f i v e s t a t i o n s was s i t u a t e d on I c e l a n d but i s not d i s c u s s e d 

here as i t r e c e i v e d no a r r i v a l s from the shots i n the S c o t l a n d -

Faeroe r e g i o n . The other s t a t i o n s were:-

1. DU1 s i t u a t e d a t Esha Ness on the Shetland I s l a n d s (60° 

29«7^'N, 1° 34.14'W). The seismometers were p l a c e d i n a 

shal l o w peat p i t on a concrete base l a i d on the e x t r u s i v e 

r h y o l i t e l a v a basement of Old Red Sandstone age. 

2. DU2 s i t u a t e d a t C h a i r of Lyde on the Orkney mainland 

(59° 03.02'N, 3° 06.67*W). The seismometers were p l a c e d on 

Rousay f l a g s of the Middle Old Red Sandstone. 

3. DU3 s i t u a t e d at T o r r i n on the I s l e of Skye (57° 12.67'N, 

6° 00.^9'W). The seismometers were p l a c e d on the g r a n i t e 

i n t r u s i o n forming p a r t of the Skye i n t r u s i v e complex. 

k , DU'i s i t u a t e d near the southern t i p of Streymoy i n the 

Faeroe I s l a n d s (6l° 59.89'N, 6° 47.96'W). The seismometers 

were p l a c e d on the upper s e r i e s T e r t i a r y b a s a l t l a v a * 

At each of these s t a t i o n s there was one v e r t i c a l and two 

h o r i z o n t a l seismometers, one a l i g n e d north-south and the other 

a l i g n e d e a s t - w e s t . 

The IGS Global Seismology U n i t provided and operated 

three land r e c e i v i n g s t a t i o n s under the s u p e r v i s i o n of 

Or. D. Jacob. Each s t a t i o n employed Willmore MK I I (1Hz) 

seismometers and a l l r e c o r d i n g was on 2*1 t r a c k magnetic tape. 

The output of a time encoder, r a d i o time, and a standard 

frequency used f o r f l u t t e r compensation were a l s o recorded. 
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The s t a t i o n s occupied were:-

1. IGS1 s i t u a t e d at Cape Wrath ( 5 8 0 37.45'N, 4 ° 59.77'W). 

A three component s e t of one v e r t i c a l and two h o r i z o n t a l 

instruments w i t h one h o r i z o n t a l seismometer a l i g n e d north-south 

and the other east-west, together with two o u t l y i n g v e r t i c a l 

seismometers approximately 1 km each away from the ce n t r e p o i n t . 

These were a l l placed on outcropping L e w i s i a n g n e i s s . 

2. IGS2 s i t u a t e d on the Butt of Lewis ( 5 8 ° 27.32'N, 6 ° 

13»24'W). T h i s s t a t i o n had only one v e r t i c a l seismometer 

again p o s i t i o n e d on the L e w i s i a n nietamorphic basement. The 

instrument was i n l i n e of s i g h t and r a d i o l i n k e d to s t a t i o n 

IGS1, the output of the seismometer being t r a n s m i t t e d t o the 

r e c o r d i n g system a t Cape Wrath. 

3. IGS3 s i t u a t e d on the southern t i p of Ardnamurchan 

( 56° 41.18'N, 6 ° 8.21'W). A t h r e e component s e t a l i g n e d 

s i m i l a r l y to t h a t at s t a t i o n IGS1 was pl a c e d on J u r a s s i c 

sandstones and limestones a d j a c e n t to the T e r t i a r y b a s a l t i c 

l a v a a s s o c i a t e d w i t h the Ardnamurchan i n t r u s i v e complex. 

I n a d d i t i o n to these temporary IGS s t a t i o n s , a l l the 

magnetic tapes recorded during NASF a t the Lownet a r r a y 

s t a t i o n (Crampin, 1970) were made a v a i l a b l e f o r p r o c e s s i n g . 

The UKAEA Seismology Unit under the d i r e c t i o n of 

Dr. I I . T h i r l away provided a seismometer a r r a y s t a t i o n which was 

operated by Durham U n i v e r s i t y p e r s o n n e l . The s t a t i o n was 

s i t u a t e d near Walls on the Shet l a n d I s l a n d s ( 6 0 ° 15.03'N, 

1° 34.79'W). Eleven Willmore MK I I ( l l l z ) seismometers were 

p l a c e d i n p i t s i n a c r o s s p a t t e r n , the arms of the c r o s s 

being a l i g n e d approximately north-south ( 345° t r u e ) and e a s t -

west ( 7 7 ° t r u e ) r e s p e c t i v e l y . ( F i g . 2 . 2 ) . The p i t s were 

prepared s e v e r a l months before the p r o j e c t and were dug down 



F i g u r e 2.2 : The UKAEA a r r a y s t a t i o n l o c a t e d on the 
Shetland mainland. 
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t h r o u g h a few f e e t o f p e a t c o v e r t o t h e W a l l s O l d Red Sand

s t o n e basement. Bach p i t had a c o n c r e t e b a s e and, a p a r t from 

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

t u b e c o v e r e d a t t h e s u r f a c e i n an a t t e m p t t o k e e p t h e p i t 

w a t e r - t i g h t . A l l t h e s e i s m o m e t e r s were l i n k e d by c a b l e t o a 

c e n t r a l r e c o r d i n g c a r a v a n l o c a t e d a t t h e f o o t o f t h e n o r t h -

s o u t h arm o f t h e a r r a y . The a v a i l a b l e c a b l e l i m i t e d t h e s i z e 

o f t h e a r r a y and i t was j u s t p o s s i b l e t o o b t a i n an a p e r t u r e 

o f 1 km. The c e n t r e p o i n t p i t c o n t a i n e d t h r e e s e i s m o m e t e r s , 

one v e r t i c a l and two h o r i z o n t a l , w i t h one h o r i z o n t a l a l i g n e d 

n o r t h - s o u t h and t h e o t h e r e a s t - w e s t . A l l t h e o t h e r p i t s 

c o n t a i n e d o n l y one v e r t i c a l s e i s m o m e t e r . E a c h arm o f t h e 

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

o f 200m. 

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

p i t a d j a c e n t t o t h e s e i s m o m e t e r . The output o f t h e a m p l i f i e r 

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

i n t o a s e c o n d o r main a m p l i f i e r w i t h f i n e r g a i n c o n t r o l . The 

o u t p u t s o f t h e s e a m p l i f i e r s were f r e q u e n c y modulated and 

r e c o r d e d on 24 t r a c k m a g n e t i c t a p e . I n a d d i t i o n t o t h e o u t p u t 

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

e n c o d e r and two s t a n d a r d f r e q u e n c i e s u s e d f o r f l u t t e r and wow 

c o m p e n s a t i o n were a l s o r e c o r d e d . T h i s l e f t n i n e t r a c k s 

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

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

t h r o u g h a f r e q u e n c y f i l t e r . U n f o r t u n a t e l y , t h e s e f i l t e r s h ad 

f i x e d p a s s bands and none was s u i t a b l e f o r r e c o r d i n g t h e 

s e i s m i c a r r i v a l s . A l o w e r p a s s band o f 2-4 Hz was a v a i l a b l e 

o r a h i g h e r p a s s band o f 4 - l 6 Hz but t h e f r e q u e n c y o f t h e 

o n s e t was e s t i m a t e d t o be a p p r o x i m a t e l y 4 Hz. The 4-16 Hz p a s s 
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band was u s e d . A 16 c h a n n e l j e t pen r e c o r d e r was u s e d t o 

m o n i t o r t h e a r r i v a l w a v e t r a i n f o r ea c h s h o t . No r e p l a y head 

was a v a i l a b l e on t h e t a p e r e c o r d e r and so no m o n i t o r i n g o f 

t h e r e c o r d e d s i g n a l c o u l d be p e r f o r m e d . The s i g n a l ' o u t p u t o f 

t h e a m p l i f i e r was s e n t t o t h e t a p e r e c o r d e r , a f r e q u e n c y f i l t e r 

and t h e j e t pen m o n i t o r , by means o f a s w i t c h i n g m a t r i x 

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

R e c o r d i n g s t a t i o n s were a l s o p r o v i d e d and o p e r a t e d on 

t h e S c o t t i s h M a i n l a n d by t h e U n i v e r s i t i e s o f Aberdeen, 

L a n c a s t e r and. B i r m i n g h a m / L e i c e s t e r , and on t h e n o r t h e r n c o a s t 

o f I r e l a n d by t h e D u b l i n I n s t i t u t e o f Advanced S t u d i e s . The 

i n d i v i d u a l , s t a t i o n s o c c u p i e d were: -

1. UAB p r o v i d e d by Aberdeen U n i v e r s i t y under t h e s u p e r v i s i o n 

o f Dr. A s h c r o f t , and s i t u a t e d n e a r L a i r g (58° 4.33'N, k° 

'42,0'W) . F i v e v e r t i c a l component (2 Hz) s e i s m o m e t e r s a r r a n g e d 

i n a c l u s t e r were p o s i t i o n e d on o u t c r o p p i n g s i l i c e o u s Moine 

g r a n u l i t e s . The o u t p u t s o f t h e i n s t r u m e n t s were a m p l i f i e d , 

f r e q u e n c y m o d u l a t e d and r e c o r d e d on e i g h t t r a c k m a g n e t i c t a p e 

t o g e t h e r w i t h r a d i o t i m e (MSF Rugby) and a s t a n d a r d r e f e r e n c e 

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

15/16" p e r s e c o n d was u s e d . The r a d i o b r o a d c a s t s from t h e 

s h o o t i n g s h i p , MV Hawthorn, were r e c e i v e d from a s f a r out a s 

I c e l a n d , and t h e t a p e r e c o r d e r was o n l y s w i t c h e d on a t the time 

o f e a c h s h o t drop. 

2. ULA p r o v i d e d by L a n c a s t e r U n i v e r s i t y u n d e r t h e s u p e r v i s i o n 

o f Dr. H L u n d e l l , and s i t u a t e d n e a r Bonar B r i d g e (57° ll5.27 'N, 

k° 22.^5'W). A t h r e e component s e t o f Geospace HS 10 (2 Hz) 

s e i s m o m e t e r s were s i t u a t e d on s i l i c e o u s s c h i s t s and g r a n u l i t e s 

o f t h e M o i n i a n . One o f t h e s e i s m o m e t e r s was a l i g n e d v e r t i c a l l y 

and t h e o t h e r two h o r i z o n t a l l y , one n o r t h - s o u t h and t h e s e c o n d 
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e a s t - w e s t . A f t e r a m p l i f y i n g and f r e q u e n c y m o d u l a t i n g t h e 

s e i s m o m e t e r o u t p u t s t h e y were r e c o r d e d on f o u r t r a c k m a g n e t i c 

t a p e t o g e t h e r w i t h r a d i o time (MSF R u g b y ) . T h i s s t a t i o n 

r e c o r d e d c o n t i n u o u s l y . 

3. UBL p r o v i d e d by Birmingham and L e i c e s t e r U n i v e r s i t i e s 

under t h e s u p e r v i s i o n o f D r s . K i n g and Khan and s i t u a t e d 

n e a r K i n g u s s i e (57° 4.59'N, 4° 8.5^'W). A t h r e e component 

s e t o f Geospace HS 10 (2 Hz) s e i s m o m e t e r s a l i g n e d s i m i l a r l y 

t o t h o s e o f s t a t i o n ULA, were s i t u a t e d on u n d i f f e r e n t i a t e d 

p s a m m i t i c Moine s c h i s t . I n a d d i t i o n t o t h e s e i s m i c c h a n n e l s , 

r a d i o t i m e (MSF Rugby), encoded t i m e from a c r y s t a l c l o c k and 

a s t a n d a r d r e f e r e n c e f r e q u e n c y f o r f l u t t e r c o m p e n s a t i o n were 

a l s o r e c o r d e d . 

km MHD p r o v i d e d by t h e D u b l i n I n s t i t u t e fo'r Advanced S t u d i e s 

under the s u p e r v i s i o n o f P r o f e s s o r T. Murphy and s i t u a t e d a t 

M a l i n Head (55° l8.63'N, 7° 18.66'W), on D a l r a d i a n q u a r t z i t e s . 

T h i s s t a t i o n was o n l y o p e r a t e d f o r s h o t s C l - C 3 3 i B60-B70, and 

l i n e s D, E and F, a s i t was t h o u g h t t h a t no a r r i v a l s would be 

r e c e i v e d from t h e more d i s t a n t s h o t s . A t h r e e component s e t 

o f ttfillniore MK I I (1 Hz) s e i s m o m e t e r s was u s e d from J u l y 10th-

12th ( s h o t s C1-C33). One o f t h e i n s t r u m e n t s was a l i g n e d 

v e r t i c a l l y and t h e o t h e r two h o r i z o n t a l l y , one n o r t h - s o u t h and 

t h e s e c o n d e a s t - w e s t . D u r i n g t h e r e m a i n d e r o f t h e r e c o r d i n g 

( J u l y 28th-31st) two W i l l m o r e s e i s m o m e t e r s a l i g n e d v e r t i c a l l y 

and l o c a t e d 200 m a p a r t were employed. A t h r e e c h a n n e l A k a i 

t a p e r e c o r d e r was u s e d so o n l y two s e i s m o m e t e r o u t p u t s p l u s 

r a d i o t i m e (MSF Rugby) c o u l d be r e c o r d e d . The s t a t i o n 

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

S i x s t a t i o n s were p r o v i d e d on t h e F a e r o e I s l a n d s by 

Aarhus U n i v e r s i t y . However, as y e t , v e r y l i t t l e i n f o r m a t i o n 
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about t h e s e s t a t i o n s o r t h e r e s u l t s t h e y o b t a i n e d h a s been 

s e n t t o Durham. Some o f t h e i r r e s u l t s from t h e F a e r o e I l a t e a u 

h a ve been i n c l u d e d i n t h i s t h e s i s . 

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

p o s i t i o n s d u r i n g t h e p r o j e c t . Two o f t h e s e p o s i t i o n s were on 

l i n e A and one o f t h e s e r e c o r d e d no a r r i v a l s from t h e s h o t s 

d e a l t w i t h i n t h i s t h e s i s and so i s n o t d e s c r i b e d h e r e . The 

r e m a i n i n g f o u r s t a t i o n s had t h e f o l l o w i n g mean p o s i t i o n s 

d e t e r m i n e d by l o r a n C p o s i t i o n f i x e s : -

1. 59° 'H.O'N, 05° 35.5'W MIR(A) 

T h i s p o s i t i o n was a p p r o x i m a t e l y a t t h e b r e a k i n s l o p e 

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

J u l y 1 1 t h and 1 2 t h f o r s h o t s C l - C 2 * l . 

2. 60° 08.0'N t 05° 54.0'W MIR(B) 

T h i s s t a t i o n was o v e r t h e m i d d l e o f t h e s o u t h e r n end o f 

t h e F a e r o e / S h e t l a n d C h a n n e l . I t was m a i n t a i n e d d u r i n g J u l y 

l ' l t h and 1 5 t h f o r s h o t s C25-C59 and s h o t s CB1-CB48. 

3. 61° 01.21'N, 03° MIR(C) 

T h i s s t a t i o n o v e r t h e n o r t h e r n end o f t h e F a e r o e / 

S h e t l a n d C h a n n e l was m a i n t a i n e d d u r i n g J u l y l 6 t h f o r s h o t s 

BC1-BC49. 

4. 62° 29.0'N, 00° 35.0'W MIR(D) 

T h i s s t a t i o n was s i t u a t e d o v e r t h e n o r t h - w e s t edge o f 

the F a e r o e P l a t e a u . O n l y t h e a r r i v a l s a t i t from s h o t s A l -

A(5 have been i n c l u d e d i n t h i s t h e s i s . 

At t h e s e f o u r s t a t i o n s M i r a n d a o p e r a t e d two n e u t r a l l y 

b uoyant hydrophones f l o a t i n g a p p r o x i m a t e l y 30-^0 m below t h e 

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

t h e t i d e i n an e f f o r t t o m a i n t a i n h e r p o s i t i o n and t h e 

hydrophones were t r a i l e d about 60 m a s t e r n . At each p o s i t i o n 
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a buoy was l a u n c h e d and a n c h o r e d and v i s u a l f i x e s were t a k e n 

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

s h o t was v e r y good. The a b s o l u t e a c c u r a c y i n M i r a n d a ' s 

p o s i t i o n s i s e s t i m a t e d t o be about 1-2 km. The o u t p u t s o f t h e 

two hydrophones were l e d by c a b l e t o an a m p l i f i e r and 

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

c h a n n e l m a g n e t i c t a p e r e c o r d e r . E ncoded t i m e from a d i g i t a l 

c l o c k and a b s o l u t e r a d i o t i m e , WWV o r MSF, were a l s o r e c o r d e d . 

The d i g i t a l c l o d t w a s c a l i b r a t e d a g a i n s t r a d i o t i m e up t o t e n 

t i m e s e a c h day. 

The S o v i e t r e s e a r c h v e s s e l M i k a i l Lomonosov p r o v i d e d a 

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

and f o u r o f t h e s e were l o c a t e d on l i n e s s o u t h o f t h e F a e r o e s . 

The mean p o s i t i o n s o f t h e s e f o u r s t a t i o n s d e t e r m i n e d by t h e 

l o r a n C n a v i g a t i o n s y s t e m were:-

1. 61° 02.7'N, 06° 25.1'W LOM F S ( A ) 

T h i s s t a t i o n was a t t h e extreme s o u t h e r n edge o f t h e 

F a e r o e P l a t e a u and o c c u p i e d d u r i n g J u l y 11th, 12th and l ^ t h 

f o r s h o t s C1-C52. 

2. 60° 58.0'N, 0k° 01.35'W LOM F S ( B ) , LOM F S ( C ) , LOM BS(A) 

T h i s s t a t i o n was o v e r t h e m i d d l e o f t h e n o r t h e r n end o f 

t h e F a e r o e / S h e t l a n d C h a n n e l . I t was o c c u p i e d d u r i n g J u l y 15th 

and l6th f o r a l l t h e s h o t s on l i n e s CB and BC. The p o s i t i o n 

o f t h e hydrophone s t a t i o n v a r i e d s l i g h t l y f o r l i n e s CB(L0M FS 

( B ) ) and BC(L0M F S ( C ) ) . 

3. 60° 59.7'N, 03° 45.2'W LOM F S ( D ) LOM B S ( B ) 

T h i s s t a t i o n was i n a p o s i t i o n v e r y s i m i l a r t o p o s i t i o n 

2. I t was o c c u p i e d d u r i n g J u l y 2(tth f o r a l l t h e s h o t s on 

l i n e B p a r t 1 i . e . B1-B30. 

k. 60° 41.3'N, 04° ^0.3'W LOM F S ( E ) LOM B S ( C ) 
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T h i s s t a t i o n was a g a i n o v e r t h e m i d d l e o f t h e n o r t h e r n 

end o f t h e c h a n n e l but s o u t h - e a s t o f t h e two p r e v i o u s 

p o s i t i o n s . I t was o c c u p i e d d u r i n g J u l y 25th f o r a l l t h e 

s h o t s on l i n e B p a r t 2 i . e . B31-B70. 

At a l l f o u r o f t h e s e p o s i t ions Loinonosov o p e r a t e d a 

s i n g l e n e u t r a l l y buoyant hydrophone s t a t i o n , F S , and a t a l l 

but t h e f i r s t p o s i t i o n an ocean bottom s e i s m i c s t a t i o n , BS, 

was a l s o o p e r a t e d . The bottom s t a t i o n c o n s i s t e d o f a t h r e e 

component s e t o f s e i s m o m e t e r s , one v e r t i c a l and t h e o t h e r two 

h o r i z o n t a l , w i t h t h e two h o r i z o n t a l a l i g n e d p e r p e n d i c u l a r t o 

e a c h o t h e r . A c r y s t a l c l o c k and t i m e e n c o d e r , t h r e e s e i s m i c 

a m p l i f i e r s , an AM u n i t and a f o u r c h a n n e l m a g n e t i c t a p e 

r e c o r d e r were a l s o p a r t o f t h e bottom s t a t i o n . The a m p l i f i e r 

o u t p u t s were a m p l i t u d e m o d u l a t e d and r e c o r d e d w i t h t h e encoded 

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

t a p e . A l l t h e bottom s t a t i o n equipment was mounted i n a m e t a l 

c y l i n d r i c a l c a s i n g and l o w e r e d t o t h e s e a bed where i t was 

moored by c a b l e t o an o v e r h e a d buoy. 

The o u t p u t o f t h e hydrophone was a l s o a m p l i f i e d , t h e n 

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

MSF Rugby, and t h e encoded v e r s i o n o f a c r y s t a l c l o c k o u t p u t 

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

t h e bottom s t a t i o n was r e g u l a r l y c a l i b r a t e d a g a i n s t a b s o l u t e 

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

when t h e s t a t i o n was h a u l e d on b o a r d s h i p . 

2.4 Dat a P r e p a r a t i o n and R e d u c t i o n 

2.4.1 Sh o t P o i n t D a t a 

2.4.1.1 Shot P o s i t i o n s 

The s h o t p o s i t i o n s were c a l c u l a t e d from Decca and r a d a r 
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f i x e s and p l o t t e d on t h e a p p r o p r i a t e A d m i r a l t y c h a r t s . MV 

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

w a t e r a l o n g e a c h s h o t l i n e , and t h i s was u s e d a s a c h e c k on 

t h e s h o t p o s i t i o n s . F o r any t h r e e s h o t s , A, B and C i n l i n e , 

i f t h e s h i p ' s v e l o c i t y d e t e r m i n e d between s h o t s A and B was 

h i g h and t h a t between s h o t s B and C was low, t h e n most 

p r o b a b l y t h e p o s i t i o n o f s h o t B was i n c o r r e c t . S t r o n g t i d a l 

c u r r e n t s w i t h v e l o c i t i e s o f a few k n o t s o c c u r on t h e S c o t t i s h 

S h e l f n e a r Cape Wrath and t h e Orkney and S h e t l a n d I s l a n d s . 

T h e s e had t o be a l l o w e d f o r a s t h e y c o u l d c a u s e the c o n s t a n t 

v e l o c i t y o f t h e s h i p t h r o u g h t h e w a t e r t o be a v a r i a b l e 

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

s t r e a m d a t a was o n l y a v a i l a b l e t o t h e n e a r e s t hour and f o r 

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

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

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

l i n e o f s h o t s . Almost a l l t h e s h o t p o s i t i o n s p l o t t e d c o r r e c t l y , 

b u t , by u s i n g t h e s h i p ' s v e l o c i t y a s a c h e c k , a few were found 

t o have o b v i o u s e r r o r s , s u c h a s an i n c o r r e c t D e c c a l a n e 

r e a d i n g , o r a p o s i t i o n f i x t a k e n a t s h o t d e t o n a t i o n u s e d f o r 

t h e p o s i t i o n o f s h o t drop. The s h o t p o s i t i o n s a r e l i s t e d i n 

Appendix A, The e s t i m a t e d e r r o r i n p o s i t i o n s v a r i e d between 

1-2 km. 

2.4.1.2 Shot Depths 

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

i f i t were p o s s i b l e t o i d e n t i f y on t h e a r r i v a l w a v e t r a i n 

r e c o r d o f MV Hawthorn t h e r e f l e c t e d a r r i v a l from t h e s e a bed. 

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

t h a t o f t h e d i r e c t w a t e r wave was u s e d w i t h t h e s h o t t o s h i p 

d i s t a n c e and t h e t o t a l w a t e r d e p t h t o d e t e r m i n e t h e s h o t d e p t h . 
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As t h e r e f l e c t e d a r r i v a l c o u l d o n l y be i d e n t i f i e d f o r about 
40-50% o f t h e s h o t s t h e s e s h o t d e p t h s had t o be u s e d t o 
e s t a b l i s h s i n k r a t e s f o r e a c h c h a r g e s i z e . The r e m a i n d e r o f 
t h e s h o t d e p t h s were t h e n d e t e r m i n e d a s t h e p r o d u c t o f t h e 
a p p r o p r i a t e s i n k r a t e w i t h t h e b u r n i n g t i m e o f t h e f u s e . 
T h i s method gave i n a c c u r a t e r e s u l t s f o r some o f t h e s h o t s 
a s t h e e x p l o s i v e c h a r g e d i d n o t s i n k i m m e d i a t e l y but f l o a t e d 
on t h e s u r f a c e . However, no n o t e was made o f t h e few c h a r g e s 
w h i c h d i d f l o a t , and s o , a s an a t t e m p t t o c o r r e c t f o r t h e s e , 
any c h a r g e w h i c h had an a b n o r m a l l y l a r g e b u r n t i m e , 
s u g g e s t i n g some t i m e f l o a t i n g on t h e s u r f a c e , was g i v e n a 
mean d e p t h e s t i m a t e . The a c c u r a c y o f most o f t h e s h o t d e p t h s 
i s e s t i m a t e d t o be about 20 m. The s h o t d e p t h s a r e g i v e n i n 
Appendix A. 

2.4.1.3. Water Depths 

The w a t e r depth a t t h e t i m e o f s h o t drop was r e a d o f f 

t h e I'DR r e c o r d i n t h e l a b o r a t o r y a t Durham t o remove any 

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

PDR on MV Hawthorn had been s e t up f o r a v e l o c i t y of sound i n 

s e a w a t e r o f 1.5 km s ~ ^ | and so t h e w a t e r d e p t h s d e t e r m i n e d 

had t o be c o r r e c t e d f o r t h e a p p r o p r i a t e v a l u e o f t h i s v e l o c i t y 

f o u n d i n Matthew's T a b l e s (1939). 

2.4.1.4 Shot I n s t a n t s 

The s h o t i n s t a n t s were w e l l r e c o r d e d on MV Hawthorn 

and t h e o n s e t s r e a d t o t h e n e a r e s t 0.01 s e c o n d s . A p r o b l e m 

was e n c o u n t e r e d wi t ' i t h e t i m i n g on l i n e s CD and DC, No t i m e 

marks were r e c o r d e d f o r t e n s h o t s and so t h e s e s h o t s were 

e f f e c t i v e l y l o s t . 

A c o r r e c t i o n f o r t h e t r a v e l t i m e o f t h e w a t e r wave from 



35 

t h e s h o t t o t h e s h o o t i n g s h i p had t o be a p p l i e d t o t h e s h o t 

i n s t a n t t i m e . The time between s h o t drop and s h o t d e t o n a t i o n 

was r e c o r d e d on MV Hawthorn by s t o p - w a t c h f o r e a c h c h a r g e , 

and t h i s t i m e was u s e d w i t h t h e s h i p ' s v e l o c i t y t o d e t e r m i n e 

t h e d i s t a n c e a s t e r n of t h e s h o t . T h i s d i s t a n c e d i v i d e d by 

t h e a p p r o p r i a t e v a l u e o f t h e v e l o c i t y o f sound i n s e a w a t e r 

was t h e drop-bang c o r r e c t i o n t h a t was a p p l i e d t o e a c h s h o t 

i n s t a n t . The c o r r e c t e d s h o t i n s t a n t s a r e l i s t e d i n Appendix A. 

2.4.2 R e c o r d i n g S t a t i o n D a t a 

A l l t h e d a t a r e c o r d e d by Durham U n i v e r s i t y s t a t i o n s 

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

G e o l o g i c a l S c i e n c e s , Durham U n i v e r s i t y . The t a p e s r e c o r d e d a t 

IGS s t a t i o n s were made a v a i l a b l e t o g e t h e r w i t h t h e i r 

p r o c e s s i n g f a c i l i t i e s a t t h e G l o b a l S e i s m o l o g y U n i t i n 

E d i n b u r g h . Some o f t h e s e t a p e s were a l s o r e p l a y e d in t h e 

Durham L a b o r a t o r y . The U n i v e r s i t i e s o f Aberdeen, L a n c a s t e r 

and B i r m i n g h a m / L e i c e s t e r , and t h e D u b l i n I n s t i t u t e o f 

Advanced S t u d i e s each r e p l a y e d t h e t a p e s t h a t t h e y r e c o r d e d 

d u r i n g NASP and s e n t t h e i r p a p e r p l a y o u t s t o Durham. However 

on many o f t h e L a n c a s t e r U n i v e r s i t y and B i r m i n g h a m / L e i c e s t e r 

U n i v e r s i t y r e c o r d s , t h e r e was doubt a s t o t h e a c t u a l o n s e t 

t i m e , and so most o f t h e i r t a p e s were a l s o r e p l a y e d a g a i n a t 

Durham. The S o v i e t I n s t i t u t e o f P h y s i c s of t h e E a r t h p r o v i d e d 

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

s t a t i o n s o p e r a t e d by t h e i r r e s e a r c h v e s s e l Lomonosov, and 

Aarhus U n i v e r s i t y p r o v i d e d a l i s t of some o f t h e t r a v e l t i m e s 

r e c o r d e d a t t h e i r s t a t i o n s on t h e F a e r o e I s l a n d s . 

2.4.2.1 M a g n e t i c Tape R e p l a y and F i l t e r i n g employed 

The Durham U n i v e r s i t y m a g n e t i c t a p e r e p l a y s y s t e m a l l o w s 
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t h e o u t p u t from each t a p e t r a c k t o be d i s p l a y e d on e i t h e r a 

s i x t e e n c h a n n e l o s c i l l o s c o p e or a s i x t e e n c h a n n e l j e t pen 

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

t a p e t r a c k s . The o u t p u t from any t a p e t r a c k i s f i r s t l y 

d emodulated and t h e n may be p a s s e d t h r o u g h up t o t h r e e K r o h n -

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

i n t o t h e Modular One computer f o r d i g i t a l p r o c e s s i n g . The 

o u t p u t from t h e f r e q u e n c y f i l t e r s or computer i s d i s p l a y e d 

on t h e o s c i l l o s c o p e o r paper r e c o r d e r . A maximum of 2k t a p e 

c h a n n e l s c a n be t r a n s c r i b e d a t any one t i m e . The s y s t e m h a s 

been d e s i g n e d t o a l l o w f l u t t e r t o be a u t o m a t i c a l l y removed 

from e a c h o f t h e s e i s m o m e t e r o u t p u t s i f i t i s t a k e n o f f t h e 

t a p e on e i t h e r c h a n n e l 7 or c h a n n e l 11. 

A l l t h e Durham U n i v e r s i t y s t a t i o n s r e c o r d e d i n t h e f i e l d 

a t a t a p e s p e e d o f 0.1 j«p.s., and were r e p l a y e d onto p a p e r i n 

t h e l a b o r a t o r y a t t e n t i m e s r e a l t i m e . I n i t i a l l y i t was 

a t t e n r p t e d t o r e a d t h e f i r s t a r r i v a l o n s e t s from t h e u n f i l t e r e i 

r e c o r d s , but i n t h e m a j o r i t y o f c a s e s t h i s p r o v e d t o be 

d i f f i c u l t . Optimum f r e q u e n c y f i l t e r i n g was t h e n a p p l i e d , 

by means o f t h e K r o h n - h i t e f i l t e r s , and i n g e n e r a l a p a s s 

band o f 2-8 Hz was f o u n d t o g i v e t h e b e s t improvement. The 

o n s e t s were r e a d o f f t o t h e n e a r e s t 0.01 s e c o n d s a l t h o u g h 

t h e a c c u r a c y w i t h w h i c h t h i s r e a d i n g c o u l d be made v a r i e d 

c o n s i d e r a b l y . 

The o n s e t s o f some r e c o r d s were masked by n o i s e o f a 

s i m i l a r f r e q u e n c y t o t h e a r r i v a l , even though t h e s i g n a l t o 

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

improve t h e p i c k i n g o f t h e s e o n s e t s . T h i s f i l t e r was 

programmed f o r t h e Dei a r t m e n t a l Modular One computer by 

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

e l l i p t i c a l l y p o l a r i s e d n o i s e ( S h i m s h o n i and S m i t h , 1964). 
The o u t p u t s o f t h e v e r t i c a l , and one h o r i z o n t a l s e i s m o m e t e r 

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

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

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

p a p e r r e c o r d e r and r e p r e s e n t s a f u n c t i o n o f ground motion i n 

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

was found t o improve emergent a r r i v a l s but c o u l d not ' p u l l 

o u t 1 o n s e t s t h a t were a l m o s t c o m p l e t e l y immersed i n n o i s e . 

The d a t a o b t a i n e d on t h e UKAEA a r r a y s t a t i o n t a p e s was 

r e c o r d e d a t a speed o f 0.3 i . p . s . T h e s e t a p e s were r e p l a y e d 

a t t h r e e t i m e s r e a l t i m e i n t h e same way a s t h e Durham 

U n i v e r s i t y t a p e s . llowever i n a d d i t i o n t o f r e q u e n c y f i l t e r i n g 

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

( B i r t h i l l and Whiteway, 1965)1 t o d i s c r i m i n a t e between s i g n a l 

and n o i s e on t h e b a s i s o f t h e i r v e l o c i t y d i s t r i b u t i o n s . An 

at t e m p t was f i r s t made t o u s e t h e a r r a y t o s e a r c h f o r t h e 

c o r r e c t p h a s e v e l o c i t y . However, f o r Moho a r r i v a l s i t was 

found t h a t u s i n g p h a s e v e l o c i t i e s o f 7«9t 3*0 and 8.1 km a""'" 

p r o d u c e d no change i n t h e a m p l i t u d e o f t h e p r o c e s s e d o u t p u t . 

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

s m a l l ( l km) t o a l l o w s u c h d i s c r i m i n a t i o n . A program was 

w r i t t e n f o r t h e Modular One computer i n w h i c h t h e a p p r o x i m a t e 

v e l o c i t y a c r o s s t h e a r r a y (8 km a"^" f o r Moho a r r i v a l s ) was 

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

c e n t r e p o i n t p i t . T h e s e d e l a y e d a r r i v a l s were t h e n summed 

f o r e a ch arm o f t h e a r r a y , t h e two sums c r o s s m u l t i p l i e d , 

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

window o f 0.2 s e c o n d s . To c a r r y out t h i s a n a l y s i s t h e 
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demodulated t a p e o u t p u t s were d i g i t i s e d a t a r a t e o f 80 

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

One computer. The v e l o c i t y f i l t e r i n g was found t o g r e a t l y 

c l a r i f y t h e i d e n t i f i c a t i o n o f emergent o n s e t s . ( F i g . 2.3). 

However, as l a r g e a s i g n a l t o n o i s e r a t i o was o b t a i n e d f o r 

t h e summed o u t p u t o f t h e two a r r a y arms as f o r t h e c r o s s 

m u l t i p l i e d and i n t e g r a t e d o u t p u t s . 

The I G S , ULA and UBL t a p e s were r e p l a y e d a t Durham i n 

a s i m i l a r manner a s f o r t h e Durham U n i v e r s i t y t a p e s , but a t 

s p e e d s o f e i g h t t i m e s r e a l t i m e , 0.5 t i m e s r e a l t i m e , and 

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

t h e f i e l d a t t h e IGS s t a t i o n s and s t a t i o n ULA c o u l d be 

r e p l a y e d i n t h e Durham l a b o r a t o r y , but the t a p e s r e c o r d e d a t 

s t a t i o n UBL had t o be t r a n s c r i b e d onto o t h e r t a p e s i n a 

f o r m a t s u i t a b l e f o r r e p l a y a t Durham. T h i s was k i n d l y 

p e r f o r m e d by D r s . Khan and M aguire a t L e i c e s t e r U n i v e r s i t y . 

I t was n e c e s s a r y t o u s e t h e Modular One computer t o remove 

f l u t t e r from t h e s e i s m i c c h a n n e l s o f t h e UBL s t a t i o n t a p e s . 

T h i s was due t o f l u t t e r coming o f f t h e t a p e on e i t h e r c h a n n e l 

9 or 10, n e i t h e r of w h i c h c a n be a u t o m a t i c a l l y s u b t r a c t e d on 

t h e Durham r e p l a y s y s t e m . 

2.'t.3 S h o t - S t a t i o n Ranges 

S h o t - s t a t i o n r a n g e s were c a l c u l a t e d on t h e NUMAC 

IBM 36O/67 d i g i t a l computer u s i n g t h e method o f Rudoe 

(Bomford, 19&2). The method t r e a t s t h e e a r t h a s an e l l i p s o i d 

o f r e v o l u t i o n and u s e s a s e r i e s f o r m u l a t o compute t h e 

d i s t a n c e between any two p o i n t s , d e f i n e d by t h e i r l a t i t u d e 

and l o n g i t u d e , on t h i s s u r f a c e . An a c c u r a c y i s c l a i m e d o f 
7 

1 i n 10 a t any r a n g e . A c h e c k on t h e method was p e r f o r m e d 



F i g u r e 2.3 s A v e l o c i t y f i l t e r e d r e c o r d o f t h e UKAEA 
a r r a y s t a t i o n . 
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by c a l c u l a t i n g r a n g e s a l o n g g r e a t c i r c l e p a t h s b o t h w i t h 

t h i s f o r m u l a and by t h e n o r m a l a r c l e n g t h method, and a l s o 

by c a l c u l a t i n g r a n g e s between s e t c o o r d i n a t e s p r e v i o u s l y 

d e t e r m i n e d by H o l d e r (1969). The two s e t s o f r e s u l t s were 

found t o a g r e e . 

A c o m p l e t e l i s t of a l l t h e s h o t - s t a t i o n r a n g e s t o g e t h e 

w i t h t h e f i r s t a r r i v a l t r a v e l t i m e s i s g i v e n i n Appendix B. 
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CHAPTER 3 
I n t e r p r e t a t i o n Methods 

3 • 1 I n t r o d u c t i o n 

The N o r t h A t l a n t i c S e i s m i c P r o j e c t was d e s i g n e d t o 

a l l o w d a t a i n t e r p r e t i o n by t h e c l a s s i c a l method o f r e v e r s e d 

s t r a i g h t l i n e t r a v e l t i m e g r a p h s , and by t h e more d e t a i l e d 

method o f t i m e term a n a l y s i s . 

The f i r s t s t a g e i n any r e f r a c t i o n i n t e r p r e t a t i o n i s 

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

d i s t a n c e g r a p h s f o r e a c h s t a t i o n and l i n e . T h i s g i v e s an 

i n d i c a t i o n o f the number of r e f r a c t o r s , and t h e i r P wave 

v e l o c i t i e s , t h a t a r e p r e s e n t i n t h e a r e a . I f r e v e r s e 

c o v e r a g e i s a v a i l a b l e then, t r u e r e f r a c t o r v e l o c i t i e s a r e 

o b t a i n e d from t h e a p p a r e n t v e l o c i t i e s measured i n o p p o s i t e 

d i r e c t i o n s . 

I n some i n s t a n c e s i t c a n be d i f f i c u l t t o d e c i d e i f t h e 

v e l o c i t i e s o b s e r v e d a t d i f f e r e n t s t a t i o n s from t h e same s h o t s 

r e p r e s e n t one or more r e f r a c t o r s . The minus t i m e method o f 

Kagedoarn ( 1 9 5 9 ) can be u s e d t o s o l v e t h i s p roblem i f t h e s h o t -

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

s h o t s s y m m e t r i c a l l y l o c a t e d between two r e c e i v i n g s t a t i o n s . 

Once i t i s d e c i d e d w h i c h r e f r a c t o r s a r e p r e s e n t and t h e 

a r r i v a l s t h a t a r e from them t i m e t e r m a n a l y s e s c a n t h e n be 

c a r r i e d out f o r t h e i n d i v i d u a l r e f r a c t o r s . T h i s w i l l p r o d u c e 

an e s t i m a t e of the v a r i a t i o n i n s t r u c t u r e from s h o t t o s h o t . 

A f t e r s u c h a 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 h a s been 

o b t a i n e d l a t e r a r r i v a l s may t h e n be c o n s i d e r e d . S t a c k e d 

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

l a t e r a r r i v a l s . T h e s e s t a c k e d r e c o r d s e c t i o n s c o n s i s t o f a l l 

t h e a r r i v a l s from a p a r t i c u l a r l i n e of s h o t s a t one r e c o r d i n g 

s t a t i o n . The a r r i v a l w a v e t r a i n i s t r a c e d f o r e a c h s h o t and 
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mounted a t t h e c o r r e c t s h o t d i s t a n c e , and t i m e s i n c e s h o t 

d e t o n a t i o n on a r e d u c e d t r a v e l t i m e , d i s t a n c e framework. 

The r e d u c e d t r a v e l t i m e i s g i v e n by: 

T = T - A/6 r e d obs 
where T , i s t h e r e d u c e d t r a v e l t i m e i n s e e s r e d 

T . i s t h e o b s e r v e d t r a v e l t i m e i n s e e s obs 
A i s t h e s h o t - s t a t i o n r a n g e 

6.0 i s t h e r e d u c i n g v e l o c i t y c h o s e n as an e s t i m a t e 

o f t h e c r u s t a l basement v e l o c i t y 

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

t h e r e f l e c t e d p h a s e from t h e Moho (FmP) . T h i s phase can be 

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

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

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

A f t e r a c r u s t a l s t r u c t u r e model h a s been e s t i m a t e d by 

t h e p r e v i o u s i n t e r p r e t a t i o n methods i t can be t e s t e d by 

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

t h r o u g h t h e model. A good agreement between t h e s e c a l c u l a t e d 

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

a l t h o u g h t h e c r u s t a l model i s n o t unambiguous i t can a t l e a s t 

e x p l a i n t h e o b s e r v e d t r a v e l t i m e s . 

3.2 The c l a s s i c a l method 

T h i s method i n v o l v e s t h e c o n s t r u c t i o n o f t r a v e l t i m e -

d i s t a n c e g r a p h s ( D o b r i n , 1960). S t r a i g h t l i n e segments a r e 

f i t t e d t o t h e s e g r a p h s by t h e method o f l e a s t s q u a r e s w h i c h 

h a s been programmed f o r u s e on t h e IBM 360/67 computer. The 

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

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

g r a p h . I n t h e i d e a l c a s e t h e number o f segments on t h e g r a p h 
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i s e q u a l t o one p l u s t h e number of l a y e r s o v e r l y i n g a h a l f -

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

t h e s u r f a c e , and t h e f i n a l segment r e f r a c t e d a r r i v a l s from t h e 

top o f t h e h a l f - s p a c e . The i n t e r m e d i a t e segments r e p r e s e n t 

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

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

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

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

t h e f o r m u l a ; 

Z = V V 

2vA«i 2-Vi 2) (i> 

2 
2 -

V V n+1 n-1 

where Z = t h i c k n e s s o f n t h l a y e r n J 

= v e l o c i t y o f n t h l a y e r 

T i _ = t i m e i n t e r c e p t f o r V ,, segment n+1 * n+1 

The method assumes homogeneous p l a n e l a y e r i n g b e n e a t h 

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

l a y e r s e x h i b i t a d i s c o n t i n u o u s or s t e p - l i k e v e l o c i t y i n c r e a s e 

w i t h d e p t h . L a t e r a l s t r u c t u r a l and v e l o c i t y c hanges a r e q u i t e 

common i n t h e upper c r u s t and so t h e f i r s t a s s u m p t i o n i s n o t 

a l w a y s v a l i d . The s e c o n d a s s u m p t i o n may n o t a l w a y s h o l d , 

p a r t i c u l a r l y f o r d eeper s t r u c t u r e s where o c c a s i o n a l l y a 

v e l o c i t y i n c r e a s e w i t h d e p t h h a s been shown t o o c c u r ( H o l d e r 

and B o t t , 1 9 7 l ) . 
H o r i z o n t a l l a y e r i n g need not be assumed i f r e v e r s e d 

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

can be d e t e r m i n e d f o r t h e l a y e r from t h e f o r m u l a e : 

01 = s i n - 1 V o m d - s i n - 1 V o m u ) 
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i = -J ( s i n ^"Vomd + sin~^"Vomu ) c 
V. = V o / s i n i t c 

where V q = v e l o c i t y o f o v e r l y i n g l a y e r 

ind = g r a d i e n t o f t r a v e l t i m e - d i s t a n c e segment i n 

downdip d i r e c t i o n 

mu = g r a d i e n t o f t r a v e l t i m e - d i s t a n c e segment i n 

u p d i p d i r e c t i o n 

oC = a n g l e o f d i p o f t h e r e f r a c t o r 

i = c r i t i c a l a n g l e c * 
V_j_ = t r u e r e f r a c t o r v e l o c i t y 

The u p d i p and downdip t h i c k n e s s e s o f t h e l a y e r above t h e 

d i p p i n g r e f r a c t o r a r e d e t e r m i n e d from e q u a t i o n ( l ) w i t h 

T i ^ ( u p d i p r e f r a c t o r i n t e r c e p t t i m e ) o r T i ^ (downdip r e f r a c t o r 

i n t e r c e p t t i m e ) s u b s t i t u t e d f o r T i ,, and the r e s u l t d i v i d e d 
n+1' 

by cosrt. . 

Any u n r e v e r s e d v e l o c i t y i s u n r e l i a b l e and so t h e a c c u r a c y 

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

d e c r e a s e d . 

As w e l l a s e r r o r s i n s h o t - s t a t i o n p o s i t i o n s and p i c k e d 

o n s e t t i m e s t h e c l a s s i c a l method may a l s o s u f f e r from non-

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

l a y e r i s c o n s i d e r e d t o be ' h i d d e n ' i f i t does n o t g i v e r i s e t o 

any f i r s t a r r i v a l s a t a r e c o r d i n g s t a t i o n . T h i s w i l l o c c u r 

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

l a y e r a s no h e a d waves w i l l r e s u l t f o r t h e l a y e r . However a 

l a y e r o f h i g h e r v e l o c i t y t h a n t h e o v e r l y i n g l a y e r may a l s o be 

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

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

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

c a l c u l a t i o n o f d e p t h s t o h o r i z o n s below t h e l a y e r s t o be 



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

3-3 The P l u s - M i n u s Method 

The i-'lus-Minus method (Hagedoorn, 1959) i s an 

a p p r o x i m a t i o n v e r s i o n of T h o r n b o u r g h 1 s w a v e f r o n t method 

(T h o r n b o u r g h , 1930). I t i s a p p l i c a b l e f o r a s y s t e m o f s h o t s 

l y i n g between two r e c e i v i n g s t a t i o n s o r , c o n v e r s e l y , a 

s y s t e m o f r e c e i v i n g s t a t i o n s between two s h o t s . 

A 
P.T - ( } + B ^ C + E + ( . - [ff+'S D+F+«-) - C+-E-D 

fl . - - fl^BvC - (E^-P + ^ 

P l u s t i m e s a r e d e t e r m i n e d a s t h e sum of t h e two t r a v e l t i m e s 

from e a c h s h o t p o i n t t o t h e two s y m m e t r i c a l l y j>laced r e c o r d i n g 

s t a t i o n s , minus t h e t o t a l t r a v e l t i m e from one r e c o r d i n g 

s t a t i o n t o t h e o t h e r . I n o r d e r t o d e t e r m i n e t h i s t o t a l t r a v e l 

t ime i t i s n e c e s s a r y t o have a s h o t p o i n t c o i n c i d e n t w i t h one 

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

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

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

terms o f d e p t h s t o t h e r e f r a c t o r by m u l t i p l y i n g by t h e term: 

W !/ V/- Vi 2 

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

i s the r e f r a c t o r v e l o c i t y 

The d a t a o b t a i n e d by KASP was d e c i d e d t o be more s u i t a b l e f o r 



i n t e r p r e t a t i o n by t i m e term a n a l y s i s t h a n by I l u s t i m e s . P l u s 

t i m e s a r e one p a r t i c u l a r c a s e o f t i m e t erm a n a l y s i s where t h e 

v a l u e f o r a s h o t p o i n t i s found by a v e r a g i n g o b s e r v a t i o n s from 

two o p p o s i t e d i r e c t i o n s . However, a s h o t p o i n t time t erm i s 

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

t r a v e l t i m e i s a v a i l a b l e , and i s t h e r e f o r e b e t t e r d e t e r m i n e d . 

Minus t i m e s a r e t h e v a l u e s o b t a i n e d by s u b t r a c t i n g t h e 

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

s t a t i o n s . As t h e same s h o t g i v e s r i s e t o a r r i v a l s from t h e 

same r e f r a c t o r a t both s t a t i o n s t h e t i m e d e l a y c a u s e d by t h e 

o v e r l y i n g m a t e r i a l b e n e a t h t h e s h o t p o i n t c a n be removed. T h i s 

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

b e n e a t h t h e s h o t p o i n t t o be c o n s t a n t , and by e q u a t i n g t h e 

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

t . . - t ., = (A. .-A.. )/V + a. - a.+b .-b. i j i k I J i k 1 i j k 
where t . . i s t h e t r a v e l t i m e between s h o t i and s t a t i o n j 

A • • i s t h e d i s t a n c e between s h o t i and s t a t i o n j 

a ^ i s t h e d e l a y t i m e o f s h o t i 

b j i s t h e d e l a y t i m e o f s t a t i o n j 

A g r a p h o f minus t i m e s ( t . . - t . , ) a g a i n s t t h e d i s t a n c e 
i j l k 

d i f f e r e n c e s (A. .-A ) g i v e s a measure o f t h e r e f r a c t o r v e l o c i t y I J l k ° J 

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

s t r u c t u r e . 

3.k Time Term A n a l y s i s 

The time t e r m a n a l y s i s method ( W i l l m o r e and D a n c r o f t , 1960) 

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

s t a t i o n s and a s i n g l e r e f r a c t o r of v e l o c i t y V a s : 

t . . = A. ./V +a.+b . 

where t ^ . i s t h e t r a v e l t i m e between s h o t i and s t a t i o n j 
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A . . i s t h e d i s t a n c e between s h o t i and s t a t i o n j 

a ^ i s the d e l a y t i m e or time term o f s h o t i 

b . i s t h e d e l a y t i m e or t i m e term o f s t a t i o n j J 

The method a l s o assumes t h a t t h e r e f r a c t o r h a s n e g l i g i b l e d i p 

and t h a t t h e t i m e t e r m s a r e i n d e p e n d e n t o f a z i m u t h . The 

i n d e p e n d e n c e o f a z i m u t h i s i n h e r e n t i n t h e a s s u m p t i o n s t h a t 

t h e cone o f r a y s between t h e r e f r a c t o r and t h e s t a t i o n or shot 

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

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

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

a common p l a n e . 

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

t h e s q u a r e s o f t h e r e s i d u a l s between t h e o b s e r v e d and 

t h e o r e t i c a l t r a v e l t i m e s where: 
R. . = ( T . . - t . .) i j i j i j 

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

T. . i s t h e o b s e r v e d t r a v e l t i m e between s h o t i and s t a t i o n j 

To o b t a i n a s o l u t i o n f o r t h e unknowns, t h e time terms and 

r e f r a c t o r v e l o c i t y , t h e number o f o b s e r v e d t r a v e l t i m e s and 

t h e r e f o r e t h e number o f o b s e r v a t i o n a l e q u a t i o n s must be e q u a l 

t o o r g r e a t e r t h a n t h e number o f unknowns. I f t h e s o l u t i o n 

o b t a i n e d i s t o be u n i q u e one t i m e term must be a s s i g n e d a v a l u e 

o r two t i m e t e r m s e q u a t e d by one s h o t p o i n t and s t a t i o n h a v i n g 

t h e same l o c a t i o n . 

The c o m p u t a t i o n a l t e c h n i q u e d e s c r i b e d by B e r r y and West 

(1966) and programmed by Bamford (1970) h a s been a d a p t e d f o r 

t h e IBM 36O/67 computer a v a i l a b l e a t Durham. R e g r e s s i o n 

a n a l y s i s i s p e r f o r m e d t o m i n i m i s e R where: 

P. .(T t . . R 
Ui j=l * J 1 J 

(A) 

f o r K s i t e s 
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where P. . = 1 i f T. . e x i s t s a s d a t a 

= 0 i f T. . does no t e x i s t a s d a t a 

The m i n i m i s a t i o n i s a c h i e v e d by d i f f e r e n t i a t i n g e q u a t i o n (A) 

w i t h r e s p e c t t o each o f t h e k t i m e t e r m s and s e t t i n g e a c h 

r e s u l t i n g e x p r e s s i o n e q u a l t o z e r o . I n t h e i t h c a s e : 
M = o 

w h i c h i s e q u i v a l e n t t o : 

± ± a P + ±a{±?- - ^ P ^ C r . -x /v) 

A s e t o f k o f t h e s e n o r m a l e q u a t i o n s i s o b t a i n e d w h i c h 

may be r e p r e s e n t e d i n m a t r i x form by: r h "I 
2"P. .( T . .-X. ./V) + P . . ( T . . - X. ,/V) 

where A.. = P..+P... i / j A.. = 2 ( P . .+P . . ) 
i j i j J i ° n j.i i j J i 

The m a t r i x e q u a t i o n i s s o l v e d f o r t h e t i m e t e r m s a^ by 

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

t h u s : [a ."1 = [~A • ~\ - 1 . .P . .+T . .P . . ) - (X . ./V) (P . .+P . .)] 

A f t e r i n v e r t i n g t h e c o e f f i c i e n t m a t r i x ^ ^ ^ J * n e 

f o l l o w i n g m a t r i c e s a r e c a l c u l a t e d : 
- l r - * -

[*3 • 
- l 

XT. .P. .+T . .P .1 
fx. . ( p . .+p . 

so t h a t t h e t i m e term m a t r i x i s t h e n d e f i n e d a s : 

The r e f r a c t o r v e l o c i t y may be a s s i g n e d a v a l u e or 

o b t a i n e d by r e g r e s s i o n a n a l y s i s . I t i s d e t e r m i n e d by 

d i f f e r e n t i a t i n g e q u a t i o n (A) w i t h r e s p e c t t o t h e r e c i p r o c a l 

v e l o c i t y and s e t t i n g t h e r e s u l t i n g e x p r e s s i o n e q u a l t o z e r o . 

The f i n a l e x p r e s s i o n o b t a i n e d f o r t h e v e l o c i t y i s 

'. .(X. y 5* P. .(x. . - f . - f 

K K 
5 " I p . . ( X . . - f . - f . ) ( T . .-e.-e ) 
i«l j*l 1 J 1 J 1 j ' 1 J i i ' 



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

v e l o c i t y l a y e r s t r u c t u r e above each s i t e . The t h i c k n e s s of t h e 

n t h l a y e r i s g i v e n by: 

»„ " Z l A , a - V l Z - Z a / V n 2 - V 2 2 z = n 
V V. n 1 V V 0 n 2 

... - z Jv 2-v 7 n - l w n n-1 
V V . n n-1 

V ,V n+1 n 

where Z i s t h e t h i c k n e s s o f t h e n t h l a y e r n J 

V n i s t h e v e l o c i t y o f t h e n t h l a y e r 

a i s t h e t i m e t e r m o f t h e n t h l a y e r n J 

A measure o f t h e f i t o f t h e t i m e t e r m s o l u t i o n t o t h e 

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

o f t h e s o l u t i o n , where: 

(J~ - I sum of s q u a r e d r e s i d u a l s 

no. o f d e g r e e s o f freedom i n t h e system^ 
i 

i . e . ( t h e e x p e r i m e n t a l e r r o r v a r i a n c e ) * 

T h i s i s g i v e n by: o"~ = 
ft K Z I P . .H. 2 

t-l 'jit i J i J 
( k + D 

The s t a n d a r d e r r o r s on t h e t i m e t e r m s have been d e t e r m i n e d 

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

a measure o f t h e u n r e l i a b i l i t y o f t h e t i m e term dependent o n l y 

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

s i t e and n o t a t t h e r e s t o f t h e s i t e s . The s t a n d a r d e r r o r on 

t h e k t h t i m e term i s g i v e n by: 

S E ( a k ) =&~W 

where b~' 

j ^ P . , +P, . ) I * i l l xk k i J 

^ ( P . . R.. 2+P. .R, . 2 ) 4,51 i k i k k i k i 

^ (P.. +P. . ) -1 |7j i k k i 
t h e s t a n d a r d e r r o r on t h e v e l o c i t y i s g i v e n by: 
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S E ( V ) = * 
v S ^ P . .R. . J 1 J 

4-' 

The s t a n d a r d e r r o r on a t i m e t e r m p r o v i d e s an e s t i m a t e o f 

t h e u n r e l i a b i l i t y o f t h e t i m e term b a s e d o n l y on t h e l a c k of 

f i t o f t h e o b s e r v e d d a t a a t t h e s i t e t o t.hn t i m e term found. 

E x p e r i m e n t a l measurement e r r o r s a r e not i n c l u d e d i n t h i s 

e s t i m a t e and n e i t h e r a r e any e r r o r s i n t r o d u c e d by v i o l a t i o n 

o f t h e a s s u m p t i o n s of t h e time term method. The t r a v e l t i m e 

r e s i d u a l s r e f l e c t a l l t h e e r r o r s i n t h e a n a l y s i s and c a n be 

u s e d b o t h t o remove u n r e l i a b l e d a t a and a s a c h e c k t h a t the 

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

i n d i c a t e s t h a t a p a r t i c u l a r t r a v e l t i m e i s u n r e l i a b l e and, a s 

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

s t a n d a r d d e v i a t i o n s ( o f t h e r e s i d u a l p o p u l a t i o n about t h e 

median) away from t h e r e s i d u a l p o p u l a t i o n median, f o r t h a t s i t e , 

t h e t r a v e l t i m e can be removed. Any s i g n i f i c a n t t r e n d i n t h e 

r e s i d u a l s s u c h a s c o r r e l a t i o n w i t h d i s t a n c e or a z i m u t h w i l l 

p r o b a b l y be r e l a t e d t o some v i o l a t i o n o f t h e assumptions o f t h e 

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

v e l o c i t y . 

The s h o t - s t a t i o n c o n f i g u r a t i o n a f f e c t s t h e r e l i a b i l i t y 

o f t h e t i m e t e r m s . A c o n f i g u r a t i o n w h i c h p r o v i d e s wide 

a z i m u t h a l c o v e r a g e a t e a c h s i t e w i t h v e l o c i t y r e v e r s a l s and 

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

3*5 L a t e r A r r i v a l s 

Any l a t e r a r r i v a l s i c i e n t i f i e d as n o r m a l P or S head waves 

have been i n t e r p r e t e d by t h e c l a s s i c a l method. The p h a s e 

r e f l e c t e d from t h e Mono, PmP, h a s been t r e a t e d i n a s e p a r a t e 

manner. 
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3.5«1. The FmF P h a s e 

An e s t i m a t e of t h e c r i t i c a l d i s t a n c e c a n be o b t a i n e d from 

t h e p o s i t i o n o f t h e " !aximum a m p l i t u d e o f t h i s r e f l e c t e d p h a s e . 

H o l d e r and B o t t (1971) d e m o n s t r a t e d t h a t t h e c r i t i c a l d i s t a n c e 

can be u s e d w i t h t h e Jloho i n t e r c e p t time t o d e t e r m i n e a mean 

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

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

The v e l o c i t y V a t a depth Z w i t h i n t h e c r u s t can be 

r e p r e s e n t e d by: 

I f i s t h e v e l o c i t y of t h e u n d e r l y i n g l a y e r , then t h e i n t e r 

c e p t t i m e t i i s g i v e n by: 

V = V ( l + & ) 

where V i s t h e mean c r u s t a l v e l o c i t y 

& i s a f u n c t i o n o f d e p t h Z o n l y 

t i 

? 2 / ( V n
2 - V ^ ) 

V V " ) 2 V "V dz n n 

I S ) 2 ] * V (1 + 2V 
n n 
* v ^ f r ( i - F ( 2 s + $ 2 ) i ^ ( i + s ) 

n _ J- j 
2F dz 

-1 dz 

where F 
Assuming t h a t t e r m s i n £ and h i g h e r powers o f £ a r e s m a l l 

enough t o n e g l e c t them: 

2 F " 2 T V "-""(l+t, ) A n - l ' T -
£ = ( l + l F - j F 2 ) T - 1 [ $ dz and T where c r u s t a l t h i c k n e s s 

a s l b dz = 0 

S i m i l a r l y t h e c r i t i c a l d i s t a n c e X i s g i v e n by: 

where £ 

2F 

dz ( B ) 

S o l v i n g (A) and ( B ) g i v e s : 

4 

X t i V 
n 

and V n 
xc(i+£!) 

JL 
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w h i c h p r o v i d e e s t i m a t e s o f mean c r u s t a l t h i c k n e s s ( T ) and 

a v e r a g e v e l o c i t y ( V ) . 

3.6 T h e o r e t i c a l T r a v e l Times 

A program was w r i t t e n ( A ppendixD ) t o d e t e r m i n e t h e 

t h e o r e t i c a l t r a v e l t i m e s of c r u s t a l and m a n t l e head waves, and 

th e Moho r e f l e c t i o n (PmP) p h a s e , f o r models a s s u m i n g : 

1. H o r i z o n t a l l a y e r i n g w i t h c o n s t a n t v e l o c i t y l a y e r s 

2. H o r i z o n t a l l a y e r s o f c o n s t a n t v e l o c i t y a p a r t from t h e 

l o w e r c r u s t a l l a y e r i m m e d i a t e l y above t h e Moho where t h e 

v e l o c i t y i s assumed t o i n c r e a s e l i n e a r l y w i t h d e p t h . 

MODEL 1 

The t r a v e l t i m e s o f t h e r e f r a c t e d a r r i v a l s a r e d e t e r m i n e d 

from t h e d e l a y t i m e f o r m u l a ( D o b r i n , 1960). 

where T i s t r a v e l t i m e f o r t h e head wave o f t h e n+1 t h l a y e r 

Z i s t h e t h i c k n e s s o f t h e n t h l a y e r n J 

i s t h e v e l o c i t y of t h e n t h l a y e r 

X i s t h e s h o t - s t a t i o n ran«;e 

The t r a v e l t i m e s o f t h e r e f l e c t e d F111P p h a s e a r e d e t e r m i n e d 

by a r a y t r a c i n g t e c h n i q u e , a s t h e r e a r e no e x a c t s o l u t i o n s 

o f t h e g e o m e t r i c a l e x p r e s s i o n r e l a t i n g t h e p a t h l e n g t h of t h e 

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

f i r s t b oundary, t o t h e t o t a l s h o t - s t a t i o n r a n g e . The 

e x p r e s s i o n would have t o be s o l v e d f o r t h i s a n g l e by a l i n e a r -

i n t e r p o l a t i o n method, and so i t i s more c o n v e n i e n t t o u s e 

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

s e t a t 0.1 r a d i a n s and t h e r a n g e a t w h i c h t h e Moho r e f l e c t i o n 

w i l l a r r i v e a t t h e s u r f a c e i s c a l c u l a t e d . I f t h i s r a n g e i s 

2Z.l/V + 2Z n+1 n+1 
n+1 1 n+1 n+1 2 

• . • + 7 2Z v/V n Y n+1 n 
n+1 n 



w i t h i n t h e l i m i t o f t o l e r a n c e ( s e t a t 0.1 km ) o f the a c t u a l 

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

r a y p a t h . However, i f t h e c a l c u l a t e d r a n g e i s not w i t h i n t h i s 

t o l e r a n c e l i m i t t h e i n c i d e n c e a n g l e i s i n c r e m e n t e d by 0.1 

r a d i a n s arid t?ie h o r i z o n t a l rano-e c a l c u l a t e d a g a i n . T h i s i s 

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

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

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

r e d u c e d by a f a c t o r o f two. S i m i l a r l y , i f , b e f o r e t h e a c t u a l 

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

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

v a l u e o f t h e a n g l e o f i n c i d e n c e i s u s e d w i t h h a l f t h e 

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

t h e t r a v e l t i m e i s o b t a i n e d by d i v i d i n g each segment by t h e 

a p p r o p r i a t e l a y e r v e l o c i t y . 

MODEL 2 

c a l c u l a t e d by f o r m a u l a e . An e x p r e s s i o n f o r t h e r a y p a t h l e n g t h 

i n each l a y e r i s d e t e r m i n e d from t h e l a y e r t h i c k n e s s and a n g l e 

o f i n c i d e n c e o f the r a y a t the l o w e r boundary o f the l a y e r . 

The p a t h l e n g t h i n t h e n t h l a y e r i s g i v e n by: 

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

P L ( n ) = Z ( n ) / c o s ( i ) n 
where P L ( n ) = p a t h l e n g t h 

Z ( n ) = l a y e r t h i c k n e s s 

i i n c i d e n t a n g l e n 
s i n i n V /V5 f o r t h e c a s e shown below n 
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T 

V3 

vr 

T w i c e t h e p a t h l e n g t h i n each l a y e r d i v i d e d by t h e 

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

e x c l u d i n g t h e l o w e r l a y e r . The h o r i z o n t a l d i s t a n c e t r a v e l l e d 

i n e a c h l a y e r i s a l s o c a l c u l a t e d so t h a t t h e t o t a l h o r i z o n t a l 

d i s t a n c e t o be t r a v e l l e d i n t h e l o w e r l a y e r i s known. 

Assuming t h e l i n e a r i n c r e a s e o f v e l o c i t y w i t h depth i n 

t h e l o w e r l a y e r can be r e p r e s e n t e d by V = V^+ky 

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

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

c i r c l e , t h e c e n t r e o f w h i c h l i e s on a p l a n e o f h e i g h t V^/k 

above t h e top o f t h e l o w e r l a y e r ( H e i l a n d , 1968). 

d = t h e depth w i t h i n t h e l o w e r l a y e r 

9 

The p a t h l e n g t h i n t h e l o w e r l a y e r , s , i s g i v e n by s = 

P where t h e r a d i u s o f t h e c i r c l e 

i s t h e a n g l e d e f i n e d by t h e l i m i t i n g r a d i i between 

t h e b e g i n n i n g and end o f t h e c u r v e d r a y p a t h 
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o r an i n c r e m e n t o f p a t h l e n g t h , d s, i s g i v e n by: 

ds = ̂ >dJ0 

Now 0 = B-V 

and a s i s c o n s t a n t 

d$f = dP 

,\ ds = f>d* 
G e o m e t r i c a l l y 0 i s d e f i n e d by: 

i n 0 s x n Z_ + V,/k 3 3 

/. 6 = 

d& = 

dv 

d& = 

k Z 3 + V 3 
k f 

V a s V = V + kd 
lkf> 3 

sin"1V/ky6» 

k f ^ A ^ ) 2 

dv 
2*2 „a 

.*. ds = 

s = 

k p ^ 

t = s/v = 

t = 

p dv 
V / k ^ " ^ 

l - ^ c o s h " ^ Z) k 
— I V4 

V3 

t = 1 
k 

c o s h ' ^ V . 

V 3 

c o s h " 1 V g 
V 4 
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a s f o r r e f r a c t i o n v = v 
_ S _5 = V 

H s i n c t k^5 s i n i . k 
V l 

T h e r e f o r e t h e t o t a l t r a v e l t i m e down t o , and up from 

t h e r e f r a c t o r i n t h e l o w e r l a y e r i s : 

t = 2 
k 

COSh'^V. i _ - l x r 
5 - c o s h V 

V —2. 
3 ZiJ 

and t h e t r a v e l t ime a l o n g t h e r e f r a c t o r i s : 

HD - 2 7 L - ( V , / V _ ) 1 J V l - ( V . / V , ) 2 

v 5 ^ -> 5 5 J 
where I1D i s t h e h o r i z o n t a l d i s t a n c e between t h e r a y e n t e r i n g 

and l e a v i n g t h e l o w e s t l a y e r . 

T h e r e f o r e , t h e t o t a l t r a v e l t i m e from s h o t t o r e c e i v e r i s : 
T = P L ( 1 ) 

V ( l 
) + P L ( 2 ) +....+ P L ( n - l ) + 2 c o s h _ 1 V A _ 
7 V ( 2 ) V ( n - l ) k S±2 

'— n 

- cosh'^V n+2 
r n + l 

n+2 

The t r a v e l t i m e s of t h e r e f l e c t e d PmF pha s e a r e 

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

Model 1. 
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S t a r t i n g w i t h an i n i t i a l v a l u e of i n c i d e n c e a n g l e t h e 

h o r i z o n t a l d i s t a n c e t r a v e l l e d by t h e r a y i s c a l c u l a t e d and 

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

s h o t - s t a t i o n r a n g e . 

The h o r i z o n t a l d i s t a n c e i s g i v e n by: 

2 ( Z t a n i n + Z t a n i _ + .... + Z , t a n i , + X) 1 1 2 2 n-1 n-1 

= 2hd + 2X 

where s i n i = V s i n i . f o r r = l . n 
1 * 1 * I * 

in 

l 

1 
y xy 

/ 

V6 

0 = e - i 
n 

d<j> = d& 
ds = f>d0 = pdQ 
h o r i z o n t a l d i s t a n c e dx = ds s i n 

= f> d s i n 9 

= p sinOdfr 

Now s i n 9 = XY/o = h+VA/k = VA + kh = V 

1 

V 

ft = s i n _ 1 y 

d& 1 
dv J , ,,2,, 2̂ 2 
d& 
dv 

Vl-vVk^O 1 

1 
\fk2f2-V2 
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.'. dx =AV dv 
r 

dx = V dv 

x = I vdv J ̂ 
j-|VB 

VA 

where 

= i j y k ^ 2 - v A 2 Vky-ve 2"] 

/ ? = VA = VAV 1 = V 1 

/ k s i n i - k TTT . r — 1 V A s i n l , k ^ k s i n ± 1 

2„2 , 2„ 2 „ 2 2. 
- c o s e c l •"•k7 = k v = v i i 

2 , 2 
k s i n 2] 

.\ X = j j / V ^ 2 c o s e c 2 ^ 2 - \ / v i
2 c o s e c 2 i 1 - V B 2 ] 

T o t a l h o r i z o n t a l d i s t a n c e = hd + 2X 

'ifhen t h i s h o r i z o n t a l d i s t a n c e i s found e q u a l t o t h e shot-

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

t i me i n t h e u p p e r l a y e r s i s e a s i l y d e t e r m i n e d i n t h e same 

manner a s f o r t h e r e f r a c t i o n c a s e . I n t h e l o w e r l a y e r o f 

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

T = -i ( c o s h - 1 / ? k - c o s h " 1 / t ? k ) 
KV VA VB/ 

but i n t h i s c a s e & = VB , where sin A. = VB s i n i . . 
' k s i n * V I 

/. T = l / c o s h ~ 1 V B - c o s h - 1 l } 
k\_ V A s i n * s i n * y 

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

t h i s l o w e r l a y e r t h e r e comes a t i m e when t h e c o n t i n u o u s 

r e f r a c t i o n c a u s e s t h e r a y t o be r e f r a c t e d back t o t h e top 

of t h e l a y e r w i t h o u t e v e r r e a c h i n g t h e l o w e r boundary. T h i s 
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occurs when 0" = 90° i . e . sin&" = 1 

.*. V = 1 or V = \ap 
iy ' 

The v a l u e of V at the base of the lower l a y e r i s VB 

.*. VB = ]y>= V I cosec i ^ 
cosec i , = VB 

V I 

.'•sin i 1 = V I ; i = s i n [ V I ] = 
VB X V V B / 

= i max = l 
m 

Therefore the maximum h o r i z o n t a l d i s t a n c e at which thi 

lower boundary i s reached i s given by: 

2(Z, tan i + Z_ tan i 0 + . . . + Z , tan i _ + 1 m 2 2 n-1 n-1 

i cosec 2i__-VA 2) 
m 

No PmP a r r i v a l s can be i d e n t i f i e d beyond t h i s range. 
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CHAPTflH k 

The North S c o t t i s h C o n t i n e n t a l S h e l f 

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

The a r e a considered i n t h i s t h e s i s as the North S c o t t i s h 

C o n t i n e n t a l S h e l f extends from n o r t h of S c o t l a n d to the 

Shetland I s l a n d s . The western boundary of the area i s marked 

approximately by the 100 fathom bathymetric contour and to the 

east the s h e l f extends ac r o s s to the Norwegian coast ( F i g . 1.1.) 

The shots considered to be over the s h e l f a r e : 

A l l l i n e D i . e . D2-D2fi 
A l l l i n e E i . e . E1-E17 

C1-C24 
B47-B70 

The North S c o t t i s h mainland was considered i n terms of 

two s e p a r a t e s t r u c t u r a l u n i t s i n s e c t i o n 1.2.1., the Caledonian 

F o r e l a n d to the WNW and the Caledonian Orogenic B e l t to the 

ESE. As the t h r u s t s s e p a r a t i n g the f o r e l a n d from the orogenic 

b e l t dip towards the east the f o r e l a n d s t r u c t u r e probably 

extends at depth f o r s e v e r a l tens of k i l o m e t r e s eastwards 

beyond the s u r f a c e boundary. Most of the shots on the s h e l f 

were f i r e d over the Caledonian f o r e l a n d but the few shots to 

the east of the Caledonian f r o n t were probably a l s o over f o r e 

l a n d c r u s t at depth. ( F i g . 1 . 2 ) . However r e c o r d i n g s t a t i o n s 

were s i t u a t e d both on the f o r e l a n d and on the orogenic b e l t . 

Some of these s t a t i o n s were l o c a t e d to the eas t of the Great 

Glen F a u l t , and some to the south of the Highland Boundary 

F a u l t . ( F i g . 2 . 1 . ) . 

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

(Bott and Watts, 1970) were t r a v e r s e d by shots on l i n e s B and 

C. In p a r t i c u l a r the shots on l i n e B c r o s s e d from the out

cropping basement r i d g e , "high A 1, to the deep sedimentary 
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b a s i n , 'low IS1 , i n t e r p r e t e d from g r a v i t y o b s e r v a t i o n s (Bott 

and Watts, 1970) and f u r t h e r d e t a i l e d by shallow s e i s m i c 

r e f r a c t i o n ( B r o w i t t , 1972). L i n e E was f i r e d over the Moray 

F i r t h b a s i n and l i n e D, p a r a l l e l to the s t r i k e of the g r a v i t y 

contours, alon.r the length of the North S c o t t i s h S h e l f . 

k.2 The f i r s t a r r i v a l s 

The observed t r a v e l times were a l l reduced to a sea l e v e l 

datura to c o r r e c t f o r the bathymetry v a r i a t i o n and changes i n 

shot depths and r e c e i v i n g s t a t i o n e l e v a t i o n s . The c o r r e c t i o n 

term added to each t r a v e l time was: 

Water depth (km) - (Water depth (km) - Shot depth (km)) -
5.95 1.5 

S t a t i o n e l e v a t i o n (km) 
5-95 

A v e l o c i t y of 1.5 km s""^ was assumed f o r sound i n sea 

water, and 5*95 km s -^" as the basement v e l o c i t y to be expected 

beneath much of the r e g i o n . Such a basement v e l o c i t y had been 

p r e v i o u s l y observed (BroTfitt, 1971). 

The method of l e a s t squares was used to f i t s t r a i g h t l i n e 

segments to the f i r s t a r r i v a l t i m e - d i s t a n c e graphs f o r each 

s t a t i o n and l i n e . The v e l o c i t i e s and i n t e r c e p t s obtained are 

given i n Table 4 . 1 . Reduced 'time minus d i s t a n c e / 6 . 0 1 graphs 

were a l s o p l o t t e d and those are shown i n F i g u r e s '+.l-'t . l2 . 

The a r r i v a l s from l i n e s C and D shots provide evidence of 

thre e d i s t i n c t phases. Beyond d i s t a n c e s of about 120 km the 

a r r i v a l s l i e on segments with r e c i p r o c a l g r a d i e n t s of about 

8 km s""*" and are i n t e r p r e t e d as the Moho head wave Pn. At 

d i s t a n c e s between 'l0-80 km and 120 km some f i r s t a r r i v a l s l i e 

on segments w i t h r e c i p r o c a l g r a d i e n t s of about 6.5 km s~^" arid 

i n t e r c e p t s of about l-s-1.4 s. These a r r i v a l s are i n t e r p r e t e d 



TABLE '+.1. 

APPARENT VELOCITIES AND INTERCEPTS FROM LEAST SQUARES 

S t a t i o n Shots Phase V e l o c i t y ( k m s""̂ ") I n t e r c e p t ( s ) S.E. 

DU1 D'i7-B51 3 . l 6 i o . l l -16*24^1.19 0.07 
352-3356 4.19^0.20 - 6.34-1.12 0.07 
B57-B61 Pg 5.90i0.10 + 

- 0.30- 0.02 
B65-B70 +P* 9.03±0.75 4.99-0.70 0.12 
D2-D10 P* 6.3lio.O't 0.96^0.08 0.08 
D11-D24 Pn 7.89^0.04 4.82^0.14 0.12 
E3-E17 +Pn 7.66^0.20 3.54-0.92 0.22 

DU2 B44-B50 Pn 7.2oio.29 3.80^0.81 0.09 
B51-B56 Pn 7.83^0.80 5.49-1.68 0.12 
B57-B61 Pn 7.93-1.40 4.82-2.57 0.13 
C l - C l l P* 7.03-O.63 2.72^1.53 0.09 
C13-C24 Pn 8.2'ito.30 5.90^0.61 0.16 
D2-D5 Pn 7.86^0.37 4.92^0.81 0.12 
D6-D15 PS 5.95-0'.04 O.15-O.08 0.08 
D16-D20 Pg 5.99-0.05 0.35-0.08 0.03 
D21-D24 P* 6.49-0.13 1.41^0.31 0.09 
E1-E17 +P* 6.32^0.11 I.63-O.33 0.34 

DU3 D2-D24 Pn 8.12^0.04 5.95-0.18 0.20 

IGS1 B65-B70 +Pn 7.48^0.13 3.54-0.51 0.08 
C1-C13 Pg 5.94^0.10 0.18^0.11 0.15 
C14-C24 P* 6.25-O.IO 0.86-0.26 0.15 
D2-D13 Pn 7.93-0.07 4.80^0.22 0.15 
D14-D21 P* 6.40^0.09 1.06^0.18 0.16 
D22-D24 Pg 5.91-0.16 0.16^0.09 0.08 
E6-E9 +Pn 6.54^0.50 0.50^0.98 0.12 

IGS2 C l - C l l Pg 6.25-0.17 0.46^0.35 0.09 
C13-C24 P* 6.63-O.IO I.80-O.26 0.10 
U2-D19 Pn 8.13-O.07 5.31-0.24 0.23 
D20-D24 Pg 5.96-O.09 -O.26-O.26 0.10 
E6-E16 +Pn 7.78-0.47 5.12-1.62 0.28 

IGS3 C5-C24 Pn? 7.43-0.15 2.81^0.77 0.24 
D7-D24 Pn 8.00^0.08 6.10^0.40 0.29 



TABLl i 4.1. contd. 

S t a t i o n Shots I hase V e l o c i t y ( k m s~^) I n t e r c e p t ( s ) S .E. 

UKAEA B51-356 P* 6.64^0.19 1.96^0.40 0.04 
B57-B61 P* 6.52-0.13 0.72^0.2 4 0.04 
B65-B70 +Pg 6.61^0.09 1.56^0.11 0.04 
C2-C21 l'n 7.83-O.15 3.60I0.6O 0.06 
D2-DS i s 5.89-0.04 0.47lo.O'i o.o4 
D7-D13 P* 6.51-0.04 1.46-0.09 0.05 
D14-D24 Pn 7.92^0.05 4.85-0.18 0.11 
E2-E16 +Pn 7.93-0.15 5.21^0.59 0.16 

UAB B65-B70 +P11 7.58^0.14 3.92^0.62 0.08 
C1-C14 P* 6.31-0.13 0.4l±0.37 0.18 
C15-C24 Pn? 7.50^0.12 4.27-0.34 0.09 
D2-D17 Pn 7.95-0.04 5.30^0.15 0.12 
D19-D24 Pg 5.81^0.09 -0.41^0.23 0.09 
E1-E17 +P* 6.95-0.16 3.08^0.43 0.19 

ULA D10-D19 Pn . 8.04±0.l8 5.56-0.54 0.24 
D23, D24 Pg 5.92 0.10 
E2-E8 +P* 6.90^0.40 3.29-1.05 0.12 

UBL C4-C24 Fn 3.03±0.10 6.15^0.40 0.18 
D2-D12, 
D15, D16 8.25-0.07 6.3010.30 0.09 
D13-D24 Pn 7.96-0.09 5.6olo.3."-! 0.14 
E1-E14 +Pn 7.74^0.45 5.42^1.12 0.15 

MHD D14-D24 Pn 7.98^0.14 6.14^0.98 0.28 
LN1 C2-C15 Fn 8.30^0.39 6.2812.05 0.26 
LN5 C1-C24 Pn 8.20^0.12 7.09I0.61 0.24 

D3-D24 Pn 8.21^0.06 7.08^0.29 0.18 
E1-E17 +Pn 7.69-0.14 5.23-0.53 0.20 

LN4 E1-E17 +Pn 7.38-0.18 3.56^0.88 0.30 
LN6 C4-C24 Pn 8.07-0.08 5.78^0.50 0.13 

D3-D23 Fn 7.99-0.04 5.86^0.25 0.08 
E1-E16 +Pn 7. s o i o . i o 4.26lo.43 0.15 

LN8 D3-D23 Pn 8.02^0,09 6.4olo.57 0.21 

LN9 C4-C24 Pn 8*03^0.11 5*56^0.56 0.18 
MIR ( A) C8-C13 

C15-C23 
Pg? 
P* 

4.9810.84 
6.53-0.14 

0.06^2.46 
i.56±o.oe 

0.80 
0.11 



+ These v a l u e s of v e l o c i t y and i n t e r c e p t are d e f i n e d by the 

observed t r a v e l times c o r r e c t e d only f o r v a r i a t i o n s in shot 

depth and s t a t i o n e l e v a t i o n . However the t r a v e l times were 

then c o r r e c t e d f o r sediment v a r i a t i o n . 
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as the head wave, P* , from a lower c r u s t a l l a y e r . A l l the 

f i r s t a r r i v a l s at ranges of up to 40 km, and some up to 120 km, 

define segments with r e c i p r o c a l g r a d i e n t s of about 6 km s~^" 

and have s m a l l p o s i t i v e i n t e r c e p t s . These are i n t e r p r e t e d 

as, Pg, t r a v e l l i n g i n the metamorphic basement beneath a t h i n 

sediment cover. IJoth the lower two r e f r a c t o r s , P* and I n , are 

observed from the l i n e 12 shots over the Moray F i r t h . The i g 

basement r e f r a c t o r was not i d e n t i f i e d , probably because the 

ranges of these shots were too great to produce f i r s t a r r i v a l s 

from t h i s basement. The f i r s t a r r i v a l s from the l i n e B shots 

a l s o show the same three phases as f o r l i n e s C and D, but the 

s t r o n g l y v a r i a b l e near s u r f a c e s t r u c t u r e makes the s i t u a t i o n 

l e s s w e l l d efined. 

4.3 I n t e r p r e t a t i o n of the t i m e - d i s t a n c e graphs 

4.3.1 L i n e D 

A l l f o urteen of the t i m e - d i s t a n c e graj.hs f o r l i n e D 

(Figs.'+.1-4.5 •) have Pn segments w i t h apparent v e l o c i t i e s ranging 

from 7.86 to 8.21 km s""*". Four of the graphs have a P* segment 

(6.31-6.51 km s -"*"), and s i x have a Pg segment (5.81-5.99 km s~^")< 

The graphs f o r s t a t i o n s IGS1, UKAEA and DU2 have both Pg and 

P* segments i n d i c a t i n g the presence of two d i s t i n c t r e f r a c t o r s . 

The mean v e l o c i t i e s of the t hree r e f r a c t o r s were 5*92^0.04 km 

s " 1 , 6.43±0.04 km s - 1 and 8.01^0.03 km s " 1 . 

The s t a c k e d a r r i v a l s f o r a l l the l i n e D shots at s t a t i o n s 

IGS1, DU1 and DU2 are shown i n F i g u r e s 4.13-4.15. 

There was no r e v e r s e d measurement of the Fg v e l o c i t y 

along l i n e D but, as s i m i l a r v e l o c i t i e s were observed from 

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

v e l o c i t y i s probably c l o s e to the t r u e r e f r a c t o r v e l o c i t y . 



F i g u r e 4.1 : The reduced t i m e - d i s t a n c e graphs f o r 
l i n e D at (a) s t a t i o n IGS2, (b) s t a t i o n IGS3, ( c ) 
s t a t i o n IGS1. 
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F i g u r e 4.2 : The reduced t i m e - d i s t a n c e graphs f o r l i n e D 
at ( a) s t a t i o n DU3, (b) s t a t i o n DU1, ( c ) s t a t i o n DU2. 
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F i g u r e 4.3 : The reduced t i m e - d i s t a n c e graphs f o r l i n e 
at ( a) S t a t i o n ULAf (b) s t a t i o n UAB, ( c ) S t a t i o n UBL. 
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F i g u r e 4.4 : The reduced t i m e - d i s t a n c e graphs f o r l i n e D 
at ( a ) s t a t i o n MHO, (b) s t a t i o n UKACA. 
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F i g u r e '+.5 '• The reduced t i m e - d i s t a n c e graphs f o r l i n e 
at ( a) s t a t i o n L N 6 , (b) s t a t i o n L N 5 , ( c ) s t a t i o n LN'O. 
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6 2 . 

L i t t l e v a r i a t i o n was f o u n d i n t h e Pg v e l o c i t y v a l u e s , and t h e 

mean o f 5•92^0.04 km s~^ i s s i m i l a r t o t h e r e v e r s e d basement 

v e l o c i t y (5^95 km s""*") measured by B r o v r i t t ( 1 9 7 1 ) . 

The I g i n t e r c e p t t i m e s observed were q u i t e s m a l l and 

range f r o m -O.^ls t o 0.'l7s. They are i n t e r p r e t e d i n terms o f 

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

above t h e basement. The s t a n d a r d e r r o r on t h e n e g a t i v e 

i n t e r c e p t observed a t s t a t i o n IGS2 reduces t h i s v a l u e t o 

z e r o , and t w i c e t h e s t a n d a r d e r r o r on t h e n e g a t i v e i n t e r c e p t 

observed a t s t a t i o n UAB a l s o reduces t h i s i n t e r c e p t v a l u e t o 

z e r o . The i n d i v i d u a l v a l u e s o f i n t e r c e p t t i m e and Pg v e l o c i t y 

f o r each s t a t i o n , t o g e t h e r w i t h an assumed mean sediment v e l o c i t y 

o f 5 km s~^ were i n t e r p r e t e d i n terms o f sediment t h i c k n e s s 

by means o f t h e l a y e r t h i c k n e s s f o r m u l a . The basement depths 

d e t e r m i n e d are g i v e n i n T a b l e 't.2. 

F i r s t a r r i v a l s d e f i n i n g a P* v e l o c i t y were observed f r o m 

e v e r y shot on l i n e D, except D13, i n d i c a t i n g t h a t t h i s 

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

However t h e r e was no a p p r o x i m a t e l y c o n s t a n t Pg/P* c r o s s o v e r 

d i s t a n c e , as at some s t a t i o n s P* a r r i v a l s were observed f r o m 

v e r y s h o r t ranges (35-^0 km a t s t a t i o n DUl) and at o t h e r s P g 

a r r i v a l s were ob s e r v e d a t up t o Moho a r r i v a l ranges ( s t a t i o n s 

IGS2, UAB, ULA). T h i s suggests a v a r i a b l e depth Pg/P* i n t e r 

f a c e . Good second a r r i v a l s a t s t a t i o n IGS1 f r o m s h o t s D3» 8, 

9 f 10, 11 and 13 a l s o d e f i n e d a P* v e l o c i t y . These a r r i v a l s 

were used w i t h t h o s e o f s h o t s D7-D13 observed a t s t a t i o n UKAliA 

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

towards t h e n o r t h - e a s t a t 0.5° w i t h a t r u e v e l o c i t y o f 6.46 

km s However a l l o w i n g f o r t h e r a y o f f s e t i n t r a v e l l i n g 

down t o t h e P* r e f r a c t o r t r u e r e v e r s a l i s o n l y p r o v i d e d by 

s h o t D13 a t s t a t i o n UKAEA and s h o t D7 a t s t a t i o n IGS1. 
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The i n d i v i d u a l v a l u e s o f P* v e l o c i t i e s and i n t e r c e p t s 

o b s e r ved a t each s t a t i o n were i n t e r p r e t e d i n terms o f r e f r a c t o r 

d epths assuming o v e r l y i n g sediment and basement m a t e r i a l o f 

5 km and 5*92 km s-"*" r e s p e c t i v e l y . The depths d e t e r m i n e d 

a r e g i v e n i n Ta b l e 4.2. 

A r e v e r s e d e s t i m a t e o f Pn v e l o c i t y a l o n g l i n e D was 

p r o v i d e d by t h e o b s e r v a t i o n s a t s t a t i o n s 1GS1 and IGS2 l o o k i n g 

t o t h e n o r t h - e a s t , and t h e o b s e r v a t i o n s a t s t a t i o n s UKAISA and 

DU1 l o o k i n g t o t h e s o u t h - w e s t . The a p p a r e n t v e l o c i t y i n b o t h 

d i r e c t i o n s f o r t h e same p a r t o f t h e Moho r e f r a c t o r was o n l y 

observed over a s m a l l l e n g t h o f t h e l i n e due t o t h e r a y o f f s e t 

i n t r a v e l l i n g down t o t h e Moho. T h i s p o r t i o n o f t h e l i n e l i e s 

between t h e l i m i t o f Pn energy t r a v e l l i n g t o w a r d s the s o u t h 

west and t h e l i m i t t r a v e l l i n g t o v a r d s t h e n o r t h - e a s t , and so 

t r u e r e v e r s a l o f t h e l'n v e l o c i t y was o n l y p r o v i d e d by t h e 

f o l l o w i n g r e s u l t s : 

S t a t i o n DV1 D11 -D19 7 . 7 9 ^ 0 . 0 6 km s " 1 

S t a t i o n UKAEA D14 -D19 7 . 8 9 ^ 0 . 0 9 " 
S t a t i o n IGS1 D6 -D13 7 . 9 8 ^ 0 . 1 3 1 1 

S t a t i o n IGS2 D6-D14 8 . 2 3 - 0 . 1 9 " 

The mean app a r e n t v e l o c i t i e s l o o k i n g t o t h e n o r t h - e a s t 

and south-west are 8.1-0.11 km s~^~ and 7.84-0.05 km 

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

and were i n t e r p r e t e d i n terms o f a Moho o f t r u e v e l o c i t y 

7 . 9 7 km s"^ d i p p i n g t o t h e south-west a t 1 . 3 ° . 

The o b s e r v a t i o n s a t s t a t i o n UBL d e f i n e , s t a t i s t i c a l l y , 

two s e p a r a t e phases a t 1 n r a m i e s . A l t h o u g h t h e c r o s s o v e r 

d i s t a n c e o f t h e s e two phases i s a p p r o x i m a t e l y 210 km t h e 

a r r i v a l s i d e n t i f i e d o u t t o about 270 km d e f i n e d t h e f i r s t 

segment. T h i s phase has a v e l o c i t y o f 7 . 9 6 km s"^" and i s 

i n t e r p r e t e d as t h e Moho head wave l'n. The a r r i v a l s a t ranges 

o f g r e a t e r t h a n 270 kin d e f i n e a segment o f r e c i p r o c a l g r a d i e n t 
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8.25 km s"^ t w h i c h i s s i g n i f i c a n t l y d i f f e r e n t t o t h e 1-n 
v e l o c i t y . The h i g h e r v e l o c i t y phase may r e p r e s e n t waves 
t r a v e l l i n g a t a s l i g h t l y g r e a t e r d e p t h i n t h e m a n t l e . 

Moho depths were d e t e r m i n e d f r o m t h e observed 1-n 

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

Mean se d i m e n t , Fg and F* v e l o c i t i e s o f 5 « 0 , 5*92 and 

6.43 km s ^ were assumed, t o g e t h e r w i t h 0 .68 km o f sediment 

cover and a P* r e f r a c t o r depth o f 8 .2 km. The Moho depths 

f o u n d a r e g i v e n i n Ta b l e 4 . 2 . 

4 . 3 . 2 L i n e C 

Nine o f t h e t w e l v e t i m e - d i s t a n c e graphs o f l i n e C 

( F i g s . 4 . 6-4 . 8 ) have Fn segments d e f i n i n g a pparent 

v e l o c i t i e s r a n g i n g f r o m 7 .43 t o 8.3O km . F i v e o f t h e 

graphs have a P* segment ( 6 .25 -7*03 km s~^) and t h r e e have 

a I'g segment ( 4 . 9 8 - 6 . 2 5 km s ~ ^ ) . The t h r e e v e l o c i t y groups 

a r e t h e same as were observed f o r l i n e iJ b u t each group 

shows a w i d e r range o f v a l u e s . T h i s may be e x p l a i n e d by 

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

whereas l i n e 0 r u n s a p p r o x i m a t e l y p a r a l l e l t o t h e s t r i k e 

d i r e c t i o n . However i t i s p o s s i b l e t h a t t h e s c a t t e r on t h e 

P* and I n v e l o c i t y groups i s c o n c e a l i n g t h e presence o f an 

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

7 .3 km s ^. A l o w e r c r u s t a l r e f r a c t o r o f t h i s v e l o c i t y 

has been observed beneath Cardigan Bay ( B l u n d e l l an-! P a r k s , 

1 9 6 9 ) . 

The Pg v e l o c i t y a l o n g t h i s l i n e s h o u l d have been r e v e r s e d 

by t h e o b s e r v a t i o n s a t s t a t i o n s IGS1 and MIH(A). However t h e 

r e c o r d s o b t a i n e d a t s t a t i o n M I l l ( A ) were poor and t h e v e l o c i t y 

d e t e r m i n e d u n r e l i a b l e . A mean o f t h e s e two v e l o c i t i e s was 



TABLE ' l . 2 . LAYER THICKNESSES LINE D 

S t a t i o n Sediment 
t h i c k n e s s ( k m ) 

Basement L. c r u s t a l 
t h i c k n e s s ( k m ) l a y e r 

IGS1 0.75 
IGS2 0.0 
IGS3 
UKAEA 2.2 
DU1 
DU2 t o SW 1.5 
DU2 t o NE 0.7 
DU3 
UAB 0.0 
UBL 
MHD 
LN5 
LN6 
LN8 
ULA 

5.8 

8.0 

8.2 

t h i c k n e s s ( k m ) 

15.1 
19.0 
21.8 
15.7 
15.5 

16.2 
20.2 
20.2 
20.6 
22.2 
25.6 
20.5 
23.3 

Moho 
de p t h 

21.65 
26.3 
30.4 
25.9 
24.1 

25.5 
28.8 
28.0 
29.2 
30.8 
34.2 
29.1 
31.9 

TABLE 4.3. LAYER THICKNESSES LINE C 

Sediment Basement L. C r u s t a l S t a t i o n 

IGS1 
IGS2 
IGS3 
UKAEA 
DU2 
UAB 
UBL 
LN1 
LN5 
LN6 
LN9 
MIR 

t h i c k n e s s 

0.83 
1.92 

t h i c k n e s s 

5.1 
9.5 

12.8 
1.3 

l a y e r 
t h i c k n e s s 

6.5 
9.6 
20.5 
16.0 
23.3 
22.2 
27.7 
20.8 
19.9 

Moho 
d e p t h 

14.9 
18.0 
34.3 
18.3 
31.7 
30.6 
36.1 
29.2 
28.3 

0.29 8.5 



F i g u r e 4.6 : The reduced t i m e - d i s t a n c e graphs f o r l i n e C 
a t ( a ) s t a t i o n IGS3, ( b ) s t a t i o n DU2, ( c ) s t a t i o n IGS1, 
( d ) s t a t i o n IGS2. 
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F i g u r e 4.7 : The reduced t i m e - d i s t a n c e graphs f o r l i n e 
a t ( a ) s t a t i o n UAB, ( b ) s t a t i o n UKAEA, ( c ) s t a t i o n UDL, 
( d ) s t a t i o n M I R ( A ) . 
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F i g u r e 4.8 : The reduced t i m e - d i s t a n c e graphs f o r l i n e 
a t ( a ) s t a t i o n LN6, ( b ) s t a t i o n LN1, ( c ) s t a t i o n LN5, 
( d ) s t a t i o n LN9. 
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o b t a i n e d , w e i g h t i n g each v e l o c i t y p r o p o r t i o n a l t o t h e i n v e r s e 
o f t h e s t a n d a r d e r r o r on t h e v e l o c i t y t o decrease t h e e f f e c t 
o f t h e o b s e r v a t i o n a t s t a t i o n M IR(A). The w e i g h t e d mean 
v e l o c i t y f o u n d was ^,8^*0,^2 km s""*". 

Sediment t h i c k n e s s e s were d e t e r m i n e d f o r t h e i n d i v i d u a l 

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

o f 5.84 km s - ^ and an assumed sediment v e l o c i t y o f 5.0 km a-"*". 

The t h i c k n e s s e s f o u n d are g i v e n i n T a b l e 4.3. 

The mean sediment t h i c k n e s s f o u n d was 1.01 km compared 

t o 0.86 km f o r l i n e D. However t h e v a l u e s d e t e r m i n e d at s t a t i o n 

IGS1 f o r l i n e s D and C were 0.75 and O.83 km r e s p e c t i v e l y , and 

t h e i n t e r c e p t t i m e s f o r t h e two l i n e s O.lGs and O.lBs 

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

i n t e i - | r e t a t i o n . 

The observed P* v e l o c i t i e s have a l a r g e s c a t t e r (6.25-

7.03 km s-"*") and, i n a d d i t i o n , t h e P* v e l o c i t y observed at 

s t a t i o n IGS1 i s t h e same as t h e Pg v e l o c i t y seen at s t a t i o n 

IGS2. The P* v e l o c i t y observed at s t a t i o n IGS2 i s c o n s i d e r a b l y 

l a r g e r (6.63-0.10 km s -"*"). E s t i m a t e s o f t h e t r u e r e f r a c t o r 

v e l o c i t y c a u s i n g t h e s e a r r i v a l s at t h e two s t a t i o n s were 

o b t a i n e d by minus - t i m e a n a l y s i s (Hagedoorn, 1959) f o r t h e 

p a i r s o f s t a t i o n s IGS1/MIR(A) and IGS2/MIR(A). The v e l o c i t i e s 

d e t e r m i n e d were 6.45 and 6.59 km s-^" r e s p e c t i v e l y , w h i c h are 

c o n s i s t e n t w i t h t h e P* v e l o c i t i e s observed on l i n e D and w i t h 

t h e t i m e t e r m a n a l y s i s v a l u e w h i c h w i l l be p r e s e n t e d i n a 

l a t e r s e c t i o n . An anomalously h i g h a p p a r e n t P* v e l o c i t y o f 

7.03^0.63 km s " 1 was observed at s t a t i o n DU2. T h i s v a l u e may 

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

w e l l o f f s e t f r o m t h e s h o t l i n e and t h e shot t o s t a t i o n a z i m u t h 

v a r i e s c o n s i d e r a b l y f o r each s h o t , whereas t h e range o n l y 

v a r i e s by 10 km. The apparent P* v e l o c i t i e s observed at 
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s t a t i o n s IGS1 and MIR(A) can be t a k e n t o r e v e r s e t he P* 

v e l o c i t y and i n d i c a t e a r e f r a c t o r o f t r u e v e l o c i t y 6.38 km s"^" 

d i p p i n g t o w a r d s t h e n o r t h - w e s t a t 1.6° However assuming a 

r e f r a c t o r depth o f 9 km t h e r a y o f f s e t i n t r a v e l l i n g t o and 

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

r e v e r s a l over any l e n g t h o f t h e l i n e . 

The mean P* v e l o c i t y (6.55-0.13 km a™"*") was used w i t h t h e 

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

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

o f 5 km s -^" and 5.84 km r e s p e c t i v e l y were assumed, and t h e 

depths f o u n d g i v e n i n T a b l e 4.3» 

The p a t t e r n o f t h e Pg and P - f i r s t a r r i v a l s i n d i c a t e s 

t h a t a s i g n i f i c a n t change o c c u r s i n t h e basement a t a p p r o x i m a t e l y 

shot C13. P r e v i o u s g e o p h y s i c a l s u r v e y s ( B o t t and W a t t s , 1971; 

Wa t t s , 1970) have a l s o shown t h a t a t about t h i s same p o s i t i o n 

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

b u r i e d metamorphic basement t o t h e edge o f a Mesozoic 

s e d i m e n t a r y b a s i n ( g r a v i t y low D). No Pg a r r i v a l s were 

observed f r o m s h o t s beyond C I 3 . Such a r r i v a l s w o u l d be 

exp e c t e d f r o m t h e s e s h o t s a t s t a t i o n M1R(A) (due t o t h e s m a l l 

r a n g e ) , and a l s o a t s t a t i o n IGS2 as t h e observed P* a r r i v a l s 

appear t o be secondary a r r i v a l s . T h i s i n d i c a t e s t h a t t h e r e i s 

e i t h e r t e r m i n a t i o n o r s u b s t a n t i a l t h i n n i n g and deepening o f 

t h e Pg basement beneath t h e sediments o f b a s i n D. 

Pn a r r i v a l s were observed a t one o r more s t a t i o n s f r o m 

a l l t h e s h o t s on l i n e C, w i t h a range i n t h e observed a p p a r e n t 

v e l o c i t i e s o f 7.43-8.30 km s - 1 and mean v a l u e o f 7.96^0.06 km 

s ^. The low v e l o c i t y v a l u e s o f 7«43 km s - 1 and 7.5 km s " 1 a t 

s t a t i o n s I G S 3 and UAB may r e p r e s e n t a h i g h v e l o c i t y l o w e r 

c r u s t a l l a y e r as was i d e n t i f i e d b e n e a t h C a r d i g a n Bay ( B l u n d e l l 
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and P a rka, 1969). The l'n segments o f t h e graphs o f s t a t i o n s 

IGS3, UKAEA, UDL, LN1, LN5, LN6 and LN9 i n c l u d e t r a v e l t i m e s 

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

a p p r o x i m a t e l y s h o t C13» No o f f s e t s a r e seen on t h e s e 

segments, b u t any v a r i a t i o n i n upper s t r u c t u r e c o u l d bo 

compensated f o r by v a r i a t i o n i n t h e l o w e r c r u s t . 

There was no t r u e r e v e r s a l o f t h e Pn v e l o c i t y a l o n g 

l i n e C. However e s t i m a t e s o f t?ie Pn v e l o c i t y i n t h e d i r e c t i o n 

s h o t t o s t a t i o n were o b t a i n e d by p l o t t i n g t h e t r a v e l t i m e s 

f r o m one s h o t t o s e v e r a l s t a t i o n s on t h e S c o t t i s h m a i n l a n d . 

However Pn a r r i v a l s were o n l y r e c e i v e d a t s t a t i o n s UAB and 

UDL and a t some o f t h e i n s t r u m e n t s o f t h e Lownet a r r a y s t a t i o n 

on t h e m a i n l a n d . As t h e Lownet s t a t i o n s were n o t d i r e c t l y 

i n l i n e w i t h t h e sho t l i n e and as t h e r e c o u l d o n l y be a few 

o b s e r v a t i o n s f o r each s h o t , t h e v e l o c i t y e s t i m a t e s o b t a i n e d 

a r e n o t v e r y r e l i a b l e and have l a r g e s t a n d a r d e r r o r s . The 

range i n v e l o c i t y o b t a i n e d was 8.04-8.43 km s"^" w i t h a mean 

v a l u e o f 8.26 km s-"*", w h i c h i s an e s t i m a t e o f t h e Pn v e l o c i t y 

beneath t h e S c o t t i s h m a i n l a n d . The mean T'n v e l o c i t y i n t h e 

d i r e c t i o n s t a t i o n t o shot was 7.96 km s""̂ " w h i c h , when r e v e r s e d 

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

t r u e Pn v e l o c i t y o f 8.1 km s"^ and a Moho d i p o f 1.4° towards 

t h e n o r t h w e s t . 

Moho depths were d e t e r m i n e d f o r each s t a t i o n , u s i n g the., 

i n t e r c e p t t i m e and I n v e l o c i t y measured a t t h e s t a t i o n . 

Sediment, Pg and P* v e l o c i t i e s o f 5.0, 5.84 and 6.55 kin s~^~ 

r e s p e c t i v e l y were assumed, w i t h a 1 km sediment cover and t h e 

P* r e f r a c t o r a t a depth o f 8.4 km. The depths fc-und are g i v e n 

i n T a b l e ' t . 3. 
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4.3.3 L i n e B 

F i v e t i m e - d i s t a n c e graphs were c o n s t r u c t e d f o r t h i s l i n e , 

a l t h o u g h a r r i v a l s f r o m t h e s e s h o t s a t some o f t h e o t h e r 

s t a t i o n s p r o v e d u s e f u l i n t i m e t e r m a n a l y s e s . On each graph 

p r e s e n t e d ( F i g . 4.9, ) any a r r i v a l s f r o m s h o t s B68-

370 have been c o r r e c t e d f o r t h e u n d e r l y i n g Mesozoic sediments 

w h i c h w i l l be men t i o n e d l a t e r . The d i f f i c u l t y i n o b t a i n i n g 

t i m e - d i s t a n c e graphs f o r t h i s l i n e was p r o b a b l y a t l e a s t p a r t l y 

due t o t h e l i m i t e d range v a r i a t i o n between t h e s h o t s and t h e 

r e c e i v i n g s t a t i o n s on t h e S c o t t i s h m a i n l a n d . L i n e B c r o s s e d a 

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

v a r i a b l e upper c r u s t a l s t r u c t u r e . The e f f e c t o f t h i s 

v a r i a t i o n was seen i n t h e o f f s e t segments o f t h e graphs, and 

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

f r o m t h e Pg f P* and Pn v a l u e s e s t a b l i s h e d b e n e a t h t h e p r e v i o u s 

two l i n e s . Three o f t h e graphs have Pn segments w i t h an 

app a r e n t v e l o c i t y range o f 7*20-7.93 km (mean 7.6oi 

km s " 1 ) , two have P* segments (6.52-9*03 km s _ 1 , mean 7.40^ 

km s-^") and two have Pg segments (5.90-6.61 km s""*-, mean 6.25-

km s ^ ) . These ranges and mean v a l u e s were d e t e r m i n e d u s i n g 

t h e t r a v e l t i m e s c o r r e c t e d t o a sea l e v e l datum o n l y . A f t e r 

c o r r e c t i n g f o r t h e Mesozoic sediments beneath s h o t s B68-B7O, 

t h e ranges and mean v a l u e s were a l t e r e d t o : 

1. Pn 7.20-8.36 km s - 1 7.88; km s - 1 

2. P* 6.52-7.45 " 6.87; 11 

3. Fg 5.90-5.91 " 5.901 » 
The s t r u c t u r e o f t h e Mesozoic s e d i m e n t a r y b a s i n b e n e a t h 

s h o t s B68-B70 had been p r e v i o u s l y d e t e r m i n e d by s h a l l o w s e i s m i c 

r e f r a c t i o n , r e f l e c t i o n and g r a v i t y i n v e s t i g a t i o n s ( B r o w i t t , 

1971; B o t t and B r o w i t t , i n p r e p a r a t i o n ) , and u s i n g t h i s 

i n f o r m a t i o n sediment t h i c k n e s s e s o f 0.8 km, 1.3 km and 1.3 1cm 



F i g u r e 4.9 s The reduced t i m e - d i s t a n c e graphs f o r l i n e 
a t ( a ) s t a t i o n DU1, ( b ) s t a t i o n DU2, ( c ) s t a t i o n UAB, 
( d ) s t a t i o n IGS1, ( e ) s t a t i o n UKAEA. 
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were assumed b e n e a t h s h o t s B68, B69 and B70 r e s p e c t i v e l y . 

The v e l o c i t y measured f o r t h e s e s e d i m e n t s (2.67 km s by 

B r o w i t t ( 1 9 7 1 ) was u s e d t o d e t e r m i n e t h e a p p r o p r i a t e d e l a y 

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

t h r e e r e f r a c t o r s . T h i s d e l a y t i m e was removed and a 

c o r r e s p o n d i n g d e l a y t i m e added, a s s u m i n g 5 km s~^~ s e d i m e n t a r y 

m a t e r i a l a s t h e i n f i l l , t o o b t a i n t h e c o r r e c t i o n t e r m . 

The two Pg v e l o c i t i e s d e t e r m i n e d (5*90 and 5*91 km s " * ) 

a r e v e r y s i m i l a r t o t h e mean Pg v e l o c i t y measured a l o n g l i n e 

D (5«92 km s-"'") and a r e i n t e r p r e t e d as r e p r e s e n t i n g a r r i v a l s 

from t h e same basement. The two P* v e l o c i t i e s o b s e r v e d a t 

s t a t i o n UKAEA (6.6'l and 6.52 km s"^") can a l s o be i n t e r p r e t e d 

a s from t h e same l o w e r c r u s t a l r e f r a c t o r a s was found b e n e a t h 

l i n e s D and C. However t h e v a l u e o f 7.^5 km s""*" o b s e r v e d 

a t s t a t i o n DU1 from s h o t s B65-B7O i s h i g h f o r P*, but a minus 

t i m e a n a l y s i s (Hagedoorn, 1959) f o r t h e s e s h o t s and t h e p a i r 

o f s t a t i o n s DU1/DU2 gave a r e f r a c t o r v e l o c i t y e s t i m a t e o f 

6.'l0 km s ~ ^ f w h i c h i s c o n s i s t e n t w i t h a P* v e l o c i t y . A p a r t 

from t h e low v a l u e o f 7.2 km s - " ^ o b s e r v e d a t s t a t i o n DU2, t h e 

r e m a i n i n g a p p a r e n t Fn v e l o c i t i e s (7.83-8.36 km s ~ ^ ) a r e 

r e a s o n a b l y s i m i l a r t o t h e Pn v e l o c i t y r a n g e found f o r l i n e D. 

T h e r e were no r e v e r s e d v e l o c i t y measurements a l o n g l i n e B and, 

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

v e l o c i t i e s and t h e i r dependence on t h e s e d i m e n t a r y c o r r e c t i o n s 

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

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

s u i t a b l e method o f i n t e r p r e t i n g t h i s data and t h e g r a p h s a r e 

u s e d t o i n d i c a t e w h i c h a r r i v a l s a r e from t h e p a r t i c u l a r 

r e f r a c t o r s . 

I n a d d i t i o n t o t h e Pg and P* segments two o t h e r segments 
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r e p r e s e n t i n g c r u s t a l a r r i v a l s were o b s e r v e d a t s t a t i o n DU1. 

The a r r i v a l s from s h o t s B52-B56 d e f i n e a segment o f r e c i p r o c a l 

g r a d i e n t 4.19 km s~^~ and a n e g a t i v e i n t e r c e p t . T h i s v e l o c i t y -

i s i n t e r p r e t e d as p r o b a b l y r e p r e s e n t i n g t h e 4.7 km s""*" 

P a l a e o z o i c s e d i m e n t r e f r a c t o r i d e n t i f i e d by B r o w i t t ( 1 9 7 1 , 

1972) i n b a s i n E . The low a p p a r e n t v e l o c i t y c o u l d be c a u s e d 

by t h e s e d i m e n t s t h i c k e n i n g t o w a r d s t h e n o r t h - w e s t , and t h e 

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

p a t h b e i n g i n a h i g h e r v e l o c i t y m a t e r i a l (6 or 6.4 km s"^~) t h a n 

t h e r e f r a c t o r b e n e a t h t h e s h o t s . 

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

had an a p p a r e n t v e l o c i t y o f 3 • 16 km s""*" and was d e f i n e d by t h e 

a r r i v a l s from s h o t s B47-B51. T h i s v e l o c i t y i s w i t h i n t h e 

r a n g e t o be e x p e c t e d f o r P e r m o - T r i a s s i c s e d i m e n t s ( B r o w i t t , 

1971) and i s i n t e r p r e t e d as r e p r e s e n t i n g t h e h e a d wave 

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

t i m e s o f t h o s e a r r i v a l s c a n be e x p l a i n e d by a model i n w h i c h 

t h e wave t r a v e l s f o r t h e f i r s t s h o r t p a r t of i t s p a t h t h r o u g h 

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

d i s t a n c e t h r o u g h o u t c r o p p i n g basement m a t e r i a l . To e x p l a i n 

t h e t r a v e l t i m e s by s u c h a model t h e boundary between t h e 

P e r m o - T r i a s s i c and basement m a t e r i a l must o c c u r a p p r o x i m a t e l y 

a t t h e p o s i t i o n o f s h o t B 5 I , and t h e d i s t a n c e o f t h e boundary 

from t h e s h o t s g r a d u a l l y i n c r e a s e t o a maximum o f 6.9 km from 

s h o t B47 • A Fermo-Tr i a s s i c s e d i m e n t v e l o c i t y o f 3«l6 km s""''" 

( a s o b s e r v e d ) and a basement v e l o c i t y o f 6.1 km ( a s 

d e t e r m i n e d by t i m e term a n a l y s i s i n s e c t i o n 4.4.) were u s e d 

i n t h e model. The d i m e n s i o n s o f t h e model w e r e : 
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S h o t 
D i s t a n c e 

i n 
P-T 

s e d s (km) 

D i s t a n c e T o t a l O b s e r v e d 
T r a v e l i n T r a v e l T r a v e l t r a v e l 
t i m e ( s ) basement t i m e ( s ) t i m e ( s ) t i i n e ( s ) 

(km) 
Residuals 

B51 
B50 

B'i7 

0.0 
1.0 
2.6 
4.5 
6.9 

0.0 
0.32 
0. 82 
1. 'i2 
2.18 

105.6 
106.0 
106.0 
106.5 
107.0 

17.30 
17.38 
17.38 
17.^6 
17.5'* 

17.30 
17.70 
18.20 
18.00 
19.72 

17.10 
17.65 
18.21 
18.87 
19.78 

-0.20 
-0.05 
0.01 

-0.01 
0.06 

A l t h o u g h t h e model e x p l a i n s t h e o b s e r v e d t r a v e l t i m e s i t 

does n o t e x p l a i n why s u c h a r r i v a l s a r e t h e f i r s t t o be 

r e c e i v e d . I t would be exi.-ected t h a t t h e f i r s t a r r i v a l s would 

t r a v e l a l l t h e i r p a t h l e n g t h a l o n g t h e P* r e f r a c t o r . ' However 

i t i s p o s s i b l e t h a t t h e wave t r a v e l l i n g a l o n g t h e P* r e f r a c t o r 

i n b a s i n E may s u f f e r a l a r g e l o s s o f e n e r g y a t t h e f a u l t 

s e p a r a t i n g t h i s b a s i n from t h e o u t c r o p p i n g basement, and so 

no t be r e c o g n i z a b l e a s an a r r i v a l a t s t a t i o n DU1. 

The o n l y r e l i a b l e Moho v e l o c i t y d e t e r m i n e d from t h e l i n e B 

t i m e - d i s t a n c e g r a p h s was f o r s h o t s B65-B70 a t s t a t i o n I G S 1 . 

The v e l o c i t y d e f i n e d by t h e u n c o r r e c t e d t r a v e l t i m e s was 

7.48^0.13 km s-''", but a f t e r c o r r e c t i n g t h e t r a v e l t i m e s o f 

s h o t s B68-B70 f o r t h e u n d e r l y i n g M e s o z o i c s e d i m e n t s a Pn 

v e l o c i t y e s t i m a t e o f 8.10-0.17 km s~^~ was o b t a i n e d . No Moho 

depth e s t i m a t e was d e t e r m i n e d from t h i s v e l o c i t y and corresponding 

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

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

k.J.'l L i n e IS 

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

f o r l i n e E . I n i t i a l l y t h e g r a p h s were p l o t t e d u s i n g t r a v e l 

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

and s t a t i o n e l e v a t i o n , and t h e i n t e r c e p t times and v e l o c i t i e s 

o b t a i n e d f o r t h e s e g r a p h s a r e g i v e n i n T a b l e 1 • However 

p r e v i o u s work i n t h e r e g i o n ( C h e s h e r e t a l , 1972; S u n d e r l a n d , 



72. 

1972) h a s shown t h a t t h e r e i s a M c o z o i c s e d i m e n t a r y b a s i n 

b e n e a t h t h e Moray F i r t h and, a s t h e s e d i m e n t t h i c k n e s s i s 

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

v a r i a t i o n h a s t o be a p p l i e d t o t h e t r a v e l t i m e s . The b a s i n 

t o p o g r a p h y d e t e r m i n e d from g r a v i t y m o d e l l i n g ( S u n d e r l a n d , 

1972) was u s e d t o o b t a i n t h e s e d i m e n t c o r r e c t i o n v a l u e s , 

a s s u m i n g a mean s e d i m e n t a r y v e l o c i t y o f 3 km s"^". The 

c o r r e c t i o n t e r m added t o ea c h t r a v e l t i m e was: 

Sediment depth (km) - Sediment depth (km) 
5 km s 3 km s-1 

a s s u m i n g a v e l o c i t y o f 5 km s -^" f o r t h e m a t e r i a l ( p r o b a b l y 

O l d Red S a n d s t o n e ) b e n e a t h t h e M e s o z o i c s e d i m e n t s . Reduced 

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

t i m e s and a r e shown i n F i g u r e s 4.10-4.12 • The v e l o c i t i e s 

and i n t e r c e p t s o f each segment o b t a i n e d by l e a s t s q u a r e s 

f i t t i n g a r e g i v e n i n T a b l e 4.4. The s c a t t e r on t h e g r a p h s , 

shown by t h e l a r g e s t a n d a r d e r r o r s , was l a r g e b e f o r e a p p l y i n g 

t h e s e d i m e n t a r y c o r r e c t i o n s , and was i n c r e a s e d by t h e s e 

c o r r e c t i o n s . T h i s i s p r o b a b l y due t o a h i g h l y v a r i a b l e 

s e d i m e n t c o v e r and, a s i n a d d i t i o n t h e r e i s no r e v e r s e d 

v e l o c i t y c o v e r a g e , makes i t a l m o s t i m p o s s i b l e t o i n t e r p r e t 

most o f t h e g r a p h s by means o f t h e l a y e r t h i c k n e s s f o r m u l a . 

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

o f t h e P* o r Moho r e f r a c t o r . The r a n g e and mean v a l u e f o u n d 

f o r t h e P* r e f r a c t o r were 6.32-7.03 km s - 1 and 6.58^.07 km 

s " 1 , and f o r t h e Moho 7.53-8.91 km s - 1 and 8.00^.12 km s " 1 . 
The o b s e r v a t i o n s a t s t a t i o n s DU1, DU2, UKAEA, ULA and t h e 

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

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

However a s t h e s t r u c t u r e o b v i o u s l y changes c o n s i d e r a b l y from 

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



TABLE 4.4 

L I N E E APPARENT V E L O C I T I E S AND INTERCEPTS AFTER CORRECTING 

FOR THE MESOZOIC SEDIMENTS 

S t a t i o n S h o t s P h a s e V e l o c i t y I n t e r c e p t ( s ) S.E. 
(km s ; 1 

IGS1 E6 , 8, 9 Pn 7.68^0.07 3 . 7 8 i o . l 8 s 0.03 

IGS2 e6 - E l 6 Pn 8.91±0.'l2 8.15^1.103 0.20 

DU1 E3 -E17 Pn 8.00^0.26 4 . 7 8 ^ 1 . l i s 0.27 

DU2 E l -E17 P* fi.'ioio.os 1. .50-0.238 0.25 

UKAEA E2 - E l 6 Pn 8.20^0.29 5.83-1.063 0.31 

UAB E l -E15 P* 7.03-0.17 2.94^0.478 0.21 

ULA E2 -E8 P* 6.32^0.12 1.10^0.385 0.05 

UBL E l - E l 4 Pn 8.o8to.57 5.79-1.31s 0.17 

LN4 E l -E15 Pn 7.72^0.19 4.62-0.82s 0.22 

LN5 E l -E17 Pn 7.60^0.13 4.45-0.51s 0.19 

LN6 E l - E l 6 Pn 7.53-0.16 3-91-0.70s 0.24 



F i g u r e 4.10 : The r e d u c e d t i m e - d i s t a n c e g r a p h s f o r l i n e E 
a t ( a ) s t a t i o n I G S l f ( b ) s t a t i o n I G S 2 , ( c ) s t a t i o n UBL, 
( d ) s t a t i o n ULA. 
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F i g u r e ' i . l l : The r e d u c e d t i m e - d i s t a n c e g r a p h s f o r l i n e 
a t ( a ) s t a t i o n DU2, ( b ) s t a t i o n UAB, ( c ) s t a t i o n UKAGA, 
( d ) s t a t i o n DU1. 
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F i g u r e 4.12 : The r e d u c e d t i m e - d i s t a n c e g r a p h s f o r l i n e E 
a t ( a ) s t a t i o n LN't, ( b ) s t a t i o n LN5, ( c ) s t a t i o n LN6. 
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F i g u r e 'b.13 : The s t a c k e d r e c o r d s o f t h e l i n e 0 s h o t s 
s t a t i o n I G S 1 . 
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F i g u r e : The s t a c k e d r e c o r d s o f t h e l i n e D s h o t s 
s t a t i o n DU1. 
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F i g u r e .̂15 '• The s t a c k e d r e c o r d s o f t h e l i n e D s h o t s 
s t a t i o n DU2. 
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7 3 . 

t h i c k n e s s e q u a t i o n was n o t v ised. The graphs have o n l y been 

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

and w h i c h a r r i v a l s can be used i n t h e F* and I n t i m e t e r m 

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

k»k Time Tei-p; a n a l y s i s 

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

i n t e r p r e t a t i o n b u t i t i s l i m i t e d by i t s a s sump t ions o f p l a n e 

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

s t a t i o n . At b e s t an average s t r u c t u r e can o n l y be o b t a i n e d 

benea th t h e l i n e o f s h o t s and r e c o r d i n g s t a t i o n . I n g e n e r a l 

an average upper s t r u c t u r e d e t e r m i n e d a t one s t a t i o n has t o 

be assumed f o r o t h e r s t a t i o n s i n o r d e r t o i n t e r p r e t t h e 

a r r i v a l s f r o m deeper l a y e r s r e c e i v e d a t t hese s t a t i o n s . Time 

t e r m a n a l y s i s removes some o f t h e s e i n c o n s i s t e n c i e s , 

i e f r a c t o r d e p t h s a r e d e t e r m i n e d benea th eac'n s h o t p o i n t a n d , 

s i m i l a r l y , t h e l o w e r s t r u c t u r e b e " e a t h a sho t p o i n t i s 

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

t h e same s h o t p o i n t . T h i s i n t e r p r e t a t i o n t e c h n i q u e can be 

used s u c c e s s f u l l y where t h e s h o t - s t a t i o n c o n f i g u r a t i o n i s 

s u i t a b l e and t h e assumpt ions o f t h e method n o t v i o l a t e d . 

The p r e v i o u s d i s c u s s i o n o f t h e t i m e - d i s t a n c e g raphs 

i n d i c a t e d t h i t i n g e n e r a l t h r e e r e f r a c t o r s , t ' g , P* and F n , 

were p r e s e n t b e n e a t h t h e S c o t t i s h S h e l f . Time t e r m a n a l y s i s has 

been p e r f o r m e d on the o b s e r v e d u n c o r r e c t e d f i r s t a r r i v a l t r a v e l 

t i m e s f r o m each o f t h e s e r e f r a c t o r s , and t h e t i m e t e rms f o u n d 

and e s t i m a t e d r e f r a c t o r v e l o c i t i e s a r e l i s t e d i n T a b l e fl. 5 • i 

and shown i n F i g u r e s ^. l6- ' i . l9 . The s h o t - s t a t i o n 

c o n f i g u r a t i o n o f t h e e x p e r i m e n t was b e s t f o r t h e I n t i m e 



TABLE 4 . 5 . 

TIME T£:tMS FOR THE SCOTTISH CONTINENTAL SliML? 

S i t e F

+

S SE t e r i r i l s} 
P* t i m e 
t e r m ( s ) SE Pn t i m e 

t e r m ( s ) SE 

D2 0.15 (1 ) 
D3 0 .29 (1 ) 0 .42 (1 ) 2 .43 0.16 (6 ) 
D4 0 .35 (1) 0 .52 (1 ) 2 . 30 O .09 (7) 
D5 O.36 (1 ) 0.48 (1 ) 2 .35 0 .10 (7) 
D6 0.41 (1 ) 0 .32 (1 ) 2 .47 0 .10 (4 ) 

D7 0 .49 (1) 0.42 (1) 2 .75 0.17 (6 ) 
D8 0 .30 (1 ) 0 .71 (1) 2 .58 0 .08 (8) 

D9 0 .28 (1 ) 0.76 0 .05 (2 ) 2 .53 0.06 (6 ) 
DIO 0 .39 ( 1 ) 0.84 0.07 (2 ) 2 .62 0 .11 (7 ) 
D l l 0.15 (1 ) 0 .88 (1 ) 2 .58 0.07 (7 ) 
D12 0.31 (1) 0 .77 (1) 2.79 O.12 (6) 
D13 0.24 (1 ) 2 . 52 0 .05 (8 ) 
Dl4 0.14 (1 ) 0.86 (1 ) 2.48 o .o4 (11) 
D15 0 .16 (1) 1.26 (1 ) 2.48 0.06 (12) 
D16 0 .33 (1 ) 1.14 (1 ) 2.56 0 .10 (10) 

U17 0 .30 (1 ) 0 .91 (1 ) 2 .59 0 .08 (9 ) 
D18 0.40 (1 ) 0 .73 (1) 2 .75 0 .05 (10) 
D19 0.34 0.04 (3 ) 0 .77 (1 ) 2 .69 0 .05 (9 ) 
020 0 .41 0 .01 (2 ) 0 .74 (1 ) 2 .72 0 .07 (7 ) 
D21 O.36 0 .07 (3 ) 0 .54 0 .01 (2 ) 2 .82 0 .11 (7 ) 
D22 0 .37 0.04 (3 ) 0 .52 (1) 2 .67 0 .06 (9 ) 
D23 0 .30 (1 ) O.67 (1 ) 2 .70 0 .05 (9 ) 
D24 
C I 0.26 0 .02 (2) 0.41 0 .13 (2 ) 0 .50 (2) 
C2 0 .18 0 .12 (2 ) 0 .40 (1 ) 2 .31 0 .34 (3 ) 
C4 0.42 0 .01 (2 ) 0 .29 (1) 2 .45 0 .11 (4) 
C5 0 .19 0 .19 ( 2 ) 0 .22 0.04 (2 ) 2 .38 0 .16 (4 ) 
C7 0.27 0.03 (2 ) 0 .39 0 .09 (2) 2 .18 0.04 (2 ) 
C8 0 .32 0 .06 (2) 0.42 - (1 ) 2 .31 0.21 (2 ) 
C9 0 .20 0.04 (2) O.47 (1 ) 2 .50 0.2& (3 ) 
CIO 0.34 0 .10 (2 ) 0 .60 0 .12 (2 ) 2 .31 0 .08 (4 ) 
C l l O .38 (1) 0 .29 OilO (2) 

C13 0 .44 (1 ) 0 .47 0 .09 (2 ) 2 i 4 5 (1) 
C l 4 0.71 0 .09 (3 ) 2 .51 (1) 



TABLE 4 . 5 . c o n t d . 

S i t e P g t i m e SE P * t i m e SE P n t ± m e SE t e r m ( s ) t e r m ( s ) t e r m ( s ) 

C15 1.11 0 .03 (3 ) 2 . 46 0.14 (5 ) 
C16 0 .94 0 .03 (3 ) 2.72 0.11 ( a ) 
C17 0 .75 0 .13 (2 ) 2 .50 0 .23 (4 ) 

C19 0 .95 (1 ) 
C20 O .89 0.04 (2 ) 2 .80 0 .11 (2 ) 
C21 0.97 0.04 (2 ) 2 .73 (1 ) 
C22 1.20 0 .02 (2 ) 2.29 0.26 (4 ) 

C23 1.17 0 .10 (2 ) 2.42 0.15 (5 ) 
C24 2.27 0 .15 (4 ) 
B44 2 .83 0 .13 (11) 

Bk5 2 .85 0 .13 (5 ) 
B47 3 .05 0 .05 (3) 
B43 2.66 0 .21 (3 ) 
B49 2 .63 0 .15 (4 ) 
B50 2 .78 0 .05 (3 ) 
B51 1.13 (1 ) 3 .02 0 .01 (2 ) 
B52 1.06 (1) 3 .06 0 .03 (2 ) 

B53 (1 ) 3.07 0.04 (2 ) 
B54 1.12 (1) 3 .09 0 .06 (2) 

B55 1.03 (1) 3 .01 0 .15 (2 ) 
B56 1.11 (1 ) 3 .09 (1 ) 
B57 0 .08 (1) 2 . 42 0.16 (3 ) 
B59 0 .11 (1 ) 2 .38 0 .12 (3 ) 
B60 0.14 (1 ) 2 .42 0.16 (4 ) 
B 6 l 0 .08 (1 ) 2 .32 0 .12 (4 ) 
B62 2 .81 0.07 (2) 

B63 2 .88 0 .33 (3 ) 
B65 0 . 4 8 (1 ) 0 .71 0 .01 (2 ) 2 .85 (1 ) 
B66 0 . 4 8 (1) 0 . 6 4 0 .05 (2 ) 2 .56 0 .21 (2 ) 
B67 0 .52 (1 ) 0 .63 0 .19 (2 ) 2 . SO 0 .19 (2 ) 
B68 0.70 (1 ) 1.16 0.04 ( 2 ) 2 .89 0 .23 (2 ) 
B69 0 . 6 8 (1 ) 1.25 0 .03 (2 ) 2 .95 0.17 (2 ) 
B70 0.67 (1 ) 1.26 (1 ) 2 .90 0 .16 (2 ) 
E l 1*30 0 .03 ( 2 ) 2 i 6 l Oi08 (6 ) 
E2 1.30 OiO'l (2 ) 2*75 0 i l 2 (7) 
E3 1.26 0.04 (2 ) 2 .78 0 .06 (7) 



TABLE 4 . 5 . c o n t d . 

S i t e t i m e 
t e r m l s ) SE P* t i m e gjjj 

t e r m ( a ) 
Pn t i m e 
t e r m ( s ) 

SE 

E4 1.10 0 .05 (2 ) 2 .82 0 .09 ( 5) 
E5 1.38 (1 ) 2 .87 0 .08 i ,7) 
E6 1.32 0 .02 (3 ) 2 .86 0.11 1 r 7 ) 
E7 1.56 0 .13 (3 ) 3.15 0 .12 ( [7) 
E8 1.59 0 .18 (2 ) 2 .98 0 .15 < [8) 
E9 1.23 0 . 1 4 (3 ) 2 .92 0 .08 1 ;7) 
E13 1.31 0 .25 (5 ) 3.07 0 . 1 4 [ 4 ) 
E l 4 1.45 0 .03 (2 ) 3 .05 0 .13 < : s ) 

E15 1.02 0 .16 (4 ) 3 .13 0 .13 (5) 
E l 6 0.70 0 .10 (2 ) 3 .05 0 . 1 4 (5) 
E17 1.03 0 .07 (3 ) 3 .30 0 . 4 8 [2) 

IGS1 0.06 0 .02 (13) 0 .37 0 .02 (20) 2 .45 O .03 [47) 
IGS2 - 0 . 1 4 0 .02 ( 1 4 ) 0.77 0 . 0 4 (5 ) 2 . 4 3 0.06 (30) 
IGS3 3.16 0 .08 [26) 
DU1 0 . 7 1 0 .02 (15) 2 .56 O .05 (17) 
DU2 0 . 1 7 0.00 (15) 0 .82 0 .03 (30) 2 .78 0 . 0 4 (27) 
DU3 2.86 0 . 0 4 (20) 
UKAEA 0 .34 0 .00 (11) 0 .55 0.01 ( 1 4 ) 2.47 O.03 (29) 
UAB - 0 . 0 2 0 .02 (5 ) 0 . 4 8 0 . 0 4 ( I S ) 2 .99 0 . 0 4 (31) 
ULA 0.79 0 .04 (11) 2 .79 0 .05 (8) 
UBL 3 .09 0 .05 (32) 
MHD 3.63 0 .07 (9) 
LN1 2.21 0 . 1 4 (5) 
LN4 3.30 0 .07 ( 1 4 ) 
LN5 3 . 48 0.04 (44) 
LN6 3.18 O .05 (37) 
LN8 3.72 0 .09 (10) 
I..N 9 3 .12 0 .06 (10) 
M I R ( A ) O.56 0 .02 (7 ) 

Pg 6 .10^0 .15 km a - 1 ; P* 6 . 4 8 ^0 .06 km a - 1 ; Pn 7 . 9 9 - 0 . 0 2 km 



F i g u r e k.lS : The t i m e t e rms and Bouguer anomaly p r o f i l e 
o b s e r v e d a l o n e l i n e D. 
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F i g u r e 4 . 1 7 : The t i m e t e r m s and Bouguer anomaly p r o f i l 
o b s e r v e d a l o n g l i n e C. 
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F i g u r e 4.18 : The t i m e t e rms and Bouguer anomaly p r o f i l e 
o b s e r v e d a l o n g l i n e B . 
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F i g u r e 4.19 '• The t i m e t e rms and iJouguer anomaly p r o f i l e 
o b s e r v e d a l o n g l i n e E . 
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74. 

t e r m a n a l y s i s as t h e r e was more r e v e r s e d cove rage and a 

w i d e r a z i m u t h a l r ange o f o b s e r v a t i o n p r o v i d e d by t h e o f f s e t 

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

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

v e l o c i t y used f o r t h e s o l u t i o n ( F i g . 4.20 ) . These g raphs 

i n d i c a t e t h a t a much s h a r p e r minimum v a r i a n c e i s d e f i n e d by 

t h e c o r r e c t Pn v e l o c i t y v a l u e t h a n f o r t h e c o r r e c t Pg and F* 

v e l o c i t y v a l u e s , w h i c h means t h a t t h e Pn v e l o c i t y i s b e t t e r 

d e t e r m i n e d . However t h e o v e r a l l f i t o f t h e s o l u t i o n i s good 

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

s m a l l . The i n t e r n a l c o n s i s t e n c i e s a r e a l s o good f o r each 

s o l u t i o n as i s shown by t h e c l o s e agreement between t h e t i m e 

t e r m s o f r e c o r d i n g s t a t i o n s and n e a r b y s h o t s : 

Pg s o l u t i o n s t a t i o n UKAEA 0.34s D3 0.29s 
P* s o l u t i o n s t a t i o n IGS1 0.37s C I 0.4ls 
Pn s o l u t i o n s t a t i o n IGS1 2.45s C I 2.22s 
Pn s o l u t i o n s t a t i o n UKAEA 2.47s D3 2.43s 

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

l i n k were i n g e n e r a l q u i t e s m a l l ( o f t h e o r d e r o f 0.2s) and 

showed no c o r r e l a t i o n w i t h d i s t a n c e o r a z i m u t h . T h i s i n d i c a t e s 

the i t t h e r e s i d u a l s were p r o b a b l y caused by measurement e r r o r s 

and n o t by v i o l a t i o n o f t h e a s s u m p t i o n s o f t h e t i m e t e r m 

m e t h o d . Any t r a v e l t i m e t h a t had a r e s i d u a l g r e a t e r t h a n t h r e e 

s t a n d a r d d e v i a t i o n s away f r o m t h e median r e s i d u a l f o r t h e s h o t 

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

r e - r u n . 

T h e r e were s u f f i c i e n t o b s e r v a t i o n s o f t h e P* and Fn 

r e f r a c t o r s t o compute t i m e t e r m s o l u t i o n s u s i n g d i f f e r e n t 

d a t a s e t s . The i n i t i a l I n d a t a s e t c o n s i s t e d o n l y o f 

o b s e r v a t i o n s o f l i n e D s h o t s , and t h e n o b s e r v a t i o n s o f l i n e s C f 

B and E s h o t s were s u c c e s s i v e l y added t o t h e d a t a se t and a 

t i m e t e r m a n a l y s i s p e r f o r m e d each t i m e . The i n i t i a l P* d a t a 



F i g u r e 4.20 : The c o n s t r a i n e d t i m e t e r m v e l o c i t y v e r s u s 
t h e f i t o f t h e s o l u t i o n f o r ( a ) t h e Pg r e f r a c t o r ( b ) t h e 
P* r e f r a c t o r , ( c ) t h e Pn r e f r a c t o r . 
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s e t c o n s i s t e d of obs e r v a t i o n s from l i n e s D, C and B shot s , 

and the second and f i n a l s e t a l s o i n c l u d e d the observations 

of the l i n e E s h o t s . I n both ca s e s no s i g n i f i c a n t change was 

found i n the o r i g i n a l time terms between the f i r s t and f i n a l 

data s e t . 

S t a t i o n UKAEA Shot D13 

Pn s o l u t i o n data s e t 1 2 . 54 2 . 47 
data s e t 2 2 . 47 2.52 

P* s o l u t i o n data s e t 1 O .53 0 .45 
data s e t 2 O.55 0.47 

T h i s i s taken to i n d i c a t e t h a t the s o l u t i o n s are s t a b l e 

and t h a t no s i g n i f i c a n t d i s c r e p a n c i e s e x i s t between the data 

of the d i f f e r e n t shot l i n e s . 

The Pg v e l o c i t y estimate of 6 . 1 - 0 . 1 5 km s~^" i s i n c l o s e 

agreement w i t h the basement v e l o c i t y measured by Browitt 

( 1 9 7 1 ) j and the Pn v e l o c i t y of 7 - 9 9 - 0 . 0 2 km s " 1 i s a normal 

Moho v e l o c i t y ; v a l u e w i t h i n the range to be expected f o r B r i t a i n 

(Agger and Carpenter, 1965; Bamford, 1971; B l u n d e l l and Par k s , 

1969; Holder and Dott, 1 9 7 1 ) . The P* v e l o c i t y of 6.48io .06 

km s""^ has not been observed p r e v i o u s l y near the B r i t i s h I s l e s . 

I t i s s i g n i f i c a n t l y d i f f e r e n t to the 7 .3 km s-"*" r e f r a c t o r 

observed beneath Cardigan Bay ( B l u n d e l l and Par k s , 1969)1 and 

the P* time terms i n d i c a t e t h a t i t i s at a c o n s i d e r a b l y 

s h a l l o w e r depth. 

4 . 4 . 1 L i n e D time terms 

The Pg time terms have s m a l l p o s i t i v e v a l u e s along l i n e 

D w i t h a mean of 0 . 3 1 s . The interchange p o s i t i o n f o r t h i s 

a n a l y s i s was s t a t i o n IGS1 and shot D24, and an almost zero 

time term ( 0 . 0 9 s ) was found f o r t h i s l o c a t i o n , probably due 

to the proximity to the s u r f a c e of the L e w i s i a n metamorphic 

basement beneath s t a t i o n IGS1. A mean sedimentary v e l o c i t y of 
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5 km s was assumed to i n t e r p r e t the Fg time terms i n terms 

of basement depths, and the average time term value was found 

to r e p r e s e n t a sediment cover of 2 . 7 1cm. Old Red Sandstone 

probably accounts f o r the m a j o r i t y of the sediment cover 

beneath the l i n e (Watts, 1 9 7 1 ) T but Meaozoic and T o r r i d o n i a n 

d e p o s i t s may occur i n the south-west r e g i o n . Browitt ( 1 9 7 1 ) 

measured a v e l o c i t y of 5 « 2 5 km s " ^ f o r the Old lied Sandstone 

to the south of the Shetland I s l a n d s , and a v e l o c i t y of 

'± .7 km a-"*" f o r the P a l a e o z o i c (Old Red Sandstone) d e p o s i t s 

i n b a s i n IS to the west of the Shetland I s l a n d s . A mean 

sediment v e l o c i t y of 5 km s-"*" i s t h e r e f o r e probable, but f o r 

a lower v e l o c i t y the sediment cover i s correspondingly reduced. 

The l'g time terms of shots D11-D15 (mean 0 . 2 s ) are s i g n i f i c a n t l y 

s m a l l e r than the average f o r t h i s l i n e . T h i s i s to be 

expected as they occur in a region of r e l a t i v e l y s h a l l o w 

basement (Watts, 1 9 7 1 ) and correspond to high Bouguer anomaly 

v a l u e s ( F i g . 4.1.6 ) • 

The P* time terms determined along l i n e D are 

s i g n i f i c a n t l y l a r g e r over the c e n t r a l a r e a and, on average, 

have the s m a l l e s t v a l u e s i n the n o r t h - e a s t . The mean val u e f o r 

the l i n e was 0 . 6 9 s and was i n t e r p r e t e d i n terms of a mean P* 

r e f r a c t o r depth of 9 km, a l l o w i n g f o r the o v e r l y i n g 2 . 7 km 

t h i c k sedimentary l a y e r and 0 . 1 km of sea water*. As s i g n i f i c a n t 

d i f f e r e n c e s i n time term v a l u e s were found f o r v a r i o u s p a r t s 

of the l i n e , mean time term v a l u e s were determined f o r four 

s e p a r a t e s e c t i o n s . These were each i n t e r p r e t e d i n terms of 

r e f r a c t o r depths assuming the mean o v e r l y i n g sediment t h i c k 

ness determined from the Fg time terms of the corresponding 

s e c t i o n . The r e s u l t s are given i n Table 4 . 6 . 

The I n time terms were found to i n c r e a s e towards the 
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south-west along l i n e D, i n agreement w i t h the r e v e r s e d 

s t r a i g h t l i n e Pn i n t e r p r e t a t i o n . The average 1-n value of 

2 . 5 9 s was i n t e r p r e t e d i n terms of a three l a y e r e d c r u s t with 

an assumed sedimentary v e l o c i t y of 5 km and u n d e r l y i n g 

c r u s t a l v e l o c i t i e s as determined by the time torm a n a l y s e s . 

An average c r u s t a l t h i c k n e s s of 25*0 km was found. To allow 

f o r the v a r i a t i o n s along the l i n e mean time term v a l u e s were 

obtained f o r the same four s e c t i o n s as p r e v i o u s l y and 

i n t e r p r e t e d i n terms of the o v e r l y i n g t h i c k n e s s e s of m a t e r i a l 

e s t a b l i s h e d f o r these s e c t i o n s . The c r u s t a l t h i c k n e s s e s found 

are given i n Table k.6. Table k,S 

S e c t i o n 1 S e c t i o n 2 S e c t i o n 3 S e c t i o n h Mean 
(D2-D6) (D7-D12) (D13-D17) (D18-D23) (D2-D23) 

Base of 2 . 7 km 2.8 km 2.0 km 3.1 km 2 . 7 km 
sediments 
Base of ^ „ „ g „ g ,, „ 
uppercrust ^ 

Mohoh t 0 2 3 , 6 " 2 5 , 5 " Z 3 ' k " 2 6 , 3 " 2 3 , 0 " 

The only l a r g e v a r i a t i o n s along the l i n e are i n the 

depth to the P* r e f r a c t o r ( t h e base of the upper c r u s t ) . I t 

appears t h a t t h i s r e f r a c t o r deepens away from both ends of 

the l i n e to a maximum depth of approximately 16 km beneath 

shots D13-D17• However t h i s i n c r e a s e i n these time term 

v a l u e s could a l s o r e s u l t from the v e l o c i t y determined by the 

a n a l y s i s (6.48 kin s"^") being an overestimate of the t r u e l o c a l 

r e f r a c t o r v e l o c i t y along l i n e D. As, i n g e n e r a l , the P* 

a r r i v a l s from shots D13-D17 are at maximum ranges, f o r P* 

a r r i v a l s , from a l l the r e c e i v i n g s t a t i o n s , an overestimate of 

P* v e l o c i t y would i n c r e a s e the time terms of these shots 

r e l a t i v e to those of the n e a r e r s h o t s . T h i s e f f e c t i s seen to 

occur by comparison w i t h the r e s u l t s of P* data s e t 1 ( l i n e E 

data excluded) where the determined P* v e l o c i t y was 6.^1 km s" 



7 8 . 

The maximum v a r i a t i o n i n P* r e f r a c t o r depth along the l i n e 

u s i n g t h i s time term s o l u t i o n was 8.1 km, compared to 11.k km 

usi n g the r e s u l t s of P* data s e t 2. 

The Moho r e s \ i l t s i n d i c a t e a gener a l dip to the south

west of approximately 0 . 6 7 ° i although the depths determined 

beneath shots D7-D12 and D13-D17 i n d i c a t e a dip i n the opposite 

d i r e c t i o n . As these r e s u l t s confirm the r e v e r s e d s t r a i g h t 

l i n e i n t e r p r e t a t i o n t h i s dip to the south-west i s probably a 

t r u e dip, but the v a r i a t i o n s i n Pn time terms and depths are 

s c a r c e l y s i g n i f i c a n t . A c r u s t a l c r o s s s e c t i o n along l i n e D, 

c o n s t r u c t e d from the time terms, i s presented i n Figure 4.21. 

km km 2 L i n e C time terms 

Pg a r r i v a l s were only observed from shots C1-C13 and 

these produced a range i n Pg time terms of 0.l8-0.44s, with a 

mean v a l u e of 0.30s. These v a l u e s were i n t e r p r e t e d assuming 

s i m i l a r o v e r l y i n g sediment m a t e r i a l to t h a t beneath l i n e D 

(5 km s""*") , and a range i n basement depth of 1.6-3*8 km found, 

w i t h a mean depth of 2.6 km. 

The P* time terms were found to i n c r e a s e a b r u p t l y between 

shots C13 and C l 4 , the mean val u e f o r shots C1-C13 being 

0.40s and f o r shots C14-C23, 0.97s. Assuming t h a t the Pg 

basement i s present beneath the two s e t s of s h o t s , and u n d e r l i e s 

a uniform 2.6 km sediment cover, then t h i s time term v a r i a t i o n 

r e p r e s e n t s a v a r i a t i o n i n depth to the P* r e f r n c t o r of 3«9-

14.2 km. However i f , as was suggested i n s e c t i o n 4.3.2., the 

Pg basement terminates beneath shots C14-C23, then the P* 

r e f r a c t o r i s at a mean depth of only 7.6 km beneath these s h o t s . 

The Pn time terms are reasonably constant along t h i s 

l i n e w i t h a range of 2.l8-2.80s and a mean of 2.43s. The mean 



F i g u r e 4.21 : The c r u s t a l s t r u c t u r e beneath l i n e D 
determined from the time terms. 
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value was i n t e r p r e t e d i n terms of 2 . 6 km of sediments 

( 5 km s o v e r l y i n g 6 . 5 km of upper c r u s t a l m a t e r i a l 

(6.1 km s"^") and the Moho was found to be at a depth of 

23«9 l«n. However as a v a r i a t i o n was found i n upper c r u s t a l 

s t r u c t u r e the mean Pn time terms f o r the two r e g i o n s ( s h o t s 

C1-C13 and shots C14-C23) were a l s o i n t e r p r e t e d i n terms of 

c r u s t a l t h i c k n e s s e s . A P* r e f r a c t o r depth of 3*9 km beneath 

the o v e r l y i n g 2 . 6 km sediment cover was assumed f o r the f i r s t 

group, and the sediments were assumed to d i r e c t l y o v e r l i e the 

P* r e f r a c t o r at a depth of 7 . 6 km beneath the second group. 

C r u s t a l t h i c k n e s s e s t i m a t e s of 2 3 • 9 km and 22 . 4 1cm r e s p e c t i v e l y 

were found f o r the two a r e a s . These two v a l u e s are probably 

not s i g n i f i c a n t l y d i f f e r e n t but the r e s u l t s suggest t h a t i f 

anything the c r u s t i s t h i n n e r beneath shots C14-C23 i . e . 

sedimentary b a s i n D. The proposed c r u s t a l c r o s s s e c t i o n 

beneath l i n e C, based on the time terms, i s given i n Fig u r e 4.22. 

4 . 4 . 3 L i n e B time terms 

The time term3 f o r t h i s l i n e show l a r g e l a t e r a l 

v a r i a t i o n s r e l a t e d to the l a r g e l o c a l g r a v i t y anomalies 

e s t a b l i s h e d on the s h e l f . I t i s t h e r e f o r e convenient to 

p r e s e n t the r e s u l t s of the a n a l y s e s i n terms of a number of 

sepa r a t e s t r u c t u r a l u n i t s based on the g r a v i t y anomalies and 

th e s e are l i s t e d f o r the corresponding shot p o i n t s : 

1 . Shots B 6 8 - B 7 0 

These shots were over g r a v i t y low F i n t e r p r e t e d by Bott 

and Browitt ( i n p r e p a r a t i o n ) as a Mesozoic sedimentary b a s i n . 

The mean Pg, P* and Pn time terms found were 0 . 6 8 s , 1.22s and 

2.91s r e s p e c t i v e l y , and were i n t e r p r e t e d i n terms of the 

f o l l o w i n g c r u s t a l s t r u c t u r e : 1 . 4 km of Mesozoic sediments 



F i g u r e 4.22 : The c r u s t a l s t r u c t u r e beneath l i n e 
determined from the time terms. 
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(2.7 km s~ ) , 1.9 km of Upper P a l a e o z o i c sediments (3*0 km s~ ) , 

9.2 km of upper c r u s t a l m a t e r i a l (6.1 km a""*") and 12.7 km of 

lower c r u s t a l m a t e r i a l (6.48 km s-"*") , the depth to the Moho 

being estimated as 25«2 km. The upper c r u s t a l s t r u c t u r e 

d e r i v e d from the Pg time terms i s i n e x c e l l e n t agreement with 

t h a t d e r i v e d from the shallow g e o p h y s i c a l i n v e s t i g a t i o n s of 

iiott and tJrowitt. 

2. Shots B65-B67 

Shots B65-B67 l i e over outcropping Upper P a l a e o z o i c 

sediments (Watts, 1971) to the immediate west of the Mesozoic 

b a s i n , and have mean Pg, P* and Pn time terms of 0.49s, 0.66s 

and 2.74s r e s p e c t i v e l y . These v a l u e s were i n t e r p r e t e d i n 

terms of 4.3 km of Upper F a l a e o z o i c sediments (5 km s " " ^ ) , 2.0 km 

of upper c r u s t a l m a t e r i a l and 20.6 km of lower c r u s t a l 

m a t e r i a l , the Moho being at a depth of 26.9 km. I t i s p o s s i b l e 

t h a t the Pg time terms are too l a r g e and th a t t h e r e i s not as 

much as 4.3 km of sediments. I f t h i s i s so the depth to the 

P* r e f r . i c t o r would be g r e a t e r than the estimated 6.3 km. 

Only Pn time terms could be determined f o r shots B62 and 

B63, and t h e i r mean v a l u e of 2.84s does not d i f f e r s i g n i f i c a n t l y 

from t h a t of shots B65-B70. 

3. Shots B57-B61 

These shots were over g r a v i t y 'high A1 (Bott and Watts, 

1970)i which has been i n t e r p r e t e d as a re g i o n of shallow and/or 

outcropping high d e n s i t y basement m a t e r i a l . A l l four shots 

have P* time terms c l o s e to zero (mean 0.1s) implying t h a t the 

P* r e f r a c t o r comes very c l o s e to the s u r f a c e . The mean time 

term was i n t e r p r e t e d to r e p r e s e n t a cover of 1.8 km of upper 

c r u s t a l m a t e r i a l . T h i s basement m a t e r i a l was i d e n t i f i e d on an 

unrev e r s e d shallow r e f r a c t i o n l i n e of 20 km length along the 
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s t r i k e of 'high A1 ( B r o w i t t , 1971). A v e l o c i t y of 5.9 km 

s "̂ was measured j u s t below the sea bed. S i m i l a r l y a Pg 

v e l o c i t y was observed from the a r r i v a l s of these shots at 

s t a t i o n DU1, so the P* r e f r a c t o r must d e f i n i t e l y not outcrop 

at the s u r f a c e . However the r e f r a c t o r approaches the s u r f a c e 

beneath g r a v i t y 'high A1 and i s probably the cause of the 

high g r a v i t y anomaly. The mean Pn time term of 2.38s was 

i n t e r p r e t e d i n terms of 1.8 km of upper c r u s t a l m a t e r i a l 

(6.1 km s"~^") o v e r l y i n g the lower c r u s t a l ( F * ) l a y e r , the 

Moho being a t a depth of 26.1 km. 

4. Shots B5I-B56 

Shots B5I-B56 l i e over g r a v i t y 'low E 1 (Bott and '.vatts, 

1970) which has been i n t e r p r e t e d as caused by a deep 

sedimentary b a s i n separated by a f a u l t from g r a v i t y 'high A 1. 

G r a v i t y and shallow s e i s m i c r e f r a c t i o n i n v e s t i g a t i o n s ( B r o w i t t , 

1971) i n d i c a t e that the b a s i n c o n t a i n s about 2.5-3*0 km of 

T e r t i a r y and Mesozoic sediments o v e r l y i n g up to 4 km of 

higher v e l o c i t y and higher d e n s i t y sediments of p o s s i b l e Upper 

P a l a e o z o i c or T o r r i d o n i a n age. No Pg a r r i v a l s were detected 

from these s h o t s . The mean P* time term of 1.09s was 

i n t e r p r e t e d i n terms of 2km of sediment of mean v e l o c i t y 3 km 

s -^", and 3*9 km of sediment of mean v e l o c i t y 5 km s -*" d i r e c t l y 

o v e r l y i n g the P* (6.48 km s"^") basement. I f the t r u e l o c a l 

P* v e l o c i t y i s g r e a t e r than the time term value then the P* 

time terms w i l l have been underestimated and a g r e a t e r sediment 

t h i c k n e s s or a t h i n Pg l a y e r could be pr e s e n t . The mean Pn 

time term of 3«06s was i n t e r p r e t e d i n terms of the pre v i o u s 

sedimentary s t r u c t u r e u n d e r l a i n by 20.3 km of lower c r u s t a l 

m a t e r i a l , the Moho being at a depth of 26.2 km. 
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5. Shots B47-B50 

These shots c r o s s a r e g i o n of basement u p l i f t w i t h i n 

g r a v i t y 'low E 1 , which has been d e t a i l e d by g r a v i t y and 

magnetic anomalies. (Watts, 1971). Pn time terms only could 

be determined f o r these sh o t s , and they show more v a r i a t i o n 

(2.63-3.05s) than do those of any of the previous r e g i o n s . 

T h i s v a r i a t i o n i s i n t e r p r e t e d as caused by the shallow 

sedimentary s t r u c t u r e a s s o c i a t e d w i t h t h i s u p l i f t e d block, 

and as the s t r u c t u r e i s unknown the time terms were not 

i n t e r p r e t e d i n terms of Moho depths. The c r u s t a l c r o s s s e c t i o n 

obtained from the l i n e B time terms i s p r e s e n t e d i n F i g u r e 4.23 

4.4.4 L i n e E time terms 

Problems were encountered i n i n t e r p r e t i n g the time-

d i s t a n c e graphs of t h i s l i n e ( s e c t i o n 4.3.4.), but a l l the 

a r r i v a l s t e n t a t i v e l y i d e n t i f i e d as P* or Pn were in c l u d e d i n 

the a p p r o p r i a t e time term a n a l y s i s . These v a l u e s had l i t t l e 

e f f e c t on the p r e v i o u s l y obtained time term s o l u t i o n s , and no 

r e s i d u a l t r a v e l time f o r these shots was g r e a t e r than t h r e e 

standard d e v i a t i o n s away from the median r e s i d u a l f o r the 

p a r t i c u l a r shot or s t a t i o n . I t i s t h e r e f o r e most probable 

t h a t the t r a v e l times of these shots used i n the a n a l y s e s do 

r e p r e s e n t e i t h e r P* or Pn a r r i v a l s . 

The P* time term v a l u e s found f o r t h i s l i n e can be 

d i v i d e d i n t o t h r e e main groups: 

1. Shots E1-E6 over the south of the Moray F i r t h w i t h 

a range i n v a l u e s of 1.10-1.38s and a mean of 1.28s. 

2. Shots E7-E14 over the c e n t r a l to northern p a r t of 

the F i r t h with a range i n v a l u e s of 1.23-1.59s and a mean of 

1.43s. 

3. Shots E15-E17 i n the northernmost area of the F i r t h 

a d jacent to the Wick c o a s t l i n e , and having a range i n v a l u e s 
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of 0.70-1.03s and a mean of 0.92s. 

The v a r i a t i o n i n these time term v a l u e s can, i n g e n e r a l , 

be e x p l a i n e d i n terms of the u n d e r l y i n g Mesozoic sedimentary 

b a s i n . A g r a v i t y model of t h i s b a s i n (Sunderland, 1972) 

i n d i c a t e s t h a t i t has f a u l t bounded northern and southern 

margins, and i s a s s y m e t r i c w i t h t h i c k e r sediments i n the 

northern r e g i o n . However there i s some d i s c r e p a n c y between 

these P* time terms and the b a s i n model f o r the southern 

r e g i o n . Shot E l would be expected to be o f f the end of the 

b a s i n and so have a reduced time term, and shots E2 and E3 

would be expected to l i e over the f a i r l y deep (about 3 km) 

sediment trough i n t e r p r e t e d from the g r a v i t y o b s e rvations to 

be a d j a c e n t to the southern boundary. Accepting these 

unexplained anomalies the th r e e groups of shots were i n t e r p r e t 

to o v e r l i e 2 km, 3«5 km and 0.5 km r e s p e c t i v e l y of Mesozoic 

sediments (mean v e l o c i t y 3 km s~^") , above the Upper 1 a l a e o z o i c 

(ORS) d e p o s i t s d i r e c t l y o v e r l y i n g the P* r e f r a c t o r . The mean 

P* time terms i n d i c a t e d depths to t h i s r e f r a c t o r for the 3 

groups of 7>4 km, 6.6 km and 6.6 km r e s p e c t i v e l y . These 

r e s u l t s suggest that the P* r e f r a c t o r i s at a reaso n a b l y 

constant depth of about 7 km beneath the v a r i a b l e Mesozoic 

sediments. 

The Fn time terms of t h i s l i n e i n c r e a s e a c r o s s the Moray 

F i r t h from south-east to north-west, with a range of 2 . 6 l -

3.30s and a mean val u e of 2.95s* I n t e r p r e t i n g t h i s mean 

valu e i n terms of an average Mesozoic sediment t h i c k n e s s of 

2 km, and the P* r e f r a c t o r at a depth of 7 km, a mean Moho 

depth of 24.2 km was found. However the i n d i v i d u a l shot Pn 

time terms can be d i v i d e d i n t o groups corresponding to those 

obtained f o r the P* time terms, and have ranyres and mean 
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v a l u e s of 2.6.1-2.87s and 2.78s, 2.92-3.15s and 3.03s, and 

3«05-3»30s and 3«l6s r e s p e c t i v e l y . These three mean v a l u e s 

were i n t e r p r e t e d i n terms of the corresponding upper c r u s t a l 

s t r u c t u r e , assuming a lower c r u s t a l v e l o c i t y of 6 .48 km s -^", 

and Moho depths of 22.0 km, 22 . 8 1cm and 29.'* km r e s p e c t i v e l y , 

determined. I t would appear from these r e s u l t s t h a t the 

c r u s t beneath the Moray F i r t h b a s i n i s qu i t e t h i n (22*-24 lan), 

but t h e r e i s some evidence t h a t j u s t o f f the ba s i n t o the 

north ( s h o t s E15-E17) the c r u s t i s s u b s t a n t i a l l y t h i c k e r 

(29, 'l km) . 

The c r u s t a l c r o s s s e c t i o n a c r o s s the Moray F i r t h determined 

by time term a n a l y s i s i s presented i n Figure 4.24. 

4.4*5 d e c e i v i n g s t a t i o n l Jn time terms 

The r e c e i v i n g s t a t i o n s used i n the Fn time term a n a l y s i s 

can be d i v i d e d i n t o t hree main groups: 

1. Those s t a t i o n s l o c a t e d over the Caledonian F o r e l a n d 

i . e . QUI, DU2, DU3« IGS1, IGS2, UKASA. 

2* Those s t a t i o n s over the Caledonian Orogenic B e l t 

i . e . UAB, ULA, UBL, IGS3, MHD. 

3. The Lownet a r r a y s t a t i o n s l o c a t e d over the Midland 

v a l l e y of Sc o t l a n d i . e . LN1, LN4, LN5, LN6, LN8, LN9• 

The corresponding ranges and mean Pn time term v a l u e s f o r 

these t h r e e groups were: 

1. 2.43-2.86s 2.59s 
2. 2.79-3.633 3.13s 

3. 2.21-3.72s 3.17s 

The mean time term of the f i r s t group i s s i m i l a r to the 

mean v a l u e s f o r shot l i n e s C and 0, and, i n t e r p r e t e d i n terms 

of the maan c r u s t a l s t r u c t u r e e s t a b l i s h e d along l i n e D, 

r e p r e s e n t s a Moho depth of 25.6 km. 
The s t a t i o n s comprising groups 2 and 3 were not 
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s u f f i c i e n t l y c l o s e to the shots to provide information on the 

c r u s t a l l a y e r i n g but t h e i r mean Fn time terms suggest a 

s u b s t a n t i a l l y t h i c k e r c r u s t i n both c a s e s . A l l the s t a t i o n s 

s i t u a t e d over the Orogenic b e l t were l o c a t e d on basement rocks 

and so no p a r t of the time term i s due to a sedimentary delay. 

Assuming a mean c r u s t a l v e l o c i t y of 6.1 km (Pg) the 

c r u s t a l t h i c k n e s s i s estimated to be 29«5 km beneath the 

Orogenic b e l t , and would be g r e a t e r f o r a higher mean c r u s t a l 

v e l o c i t y . 

Pn time terms of the order of 3»'£s have been e s t a b l i s h e d 

f o r the lownet a r r a y s t a t i o n s from quarry b l a s t s and some 

l.nrge e x p l o s i o n s at sea c a r r i e d out by IGS (Jacob, p r i v a t e 

communication). Therefore, most probably, the ve r y low v a l u e 

of 2.21s f o r s t a t i o n LN1 ( e s t a b l i s h e d by only f i v e o b s e r v a t i o n s ) 

i s erroneous. T h i s reduces the range of v a l u e s to 3»12-

3.72s w i t h a mean of 3«37s. C r u s t a l v e l o c i t i e s of 6.1 and 

6.4 km s~^" have been observed near the Lownet s t a t i o n s 

(Crampin, 1970), and so t h i s mean time term value was 

i n t e r p r e t e d assuming both these v a l y e s f o r the mean c r u s t a l 

v e l o c i t y . Moho depths of 31*8 km and 36.0 km r e s p e c t i v e l y 

were obtained. 

T h i s concludes the f i r s t a r r i v a l data f o r the S c o t t i s h 

C o n t i n e n t a l S h e l f . L a t e r a r r i v a l s are now d e a l t w i t h and a 

g e o l o g i c a l i n t e r p r e t a t i o n presented. 

4.5 L a t e r a r r i v a l s 
4.5.1 PmF phase 

The PmP phase i s best developed f o r the a r r i v a l s from 

l i n e D shots and has only been i n t e r p r e t e d f o r t h i s l i n e . 

The phase i s s c a r c e l y r e c o g n i z a b l e f o r l i n e s C and 12 shots, 

and cannot be seen at a l l on the r e c o r d s of l i n e B s h o t s . T h i s 
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i s probably due to l i n e D only being f i r e d along the s t r i k e 

of the g r a v i t y anomalies and s t r u c t u r e on the s h e l f . 

The l i n e D shots recorded at s t a t i o n IGS1 show l a r g e 

amplitude secondary a r r i v a l s s t a r t i n g at about 50 km and 

c o r r e l a t a b l e from shot to shot out to about 2lt0 km ( F i g u r e **.13)« 

A s i m i l a r group of a r r i v a l s was observed f o r t h i s shot l i n e on 

the r e c o r d s of s t a t i o n DU1 from about 70-150 km ( F i g u r e ; f . l 4 ) . 

These a r r i v a l s are very s i m i l a r to groups of a r r i v a l s observed 

i n s o u t h - A v e s t England (Holder and Bott, 1971) and are 

s i m i l a r l y i n t e r p r e t e d , out to a c e r t a i n d i s t a n c e , as the phase 

r e f l e c t e d from the Moho, PmP. The reasons f o r i n t e r p r e t i n g 

these a r r i v a l s as the PmF phase were: 

1. The t r a v e l time could be f i t t e d by a curved l i n e 

a p p r o p r i a t e to a Moho r e f l e c t i o n . 

2. The amplitude-distance c h a r a c t e r i s t i c s of t h i s 

phase i n r e l a t i o n to the Pg, P* and Pn phases were s i m i l a r to 

those p r e d i c t e d t h e o r e t i c a l l y by Berry and West (1966). 

I t can be seen by i n s p e c t i o n of the st a c k e d r e c o r d 

s e c t i o n s ( F i g s . 4 . 1 3 & 'i.l4) t h a t these secondary a r r i v a l s are 

f i t t e d by a curved l i n e the t r a v e l t i m e - d i s t a n c e c h a r a c t e r i s t i c s 

of which can be explained by Moho r e f l e c t i o n s . In order to 

a r r i v e a t the second reason f o r the i n t e r p r e t a t i o n amplitude-

d i s t a n c e curves had to be c o n s t r u c t e d f o r a l l the phases. The 

main causes of amplitude v a r i a t i o n at the shot p o i n t s were 

reduced by a l l the shots being of the same s i z e and a l l but 

four of the shots being f i r e d on the sea bed. The remaining 

four s h o t s , Dl^-D17 f were f i r e d w i t h i n 100 m of the sea bed. 

The g e o l o g i c a l s t r u c t u r e beneath l i n e D appears to be 

rea s o n a b l y uniform, a t h i n but v a r i a b l e sediment cover over 

the metamorphic basement, and should cause l i t t l e amplitude 



F i g u r e ll»25 : The amplitude-distance graph f o r v a r i o u s 
phases recorded at s t a t i o n IGS1. 
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v a r i a t i o n s . Frequency response curves were a v a i l a b l e f o r both 

the r e c o r d i n g systems at the two s t a t i o n s ( I G S l and DUl), and 

f o r the playback equipment i n the Durham l a b o r a t o r y . 

Composite response curves of both the r e c o r d i n g and playback 

equipment were produced f o r the r e c o r d s of both these s t a t i o n s 

so t h a t the amplitude v a r i a t i o n with frequency could be 

allowed f o r . The maximum peak to peak amplitudes of the 

f i r s t four c y c l e s of each phase were measured, c o r r e c t e d f o r 

frequency response and any changes i n r e c o r d i n g system g a i n , 

and p l o t t e d a g a i n s t d i s t a n c e , as shown i n F i g u r e s 4.25 & 4.26. 

I t can be seen on these diagrams that the amplit u d e - d i s t a n c e 

c h a r a c t e r i s t i c s of the PmP phases are s i m i l a r to those 

t h e o r e t i c a l l y p r e d i c t e d by Berry and West (1966). 

The PmP phase has been used to supplement the c r u s t a l 

s t r u c t u r e information obtained from the f i r s t a r r i v a l s . 

According to geometrical r a y theory the maximum amplitude of 

the PmP phase should occur at the c r i t i c a l d i s t a n c e . 

T h e r e f o r e , the d i s t a n c e at which these a r r i v a l s were observed 

to a t t a i n maximum amplitude was taken as an estimate of the 

c r i t i c a l d i s t a n c e . T h i s d i s t a n c e was 90 km f o r s t a t i o n I G S l 

and 85 km f o r s t a t i o n DUl. However i t has been shown by 

Cerveny (1966) t h a t the amplitude of FmP i n f a c t reaches i t s 

maximum at some d i s t a n c e beyond the c r i t i c a l d i s t a n c e . The 

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

approximately 75 km and 70 km r e s p e c t i v e l y f o r the two 

s t a t i o n s . The method of Holder and Bott (1971), d e s c r i b e d i n 

s e c t i o n 3*5.1 , was used w i t h these v a l u e s of c r i t i c a l 

d i s t a n c e , and the appropriate i n t e r c e p t times and Pn v e l o c i t i e 

to e s t i m a t e an average c r u s t a l v e l o c i t y , and t h e r e f o r e a t r u e 
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c r u s t a l t h i c k n e s s , without assuming uniform v e l o c i t y l a y e r s * 
The v a l u e s obtained f o r s t a t i o n IGS1 were a mean c r u s t a l 
v e l o c i t y of 6.45 km s""*" and a c r u s t a l t h i c k n e s s of 26.7 km, 
and f o r s t a t i o n DU1 6.35 km s""^ and 25.8 km. Combining 
these r e s u l t s an average c r u s t a l v e l o c i t y of 6.4 km s ~ ^ and a 
c r u s t a l t h i c k n e s s of 26.2 km were determined. Both of these 
v a l u e s are m a r g i n a l l y higher than those obtained by assuming 
a c r u s t a l s t r u c t u r e c o n s i s t i n g of l a y e r s of uniform v e l o c i t y . 
Assuming t h a t the i n c r e a s e i n v e l o c i t y w ith depth n e c e s s a r y 
to e x p l a i n the mean c r u s t a l v e l o c i t y i s l i m i t e d to the lower 
c r u s t a l l a y e r and i s l i n e a r throughout t h a t l a y e r , then a 
v e l o c i t y of 7 km s""*" would be reached at the base of the c r u s t 

S i m i l a r l a r g e amplitude a r r i v a l s were a l s o observed as t h 

stac k e d r e c o r d s of s t a t i o n DU2 (Fig4jL5) but have not been used 

i n any i n t e r p r e t a t i o n . 

4.5*2 S a r r i v a l s 

Good c o n s i s t e n t S wave a r r i v a l s were r a r e l y observed 

over the S c o t t i s h s h e l f . The onset times of such a r r i v a l s 

were only p i c k e d f o r s t a t i o n IGS1 and l i n e 0 s h o t s . A l e a s t 

squares f i t of the t r a v e l times of the S wave a r r i v a l s from 

shots D4-D15 at t h i s s t a t i o n d e f i n e d a segment w i t h a 

r e c i p r o c a l g r a d i e n t of 3*76-0.05 km s -^" and an i n t e r c e p t of 

3.35-«66s« T h i s S wave v e l o c i t y i s approximately e q u i v a l e n t 

to a P wave v e l o c i t y of 6.5 km s"^" (assuming a normal 

c o n t i n e n t a l c r u s t value of P o i s s o n ' s r a t i o ) , and the a r r i v a l s 

are t h e r e f o r e i n t e r p r e t e d as S*, the headwaves from the lower 

c r u s t a l l a y e r . The l a y e r t h i c k n e s s formula was used to 

i n t e r p r e t the i n t e r c e p t time i n terms of 2.7 km of sediments 

(S wave v e l o c i t y 2.81 km s-"*") o v e r l y i n g the metamorphic 

basement (3«43 km a"*"), and a depth was found to the S* 

r e f r a c t o r of 11.6 km. T h i s i s s i m i l a r to the mean v a l u e of 

9 km c a l c u l a t e d f o r the lower c r u s t a l l a y e r from the P* time 



F i g u r e ll,27 t The f i n a l c r u s t a l s t r u c t u r e model beneath 
l i n e D determined from both f i r s t and secondary a r r i v a l 
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terms. The S a r r i v a l s can be soon to f a l l on a curved l i n e 
near the Moho a r r i v a l s c r o s s o v e r d i s t a n c e ( F i g . 4.13 
shots D I 3 - D I 8 ) and rea c h a maximum amplitude at a s i m i l a r 
range to the Fml" a r r i v a l s . These a r r i v a l s may p o s s i b l y be 
i n t e r p r e t e d as SmS. 

The f i n a l c r u s t a l s t r u c t u r e model along the S c o t t i s h 

s h e l f computed from both f i r s t and l a t e r a r r i v a l s i s presented 

i n F i g u r e 4 . 2 7 . 

4.6 Model t r a v e l times 

The technique d e s c r i b e d i n s e c t i o n 3*6 • was used to 

c a l c u l a t e the t r a v e l times of the Pn and PmP phases t r a v e l l i n g 

through the f o l l o w i n g l i n e D c r u s t a l s t r u c t u r e models: 

1. The mean c r u s t a l s t r u c t u r e d e r i v e d from the time 

terms and c o n s i s t i n g of 2 . 7 km of sediments (5 km s-"*") 

o v e r l y i n g 6 . 3 km of basement m a t e r i a l ( 6 . 1 km s ^) and 16 km 

of lower c r u s t a l m a t e r i a l (6 .48 kin s " ^ " ) , w i th a Moho depth of 

25 km ( F i g . 4.21 ) . 

2 . The f i n a l c r u s t a l s t r u c t u r e obtained u s i n g the PmP 

phase as w e l l as the f i r s t a r r i v a l s . T h i s s t r u c t u r e i s 

s i m i l a r to that of model 1 down to the P* r e f r a c t o r , but then 

the v e l o c i t y i n c r e a s e s l i n e a r l y with depth t i l l a va l u e of 

7 .01 km s - 1 i s reached at the base of the c r u s t ( 26 .2 km) 

( F i g . 4.27 ) . 

These models could not be expected to give r i s e to exact 

t r a v e l times as a uniform s t r u c t u r e was assumed extending 

from beneath the l i n e of shots to the p a r t i c u l a r r e c e i v i n g 

s t a t i o n . However i t was shown i n s e c t i o n 4 . 4 . 1 . t h a t both 

the sediment t h i c k n e s s and depth to the P* r e f r a c t o r vary 

along the shot l i n e , and the Moho may dip at about 1 ° to the 

south-west. 
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PinP a r r i v a l s were only i d e n t i f i e d at s t a t i o n s I G S l and 

DUl from the l i n e D shots, but I n a r r i v a l s were obtained at 

s t a t i o n s I G S l , IGS2, IGS3, DUl, DU2, DU3, UKAEA, UAB, ULA, 

MHD, LN5, LN6 and LN8. T h e o r e t i c a l t r a v e l times were 

c a l c u l a t e d f o r a l l these a r r i v a l s f o r both models, but 

reasonable agreement between the observed and c a l c u l a t e d 

times was found f o r only s t a t i o n s I G S l , IGS2, DUl, DU2 and 

UKAEA. T h i s i s explained by these s t a t i o n s only ( e x c l u d i n g 

s t a t i o n DU3 on Skye) being s i t u a t e d over the Caledonian 

f o r e l a n d c r u s t , and so the assumption of a uniform s t r u c t u r e 

beneath shot p o i n t s and r e c e i v i n g s t a t i o n s i s only v a l i d f o r 

these r e s u l t s . The t r a v e l times c a l c u l a t e d f o r the remainder 

of the s t a t i o n s were found to underestimate the observed 

times by approximately 0 . 5 - l » 5 s » The f o r e l a n d c r u s t has been 

e s t a b l i s h e d as s e v e r a l k i l o m e t r e s t h i n n e r than t h a t of the 

adjacent erogenic b e l t , and probably a l s o t h a t of the Midland 

V a l l e y ( s e c t i o n 4 . 4 . 5 » ) , and so t h i s e x t r a c r u s t a l m a t e r i a l 

beneath the r e c e i v i n g s t a t i o n s would be expected to i n c r e a s e 

the t r a v e l t imes. 

The agreement between the observed and c a l c u l a t e d t r a v e l 

times found f o r each phase at s t a t i o n s I G S l and DUl i s shown 

i n Table -1.7., together w i t h the sums of the squares of the 

r e s i d u a l s d i v i d e d by the t o t a l number of t r a v e l times. These 

r e s u l t s i n d i c a t e t h a t both models s u f f i c i e n t l y approximate 

the true c r u s t a l s t r u c t u r e to produce t r a v e l times i n q u i t e 

c l o s e agreement, i n ge n e r a l , w i t h those observed. However 

the s l i g h t d i f f e r e n c e s i n the two models are masked by the 

departures of the r e a l s i t u a t i o n from the assumptions of 

u n i f o r m i t y i n v o l v e d , and both give r i s e to e q u a l l y a c c e p t a b l e 

t r a v e l t i mes. A l a r g e d i s c r e p a n c y was found between the 



T A IDLE 4 . 7 

TRAVEL TIMES CALCULATED FOR CRU3TAL MODELS 

S t a t i o n IGS1 
HOMOGENEOUS LAYERS 

Pn Phase 

Shot Observed Calculated Residual 

D l 4 20.08 20. 40 -O.32 
D13 21.56 21.89 -0.33 
D12 23.20 23.26 -0.06 
D l l 24.33 24. 52 -0.19 
D10 26.01 25.87 +0.14 
D9 26.87 26.92 -0.05 
D8 28.57 28.78 -0.21 
D7 30.01 30.22 -0.21 
D6 31.77 31.79 -0.02 
D5 33.27 33.33 -0.06 
D4 34.37 34.49 -0.12 
D3 35.86 35.68 0.18 
D2 36.66 36.82 -0.16 

R 2 /n = 0.035 
PmP Phase 

Shot Observed Calculated Residual 

D18 l'f.77 14.73 O.O'i 
D17 16.17 16.26 -0.09 
D l 6 17.74 17.82 -0.08 
D15 18.97 19.'+5 -0.48 
D14 20.88 21.16 -0.28 
D13 22.31 22.89 -O.58 
D12 2*1. l ' l 24. 50 -O.36 
D l l 25.66 26.01 -0.35 
DIO 27.41 27.61 -0.20 

R 2/n = 0.106 
S t a t i o n DU1 

HOMOGENEOUS LAYERS 

Pn Phase 

Shot Observed Calculated Residual 

D l l 2 1 . 2 9 21.0!* 0 . 2 5 
D12 22.65 22 .3 '* 0.31 
D13 23 . 93 23.61 0 . 3 2 
D l 4 25.35 2 5 . 42 -0.07 
D15 26 . 7 9 26.87 -0.08 
D l 6 28.30 28. ~0 0.00 
D17 29.81 29.68 0 . 1 3 
DlO 31.'13 31.09 0.3** 

VELOCITY INCREASE IN LOWEST 
LAYER 

Pn Phase 

Observed C a l c u l a t e d R e s i d u a l 

20.08 20.23 -0.15 
21.56 21.72 -0.16 
23.20 23.08 0.18 
24.33 2^.35 -0.02 
26.01 25.69 0.32 
26.87 26.76 0.11 
28.57 28.62 -0.05 
30.01 30.07 -0.06 
31.77 31.64 0.13 
33.27 33.17 0.10 
34.37 3'i.34 0.03 
35.86 35.53 0.33 
36.66 36.66 0.00 

R 2/n = 0.026 
PmP Phase 

Observed C a l c u l a t e d R e s i d u a l 

14.77 14.59 0.18 
16.17 15.94 0.23 
17.74 17.40 0.34 
18.97 18.97 0.00 
20.88 20.68 0.20 
22.31 22.30 0.01 
24.14 23.86 0.28 
25.66 25.20 0.46 
27.41 26.01 0.60 

R 2/n = 0.099 

VELOCITY INCREASE IN LOWEST 
LAYER 

Pn Ph a s e 

Observed C a l c u l a t e d R e s i d u a l 

21.29 21.32 -0.03 
22.65 22.53 0.12 
23.93 23.30 0.13 
25.35 25.26 0.09 
26.79 26.72 0.07 
20.30 28.14 0.16 
29.01 29.53 0.28 
31.'13 30.93 0.50 



S t a t i o n DU1 Pn Phase contd. 

Shot Observed Calculated Residual Observed C a l c u l a t e d R e s i d u a l 

D19 33.11 32.87 0.24 33.11 32.72 0.39 
D20 3^.49 34.25 0.24 34.49 34.09 0.40 
D21 35.83 35.65 0.18 35.83 35.50 0.33 
D2 ' 37.14 37.10 0.04 37,14 36.94 0.20 
D23 38.70 38.59 0.11 38.70 38.43 0.27 D24 40.95 40.88 0.07 40.95 40.72 0.23 

R 2 /n = 0.041 R 2/n = 0. 070 
PmF Phase PrnP Phase 

Shot Obs erved Calculated Residual Observed C a l c u l a t e d R e s i d u a l 
D6 15.07 14.23 0.84 15.07 14.10 0.97 
D7 15.79 15.86 -0.07 15.79 15.60 0.19 
D8 17.28 17.40 -0.12 17.28 17.04 0.24 
D9 20.48 19.48 1.00 20.48 19.06 1.42 
D10 22.60 20.73 1.87 22.60 20.22 2.38 
D l l 24.15 22.-2 1.83 24.1^ 21.75 2. 'l 0 

R 2 /n = 1.43 R 2/n = 2. 41 
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observed and c a l c u l a t e d t r a v e l times f o r the PmF phase 

observed at s t a t i o n DU1 f o r both models, except f o r shots 

D7 and D8. As the models s a t i s f a c t o r i l y e x p l a i n the Pn and 

PmP t r a v e l times observed at s t a t i o n IGS1 and the Pn t r a v e l 

times at s t a t i o n UU1, t h i s d i s c r e p a n c y probably r e s u l t s i n 

the main from i n a c c u r a t e p i c k i n g of the PmF onset at s t a t i o n 

DU1. Both shots D7 and D8, which are very c l o s e to the 

maximum amplitude range, Viave s m a l l r e s i d u a l s suggesting t h a t 

the p i c k e d onsets are r e l i a b l e only f o r these two s h o t s . The 

l i m i t i n g range of PmP a r r i v a l s f o r model 2 was c a l c u l a t e d to 

be 183 km, and so the a r r i v a l s i d e n t i f i e d on the r e c o r d s of 

s t a t i o n IG51 beyond t h i s range cannot be the PmF phase. 

The r e s i d u a l s and sum of the squares of the r e s i d u a l s 

d i v i d e d by the t o t a l number of the t r a v e l times observed at 

each s t a t i o n are given i n Table *t.8. , f o r the remaining c l o s e 

i n r e c e i v i n g s t a t i o n s (IGS2, 0U2, UKAEA). No Pmr a r r i v a l s 

were p i c k e d at these s t a t i o n s but the Pn t r a v e l times are 

e q u a l l y w e l l explained by e i t h e r of the two models. 

I t i s obviously more d i f f i c u l t to model the l"n t i ' a v e l 

times f o r the l i n e s D and C shots as s i g n i f i c a n t s t r u c t u r a l 

v a r i a t i o n s were found beneath both l i n e s ( s e c t i o n s 4.'±.2., an 

't.^.3.)« However as a f i r s t step both the l i n e D c r u s t a l 

models were used to c a l c u l a t e Pn t r a v e l times f o r the l i n e C 

shots, but the times found f o r the great m a j o r i t y of these 

shots were at l e a s t 0.~s too s m a l l . The two d i f f e r e n t 

c r u s t a l models obtained f o r l i n e C ( s e c t i o n '(.4.2.), a 

23.9 km t h i c k c r u s t beneath shots C1-C13, and a 22.'> km t h i c k 

c r u s t beneath shots Cl't-C2'l-, were then used to determine 

t h e o r e t i c a l t r a v e l times but those gave r i s e to even s m a l l e r 

v a l u e s . T h i s f a i l u r e of e i t h e r of the two deduced models to 



TADLE '1.8. 

RESIDUAL TRAVEL TIMES FOR THE CRUJTAL MODELS 

HOMOGENEOUS VELOCITY INCREASE 

I G S 2 RESIDUALS RESIDUALS 

D19 - 0 . 0 2 0.17 
Dl8 0.03 0 . 1 2 
D17 0.'±8 -0.32 
Dl6 -0.2't 0.39 
D15 O.kk -0.28 
Dl'l 0 . 3 7 0.19 
D 1 3 0.13 - 0 . 0 2 
D12 -0.27 0.13 
D l l 0.32 -0.16 
DIG 0 . 1 0 O.Ofi 
D9 0 . 2 2 -0.06 
DO 0.30 -0.1't 
D7 - 0 . 7 9 -0.95 
D6 0.^5 0 . 2 9 
D5 O.58 - 0 . 2 2 
Dh 0 . 5 ^ -0.39 
D2 O.31 -0.15 

R 2/n = 0.1*8 R 2/n = 

UKAEA RESIDUALS RESIDUA] S 
Dl'i 0.13 0.03 
D15 0.06 0 . 0 9 
D16 0.03 0.13 
D17 - 0 . 0 * 0.19 
DIP. -0.17 0.33 
D19 0.03 0.13 
D20 - 0 . 0 7 0.23 
D 2 1 0 . 2 0 -O.G'i 

D22 - 0 . 1 3 0.28 
D23 -0.13 0.28 
D2'i -O.O'l 0 . 2 0 

R 2/n = 0 . 0 1 2 R 2/n = 



TABLE 4.8. contd. 

DU2 iiES I DUALS RESIDUALS 

D2 -0.18 0.34 
D3 -0.05 0i20 
D4 -0.04 0.20 
D5 -0.24 0.40 

R 2 / T I = 0.023 R 2/n = O.O89 
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generate a c l o s e approximation to the observed t r a v e l times 

suggests that t here must be some d i s c r e p a n c y between the upper 

c r u s t a l s t r u c t u r e determined from the Pg and P* a r r i v a l s , and 

the upper c r u s t a l s t r u c t u r e u n d e r l y i n g the shots t h a t produce 

Mono a r r i v a l s . No attempt was made to c a l c u l a t e Pn t r a v e l 

times f o r the l i n e B c r u s t a l s t r u c t u r e s as i n order to do 

t h i s s a t i s f a c t o r i l y the modelling technique ( s e c t i o n 3»6) 

would have to be adapted to allow f o r v a r i a t i o n of s t r u c t u r e 

along the p r o f i l e . 

'*. 7 D i s c u s s i o n and g e o l o g i c a l i n t e r p r e t a t i o n 

The NASP r e s u l t s on the S c o t t i s h S h e l f have been 

i n t e r p r e t e d i n terms of the f o l l o w i n g c r u s t a l s t r u c t u r e : 

1. A sedimentary l a y e r of v a r i a b l e v e l o c i t y and t h i c k n e s s 

o c c u r r i n g over much of the area but not present everywhere. 

T h i s l a y e r c o n s i s t s mainly of Upper P a l a e o z o i c or e a r l i e r 

sediments and some l o c a l Mesozoic b a s i n s . 

2. A t h i n upper c r u s t a l basement l a y e r of average 

v e l o c i t y 6.1 km s The l a y e r v a r i e s i n t h i c k n e s s up to 

about 10 km and was not observed everywhere i n the re g i o n . 

3. A lower c r u s t a l l a y e r v a r y i n g i n depth from almost 

zero km up to about 16 km. The v e l o c i t y at the top of t h i 3 

l a y e r i s about 6.5 km s -^" but th e r e i s evidence from the l a t e r 

a r r i v a l s 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 n t h i s l a y e r 

to about 7 km B~^~ at the base of the c r u s t . 

km The Mono at an almost constant depth of 25-26 km w i t h 

a Pn v e l o c i t y of 7.99 km s " 1 . 

The f i n a l c r u s t a l c r o s s - s e c t i o n models are shorn i n 

F i g u r e s 4.21-4.24 &k. 27 » and the l i n e D c r u s t a l s t r u c t u r e was 

shown to s a t i s f y both the observed Pn and PmP t r a v e l times f o r 
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the c l o s e i n s t a t i o n s . 

The most d i s t i n c t i v e f e a t u r e of the c r u s t a l model i s the 

s h allow 6.5 km s~^~ l a y e r which was found both beneath the 

f o r e l a n d c r u s t and a l s o beneath the Moray F i r t h b a s i n on the 

orogenic b e l t . Such a l a y e r has not been detected f u r t h e r 

south i n B r i t a i n , but S c r u t t o n (1970) found a 6.3 km s - 1 

l a y e r at f a i r l y shallow depth beneath K o c k a l l P l a t e a u . P a r t 

of t h i s p l a t e a u belongs to the Caledonian f o r e l a n d and could 

be expected to have a s i m i l a r c r u s t a l s t r u c t u r e . The time 

terms (P*) found f o r t h i s l a y e r show a c l o s e c o r r e l a t i o n with 

the Bouguer anomalies ( F i g s . ll. l 6 - ' l . 19 ) , p a r t i c u l a r l y f o r 

l i n e R which c r o s s e s l a r g e l o c a l g r a v i t y anomalies. T h i s c l o s e 

c o r r e l a t i o n suggests t h a t the g r a v i t y anomalies are p a r t l y 

caused by v a r i a t i o n i n the depth to the r e l a t i v e l y dense P* 

l a y e r , but t h i s e f f e c t i s a l s o accentuated by v a r i a t i o n i n the 

o v e r l y i n g sedimentary s t r u c t u r e . G r a v i t y 'high A1 of Bott and 

Watts (1971) i s seen to be caused by the P* l a y e r coming c l o s e 

to the s u r f a c e ( F i g . * t . l 8 ) , and the d e c r e a s i n g Bouguer anomaly 

v a l u e s eastwards are p a r t l y caused by the i n c r e a s i n g depth 

to t h i s l a y e r . 'High A 1, on the b a s i s of g r a v i t y and 

magnetic anomalies, has been i n t e r p r e t e d as a r e g i o n where 

L e w i s i a n g r a n u l i t e s of p o s s i b l e S c o u r i a i i type occur at or 

near the s u r f a c e (Bott and Watts, 1970; Watts, 1971). 

Therefore the 6.5 km s"^" l a y e r i s t e n t a t i v e l y i n t e r p r e t e d as 

g r a n u l i t e f a c i e s L e w i s i a n basement rocks beneath the f o r e l a n d 

c r u s t and, although the e a s t e r n l i m i t of the s u r f a c e outcrop 

of the L e w i s i a n i s marked by the Moine t h r u s t , i t i s p o s s i b l e 

t h a t t h i s deeper L e w i s i a n r e f r a c t o r extends eastwards beneath 

the Moray F i r t h . G r a v i t y i n v e s t i g a t i o n s on land i n north-west 

S c o t l a n d (Bott et a l , 1972) i n d i c a t e d that the L a x f o r d i a n 
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3 rock s are about 0.09 g c i i r l e s s dense than the Sc o u r i a n . 
Such a d e n s i t y i n c r e a s e i s of the order of magnitude t h a t 
would be expected to cause the g r a v i t y anomalies a s s o c i a t e d 
w i t h the v a r i a t i o n i n depth to the P* i n t e r f a c e , i n p a r t i c u l a r 
beneath g r a v i t y 'high A'. I t f o l l o w s t h e r e f o r e that the 
o v e r l y i n g 6.1 km s ~ ^ basement l a y e r i s probably L a x f o r d i a n 
g n e i s s e s on the f o r e l a n d , and Caledonian b e l t metamorphic 
roc k s i n the ea s t e r n a r e a s . 

A s i m i l a r c o r r e l a t i o n between F* time terms and Bouguer 

anomaly v a l u e s was observed along l i n e C (Fig.*.17 ) . 

Shots C13-C17 are over g r a v i t y 'low D' of Bott and V a t t s 

( I 9 7 l ) i and t h e i r P* time terms are correspondingly l a r g e r . 

T h i s again suggests t h a t the anomaly may be caused by an 

i n c r e a s e i n depth to the P* l a y e r , but i n t h i s case no Fg 

a r r i v a l s were observed so the low g r a v i t y v a l u e s may be the 

r e s u l t of t h i c k low d e n s i t y sediments d i r e c t l y o v e r l y i n g the 

P* r e f r a c t o r at a normal depth. 

The f o r e l a n d c r u s t on the c o n t i n e n t a l s h e l f has been 

i n t e r p r e t e d to be of an almost constant t h i c k n e s s (25-26 km) 

d e s p i t e the q u i t e l a r g e v a r i a t i o n s i n the upper c r u s t a l 

s t r u c t u r e . The shots on l i n e B c r o s s f r o n g r a v i t y 'high A1 

to 'low 15' over a ve r y s h o r t d i s t a n c e , and the F* and Fn time 

terms a l s o i n d i c a t e an abrupt t r a n s i t i o n i n s t r u c t u r e between 

the two g r a v i t y f e a t u r e s . However on i n t e r p r e t i n g these time 

terms the Moho i n both c a s e s i s found to be at a depth of 

about 26 km although, r e l a t i v e to the mean c r u s t a l s t r u c t u r e 

e s t a b l i s h e d beneath l i n e D, there i s a t h i n n i n g of the sub-

sedimentary c r u s t of about 6 km beneath b a s i n E. S i m i l a r l y 

a c r u s t a l t h i c k n e s s of 25.2 km was found beneath g r a v i t y low F 

(Bott and Watts, 1971) which was i n t e r p r e t e d as a Mesozoic 
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sedimentary b a s i n (Bott and Bro w i t t , i n p r e p a r a t i o n ) . The 

Moray F i r t h b a s i n was i n t e r p r e t e d to be u n d e r l a i n by a 

22-24 kin t h i c k c r u s t which r e p r e s e n t s both a sub sedimentary 

l a y e r and t o t a l c r u s t a l t h i n n i n g of about 6 km r e l a t i v e to 

the c r u s t a l t h i c k n e s s (29.5 km) e s t a b l i s h e d beneath the 

orogenic b e l t . T h i s c r u s t a l t h i c k n e s s estimate beneath the 

Caledonian f o l d b e l t i s about 10-15% g r e a t e r than the t h i c k n e s s 

determined f o r the f o r e l a n d c r u s t , suggesting that there i s 

s t i l l a s m a l l r e s i d u a l root present beneath the S c o t t i s h 

Caledonides. 

The s i g n i f i c a n c e of the c r u s t a l s t r u c t u r e s e s t a b l i s h e d 

beneath the s h e l f b a s i n s , and the nature of and v a r i a t i o n 

i n the P* l a y e r w i l l be d i s c u s s e d i n more d e t a i l i n Chapter 6. 
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CHAPTER 5 

The Faeroe P l a t e a u and Faeroe/Shetland Channel and Channel Slopes 

5« 1. The Faeroe P l a t e a u 

5. 1.1 I n t r o d u c t i o n 

The Faeroe P l a t e a u comprises the Faeroe I s l a n d s and 

surrounding s h a l l o w sea areas bounded to the north and west by 

the 100 fathom bathymetric contour. To the east t h i s contour 

approaches c l o s e to the i s l a n d s and the p l a t e a u i s considered 

to extend out to almost the 500 fathom contour. The f o l l o w i n g 

shots on three d i f f e r e n t l i n e s were f i r e d i n t h i s a r e a : -

A1-A6 
Bl-BlG 
C39-C52 to the south-east of the i s l a n d s 
C54-C59 to the north-west of the i s l a n d s 

I n a d d i t i o n , a short l i n e c o n s i s t i n g of 25 l b . shots 

(Lomonosov l i n e ) was f i r e d c l o s e to the S o v i e t r e c o r d i n g s h i p 

Lomonosov on the south-east edge of the p l a t e a u ( F i g . 5 .1.) 

The Faeroe I s l a n d s c o n s i s t almost e n t i r e l y of T e r t i a r y 

b a s a l t l a v a , but whether the c r u s t beneath t h i s l a v a i s 

c o n t i n e n t a l or oceanic had not been c o n c l u s i v e l y determined 

p r i o r to the p r o j e c t . A c o n t i n e n t a l c r u s t was suggested by 

Bott and Watts (1971) to improve the f i t of the c o n t i n e n t s 

around the North A t l a n t i c , and a.1 so by Bott et a l (1971) i n 

order to e x p l a i n the Bouguer anomaly gra d i e n t from the 

I c e l a n d - F a e r o e Ridge onto the Faeroe P l a t e a u . However Talwani 

and Eldholm (1972) have i n t e r p r e t e d the western boundary of 

the Faeroe/Shetland Channel as an escarpment marking the 

T e r t i a r y s p l i t of Greenland from Europe, and the c r u s t to the 

west of t h i s escarpment (beneath the Faeroe Mateau) as 

oceanic i n n a t u r e . The T e r t i a r y l a v a a l s o forms the basement 



F i g u r e 5.1 : The s h o t - r e c e i v i n g s t a t i o n c o n f i g u r a t i o n 
over the Faeroe P l a t e a u . 
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surrounding the i s l a n d s and i s seen on s e i s m i c r e f l e c t i o n 

r e c o r d s (Watts, 1970; Lewis, p r i v a t e communication) to dip 

seawards away from the i s l a n d s . 

There have been two pre v i o u s shallow s e i s m i c r e f r a c t i o n 

i n v e s t i g a t i o n s on the Faeroe P l a t e a u (Paltnason, 196.5; Cast en, 

1973), and these experiments produced c o n t r a s t i n g r e s u l t s . 

Falmason (1965) shot two p r o f i l e s , one r e v e r s e d p r o f i l e on 

Streymoy and one unreversed p r o f i l e on Suderoy, and i d e n t i f i e d 

t h r ee s e i s m i c l a y e r s . The v e l o c i t i e s of, and depths to, the 

l a y e r s i d e n t i f i e d on Streymoy are summarised below: 

L a y e r 1 3«9km s ~ ^ outcrops from Torshavnto K o l l a f j o r d u r 

L a y e r 2 k.9 km s -^" about 0,k km depth 

L a y e r 3 6.4 km s - 1 2.5-4.5 km 

These l a y e r s were c o r r e l a t e d w i t h the upper b a s a l t s e r i e s , the 

middle and lower b a s a l t s e r i e s , and the sub - b a s a l t l a v a 

basement r e s p e c t i v e l y , and are s i m i l a r to the upper l a y e r 

velocity s t r u c t u r e e s t a b l i s h e d beneath I c e l a n d (Palmason, 1970). 

However, an unreversed p r o f i l e shot a t sea (Casten, 1973) found 

a basement v e l o c i t y of 5«9 km s-"*" which would be expected f o r 

normal c o n t i n e n t a l c r u s t . 

These opposing r e s u l t s d i d not, t h e r e f o r e , r e s o l v e the 

nature of the c r u s t beneath the Faeroe P l a t e a u and deep 

s e i s m i c r e f r a c t i o n o b s e r vations were needed. 

fl freliwtinin"b«.rrre+**h,n ê - "Ue tfKf rtfti Ks f*r Faeroe f'AIC^h 
5.1.2 F i r s t a r r i v a l s t i m e - d i s t a n c e graphs J „ , .11 % 

The observed t r a v e l times of a l l the f i r s t a r r i v a l s 

were reduced to a sea l e v e l datum to remove the e f f e c t of 

v a r i a t i o n i n both shot depth and r e c o r d i n g s t a t i o n e l e v a t i o n . 

The c o r r e c t i o n term added to each t r a v e l time was 

Water depth - (Water depth-Shot depth) - S t a t i o n e l e v a t ion above S.L 

5.5 1.5 5.5 
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assuming a mean basement v e l o c i t y of 5*5 km s~ • 

The Free A i r Anomaly map compiled by Watts (1970) of 

the S c o t l a n d to I c e l a n d region i n d i c a t e s a g r a v i t y low of about 

20 mgal amplitude on the south-east Faeroe S h e l f . However, 

more r e c e n t g r a v i t y measurements ( L e w i s , p r i v a t e communication) 

suggest t h a t the 'low' i s not a l o c a l f e a t u r e but i n s t e a d the 

r e g i o n of low g r a v i t y v a l u e s extends to the south-east i n t o 

the Faeroe/Shetland Channel. The low v a l u e s are probably 

mainly r e l a t e d to the gradual i n c r e a s e i n water depth and 

sediment t h i c k n e s s as the Channel i s approached. However, as 

l i t t l e was known of the sediment t h i c k n e s s e s and v e l o c i t i e s , 

both i n t h i s r e g i o n and over the r e s t of the p l a t e a u , no 

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

The method of l e a s t squares was used to f i t s t r a i g h t 

l i n e segments to the f i r s t a r r i v a l t i m e - d i s t a n c e graphs f o r 

each s t a t i o n and l i n e , and the v e l o c i t i e s and i n t e r c e p t s 

obtained are given i n Table 5»1« In order to e f f e c t i v e l y 

expand the time s c a l e , reduced t i m e - d i s t a n c e graphs were a l s o 

p l o t t e d u s i n g a redu c i n g v e l o c i t y of 6 km s ~ ^ . These graphs 

are shown i n F i g u r e s 5 » 2 . - 5 . 5 . 

The c r u s t a l a r r i v a l s from the shots over the Faeroe 

P l a t e a u were found i n g e n e r a l to f a l l i n t o the f o l l o w i n g two 

d i s t i n c t groups: 

1. A r r i v a l s from shots to the north and west of the 

Faeroe I s l a n d s . These defined segments with r e c i p r o c a l 

g r a d i e n t s of about 6 km s-"'". 

2. A r r i v a l s from shots to the south and eas t of the 

Faeroe I s l a n d s . ' These defined segments w i t h r e c i p r o c a l 

g r a d i e n t s of about 5•2-5*6 km s ~ ^ . 

Both these groups of a r r i v a l s were i n t e r p r e t e d as the 



TABLE 5.1 
APPARENT VELOCITIES AND INTERCEPTS FROM LEAST SQUARES 

S t a t i o n Shots Phase V e l o c i t y ( k m s-"*") I n t e r c e p t ( s ) S.E. 

DU4 A1-A5 Ps, 5.91j0.12 O.85J0.23 0.10 
C54-C59 5.92T0.08 0.89 70.12 0.10 
C45-C52 P g i 5.51T0.07 0.46^0.14 0.12 
B1-B13 P « 2 5.25-0.03 0.12-0.06 0.09 
Bl4, B16 P n 2 7.67 6.24 

F l A1-A6 P g i 5.83^0.10 0.64^0.14 0.13 

F2 A2-A5 Pg, 6.10j0.4l 1.04j0.57 0.25 
C54-C59 6.O3-O.IO 0.75J0.08 0.11 
C45-C52 J. 4.96-0.04 -O.66-0.12 0.07 
B l , B2 p«i 6.00 0.90 
B3-B11 P S 2 5.21-0.02 -0.45TO.07 0.05 
B12-B16 P n 2 8.52-0.25 7.51-0.44 0.07 

F6 C49-C52 F g 2 5.66j0.31 0.31^0.22 0.19 
C39-C48 5.42-0.05 0.48-0.11 0.17 

MIR(D) A3-A6 P S l 
6.01^0.28 1.30-0.24 0.19 

LOM FS(A) C44D-C46 P « 2 5.24jo.35 0.23;0.25 0.30 
C43-L7 3.41J0.53 -l.o8io.45 0.23 
C41-L4 P * 2 5.34-0.29 0.40-0.29 0.12 

LOM FS(D) B10-B16 6.78^0.40 2.66^0.84 0.29 
UKAEA A2-A6 Pn 8.63^0.49 8.45J2.77 G.22 

C54-C59 Pn 8.15T0.39 5.39 72.29 0.18 
B1-B9 Pn 8.37-0.17 6.98-0.72 0.13 

http://-0.45tO.07
http://-l.o8io.45


Figure 5.2: The reduced time-distance graphs for l i n e A 
over the Faeroe Plateau at (a) station F2, (b) station F l , 
(c) station DU4( (d) station UKAEA, (e) station MIR(D). 
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F i g u r e 5 « 3 : The reduced t i m e - d i s t a n c e graphs f o r (a) l i n e 
to the n o r t h at s t a t i o n F2, (b) l i n e C to the north at 
s t a t i o n UKAEA, ( c ) l i n e C to the north and to the south at 
s t a t i o n 
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F i g u r e 5*4 : The reduced t i m e - d i s t a n c e graphs f o r l i n e B 
over the Paeroe f l a t e a u a t (a) s t a t i o n DU4, (b) s t a t i o n UKAEA, 
( c ) s t a t i o n F2, (d) s t a t i o n LOM FS(D) 
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F i g u r e 5«5 : The reduced t i m e - d i s t a n c e graphs f o r l i n e 
to the south over the Faeroe I'lateau at ( a ) s t a t i o n F2, 
(b) s t a t i o n LOM F S ( A ) , ( c ) s t a t i o n F6. 
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head waves from two d i s t i n c t basement l a y e r s (Pg, and Pg 

r e s p e c t i v e l y ) beneath the b a s a l t i c l a v a . A r r i v a l s from one 

s t a t i o n only, LOM F S ( A ) , provided evidence of a c r u s t a l l a y e r 

beneath the basement. Beyond ranges of about 110 km the 

a r r i v a l s defined segments w i t h r e c i p r o c a l g r a d i e n t s of about 

7.7-8»5 km s These a r r i v a l s were i n t e r p r e t e d as the Mono 

head wave Pn. 

I t was mentioned i n Chapter 2 t h a t i n a d d i t i o n to the 

Durham U n i v e r s i t y s t a t i o n (DU^) on the Faeroe I s l a n d s , there 

were s i x s t a t i o n s (F1-F6) provided by Aarhus U n i v e r s i t y . 

However, as y e t , very few r e s u l t s have been obtained f o r these 

s t a t i o n s , but the a v a i l a b l e data was used in the f o l l o w i n g 

s e c t i o n s . 

5.1.3 I n t e r p r e t a t i o n of the t i m e - d i s t a n c e graphs 

The ranges at which a r r i v a l s were observed at s t a t i o n s 

on the i'aeroe I s l a n d s were much more l i m i t e d than f o r s t a t i o n s 

on the S c o t t i s h mainland and i s l a n d s . T h i s i s explained by 

n o i s y s i t e s on the Faeroe I s l a n d s as i t i s i m p o s s i b l e to f i n d 

a s u i t a b l e l o c a t i o n more than 2 or 3 km away from the s e a . 

Shots on l i n e 13 were r e c e i v e d at the maximum ranges (191 km 

f o r s t a t i o n DU'i) , and the s t a c k e d r e c o r d s f o r t h i s l i n e at 

s t a t i o n DTJ't are shown i n F i g u r e 5«6 . The only l a t e r 

a r r i v a l s t h a t can be i d e n t i f i e d at t h i s s t a t i o n are S a r r i v a l s 

from shots B5, B8, B l l , B12 and 313, and these w i l l be 

mentioned l a t e r . 

The t i m e - d i s t a n c e graphs c o n s t r u c t e d f o r a r r i v a l s from 

the north and west of the Faeroe I s l a n d s ( l i n e s A and C to 

the north-west) define segments with r e c i p r o c a l g r a d i e n t s of 

5.83-6.10 km s - 1 with a mean val u e of 5.97-0.09 km s " 1 . The 



F i g u r e 5 » 6 : The s t a c k e d r e c o r d s of the l i n e B shots at 
s t a t i o n DU4 on the Faeroe I s l a n d s . 
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o b s e r v a t i o n s at s t a t i o n F l on the Faeroe I s l a n d s and a t the 

sh i p s t a t i o n MIR(D), p o s i t i o n e d north-west of the i s l a n d s 

along l i n e A, approximately r e v e r s e the Pg^ v e l o c i t y along 

l i n e A. The two apparent v e l o c i t i e s of 5 * 8 3 - 0 . 1 km s~^" and 

6 . 0 1 - 0 . 2 8 km s""'-, although equal w i t h i n t h e i r standard e r r o r s , 

were i n t e r p r e t e d i n terms of a basement dipping to the north 

west a t 1 . 8 ° w i t h a t r u e v e l o c i t y of 5 « 9 5 km s-"*". T h i s 

r e v e r s e d v e l o c i t y i s ve r y s i m i l a r to the mean v e l o c i t y found 

i n t h i s r e g i o n . Only s t a t i o n s DU4 and F 2 on the Faeroe 

I s l a n d s recorded a r r i v a l s from both l i n e s A and C to the 

north-west, and the r e s u l t s a t each s t a t i o n were very s i m i l a r 

f o r the two l i n e s . The a r r i v a l s from shots C5^B and C55 are 

approximately 0 . 1 5 seconds e a r l i e r than expected and those 

from shot C56 approximately 0 . 1 0 seconds l a t e r than expected 

at both of the s t a t i o n s . T h i s v a r i a t i o n i s explained i n 

terms of v a r i a b l e cover, e i t h e r the o v e r l y i n g l a v a or post-

T e r t i a r y sediments, above the basement. Basement depths 

have been determined u s i n g the i n d i v i d u a l v a l u e s of Pg^ 

v e l o c i t y and i n t e r c e p t time observed a t each of the s t a t i o n s 

f o r both of the l i n e s . A mean v e l o c i t y of 4 . 9 1cm s ~ ^ was 

assumed f o r the o v e r l y i n g m a t e r i a l as t h i s was the v e l o c i t y 

observed by Palmason ( 1 9 6 5 ) f o r the middle and lower s e r i e s 

l a v a s on the Faeroe I s l a n d s , and, from the p a t t e r n of 

outcrop, the upper s e r i e s would not be expected to the north 

and west of the i s l a n d s . The range i n the depths determined 

was 2 . 9 - 5 » 5 km and t h i s s c a t t e r may be due to v a r i a t i o n i n the 

l a v a cover a t each s t a t i o n . A mean depth of 3 . 9 km was found. 

The two r e s u l t s f o r s t a t i o n DU4 show good agreement ( 3 . 7 km 

and 3 « 9 km), but th e r e i s a s i g n i f i c a n t d i f f e r e n c e between 

the r e s u l t s of s t a t i o n F2 ( 4 . 3 km and 3 - 1 km). The l a r g e s t 
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depth value found was f o r s t a t i o n MIR(D) and may r e s u l t from 

a changing s t r u c t u r e from the Faeroe P l a t e a u to the I c e l a n d -

Faeroe Jftidge beneath t h i s s t a t i o n . 

The t i m e - d i s t a n c e graphs c o n s t r u c t e d f o r a r r i v a l s from 

the south and eas t of the Faeroe I s l a n d s ( l i n e s B and C to the 

sou t h - e a s t ) define Pgg segments w i t h r e c i p r o c a l g r a d i e n t s of 

5• 2 1 - 5 • 66 km s " ^ w i t h a mean v a l u e of 5• 3 8 - 0 . 0 0 km s"''". 

However, the a r r i v a l s from shots B l and B2 at s t a t i o n F 2 

defined a Pg^ v e l o c i t y . V e l o c i t i e s which can be c o r r e l a t e d 

w i t h both the upper l a v a s e r i e s and the lower and middle l a v a 

s e r i e s (Falmason, 1 9 6 5 ) were a l s o observed beneath these l i n e s . 

I n a d d i t i o n the obs e r v a t i o n s at s t a t i o n LOM FS(D) i n d i c a t e a 

lower c r u s t a l r e f r a c t o r beneath the l i n e B shots on the p l a t e a u 

Two s p l i t p r o f i l e o b s e r v a t i o n s of the l i n e C shots were 

provided by s t a t i o n s F6 and LOM FS(A) and these can be taken 

to approximately r e v e r s e the Pg,, v e l o c i t y . The v e l o c i t i e s 

measured along both s i d e s of the s p l i t p r o f i l e s are equal 

w i t h i n t h e i r standard e r r o r s f o r both s t a t i o n s and could be 

i n t e r p r e t e d to r e p r e s e n t a f l a t basement of v e l o c i t y 5*5^ km s ~ 

or 5*29 km s " ^ r e s p e c t i v e l y . However, assuming the observed 

apparent v e l o c i t i e s are d i f f e r e n t then, the r e s u l t s of s t a t i o n 

F6 i n d i c a t e a basement of t r u e v e l o c i t y 5 « 5 3 km s~^" dipping 

to the south-east a t 2 » 3 ° i and the r e s u l t s of s t a t i o n LOM FS(A) 

i n d i c a t e a basement of t r u e v e l o c i t y 5*29 km s"^" dipping to 

the north a t 1 . 3 ° » These opposing r e s u l t s suggest that a f l a t 

basement i s probably the most v a l i d i n t e r p r e t a t i o n . The 

i n d i v i d u a l v a l u e s of Pgg v e l o c i t y and i n t e r c e p t time observed 

at each of the s t a t i o n s f o r both the l i n e s were i n t e r p r e t e d 

in an i d e n t i c a l manner to those obtained to the north and west. 

A range i n basement dejj^Jffjg^O. 8 - 2 . 7 km was found w i t h a mean 

( »2 NOV 1974 
\. 1 •Mnos . 
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v a l u e of 1 . 9 km. 

The o b s e r v a t i o n s of the l i n e B shots at s t a t i o n F2 are 

p a r t i c u l a r l y s i g n i f i c a n t as they d e f i n e both Pg^ and Pgg 

v e l o c i t y segments. A Pg^ v e l o c i t y i s d e f i n e d by the a r r i v a l s 

from shots B l and B2 and a Pg v e l o c i t y from the more d i s t a n t 

shots out to a range of about 110 lcm. These r e s u l t s can be 

i n t e r p r e t e d to i n d i c a t e t h a t between shots B2 and B3 the 

higher v e l o c i t y basement must e i t h e r deepen c o n s i d e r a b l y or 

a l t e r n a t i v e l y terminate and be r e p l a c e d by the lower v e l o c i t y 

m a t e r i a l . The 6 km s-"'" basement l a y e r i s not observed by the 

a r r i v a l s from shots B l and B2 at s t a t i o n DU4 as the range to 

t h i s s t a t i o n i s c o n s i d e r a b l y l e s s than to s t a t i o n F2. 

Assuming t h a t t h i s d i f f e r e n c e i n range i s the only f a c t o r 

causing the f i r s t a r r i v a l s from these two shots to t r a v e l 

along the lower v e l o c i t y basement to s t a t i o n DU4 and along 

the higher v e l o c i t y basement to s t a t i o n F 2 f then l i m i t i n g 

t h i c k n e s s e s of the o v e r l y i n g low v e l o c i t y basement can be 

determined. I t was found f o r an assumed 0 . 8 km l a v a cover 

t h a t the higher v e l o c i t y basement must only be deeper than 

about 2.2 km below the l a v a i n order not to cause f i r s t 

a r r i v a l s a t s t a t i o n DU4, but must be deeper than 4 . 5 km 

below the l a v a i f no f i r s t a r r i v a l s a r e to be r e c e i v e d from i t 

at s t a t i o n F2. T h i s suggests t h a t t here i s between 2.2 - 4 . 5 km 

of lower v e l o c i t y basement above the higher v e l o c i t y basement 

beneath shots B l and B2. A n e g a t i v e i n t e r c e p t ( - 0 . 2 8 s e e s . ) 

was observed f o r the Pg,, segment at s t a t i o n F2, and a s m a l l 

p o s i t i v e i n t e r c e p t ( 0 . 1 0 s e e s . ) f o r the corresponding segment 

at s t a t i o n DU4. Such a d i f f e r e n c e i s to be expected as most 

of the t r a v e l time path to s t a t i o n F2 w i l l have been i n the 

h i gher v e l o c i t y m a t e r i a l which w i l l cause the negative 
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i n t e r c e p t . The exact boundary between the two basements i s 

not defined and so i t i s not known i f the i n t e r c e p t observed 

at s t a t i o n DU4 i s due only to l a v a cover above the basement, 

or i f the v a l u e has been reduced by the a r r i v a l s t r a v e l l i n g 

in the higher v e l o c i t y m a t e r i a l . 

As w e l l as the two basement v e l o c i t i e s observed v e l o c i t i e s 

of 4 .96^0.0*1 km s " 1 and 3.41^0.53 km s - 1 were determined a t 

s t a t i o n s F2 and LOM FS(A) r e s p e c t i v e l y . These v e l o c i t i e s 

are i n t e r p r e t e d as r e p r e s e n t i n g a r r i v a l s from the lower and 

middle b a s a l t s e r i e s , and the upper b a s a l t s e r i e s r e s p e c t i v e l y , 

as they are equal to, w i t h i n t h e i r standard e r r o r s , the 

v e l o c i t i e s determined f o r these s e r i e s on the Faeroe I s l a n d s 

(Palmason, 1 9 6 f i ) . 

A v e l o c i t y of 6 . 7 8 km s~^' was de f i n e d by the a r r i v a l s 

from l i n e B shots a t s t a t i o n LOM FS(D) and i s the only evidence 

of a c r u s t a l r e f r a c t o r beneath the two basements e s t a b l i s h e d 

on the Faeroe F l a t e a u . The i n t e r c e p t time of t h i s segment 

was i n t e r p r e t e d i n terms of 0 . 8 km of l a v a ( 4 . 9 km s " 1 ) 

o v e r l y i n g 5 « 3 8 km s -^" basement m a t e r i a l and, a l t e r n a t i v e l y , 

5 . 9 7 km s - 1 basement, and r e f r a c t o r depths of 1 0 . 8 km and 

1 5 . 3 km r e s p e c t i v e l y were found. A r e f r a c t o r of v e l o c i t y 

6.4 - 6 . 6 km s - 1 was i d e n t i f i e d beneath the North S c o t t i s h 

S h e l f ( s e c t i o n s 4*3,4.4) and found at depths of up to 16 km. 

Also S c r u t t o n ( 1 9 7 2 ) e s t a b l i s h e d a r e f r a c t o r of v e l o c i t y 

6 . 3 6 km s-"*- at a depth of about 6 km below the i l o c k a l l 

P l a t e a u and so i t seems probable t h a t these three r e f r a c t o r s 

could be s i m i l a r . 

No a c c u r a t e Pn v e l o c i t y was defined e i t h e r by the few 

Moho a r r i v a l s at s t a t i o n s on the Faeroe I s l a n d s or by the 

a r r i v a l s a t s t a t i o n UKAEA. However, the same c r o s s o v e r 
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d i s t a n c e of 110 km was observed f o r the and Pn a r r i v a l s 

from the l i n e B shots at both s t a t i o n s DU4 and F2. T h i s 

c r o s s o v e r d i s t a n c e was used, assuming a I n v e l o c i t y of 

8 km s"^" to determine a Pn i n t e r c e p t time which was then 

i n t e r p r e t e d i n terms of Moho depths. 0 . 8 km of l a v a was 

assumed to o v e r l i e f i r s t l y the 5 « 3 8 km s ^ basement and 

secondly, the 5 » 9 7 km s - J " basement and, with the assumed Fn 

v e l o c i t y of 8 km s ~ * , Moho depths of 25*1 km and 3 1 . 2 km 

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

A l e a s t squares f i t of the t r a v e l times of the S wave 

a r r i v a l s i d e n t i f i e d on the stacked r e c o r d s of the l i n e B 

shots f o r s t a t i o n DU4 ( F i g . 5 » 6 ) defined a segment of 

r e c i p r o c a l g r a d i e n t 3 . 1 2 km s ~ ^ . Assuming a normal c o n t i n e n t a l 

c r u s t a l v a l u e of Poiss o n ' s r a t i o , t h i s S wave v e l o c i t y i s 

eq u i v a l e n t to a P wave v e l o c i t y of 5 » 5 km s"^", which i s w i t h i n 

the range of Pg v a l u e s observed to the south and east of the 

Faeroe I s l a n d s . 

5. 1.4 Time term a n a l y s i s 

Time term a n a l y s i s has been performed f o r the f i r s t 

a r r i v a l s from each of the th r e e r e f r a c t o r s , the two d i s t i n c t 

s u b-lava basements and the Moho, i d e n t i f i e d on the Faeroe 

P l a t e a u . The time terms found and the estimated r e f r a c t o r 

v e l o c i t i e s are l i s t e d i n Table 5 . 2 • The observed 

u n c o r r e c t e d t r a v e l times were used i n each time term a n a l y s i s , 

and so the time terms of a p a r t i c u l a r r e f r a c t o r r e p r e s e n t 

the delay time of every o v e r l y i n g l a y e r , i n c l u d i n g the sea water 

The s h o t - s t a t i o n c o n f i g u r a t i o n , around the Faeroe P l a t e a u 

i s not i d e a l f o r time term a n a l y s i s as th e r e are few r e v e r s e d 

v e l o c i t y e s t i m a t e s . However, s t a t i s t i c a l l y the s o l u t i o n s 



TABLE 5.2. 

TIME TERMS FOR THE FAEROE PLATEAU 

S i t e * S l t * m ? SE ? * 2 * f " ? 
t e r m ( s ) term(s) 

A l O.38 O.Ol (2) 
A2 0.39 0.03 (3) 
A3 0.68 0.06 (4) 
A4 0.57 0.07 (4) 
A5 0.47 0.04 (4) 
C$4 A 
C54B 0.31 0.01 (2) 
C54C 0.47 0.01 (2) 
C55 0.37 0.01 (2) 
C56 0.55 0.02 (2) 
C58 0.44 0.01 (2) 
C59 0.37 0.13 (2) 
C39 1.25 
C4 l 0.76 
C42 0.61 
C43G 0.45 
L 4 0.62 
C43F 0.62 
C44D O.33 
C44C O.32 
C44 0.28 
C45 0.52 
C46 O.56 
C47 O.38 
C48 O.36 
C52 O.25 
B2 
B3 O.13 
B4 0.22 
B5 0.43 
B7 0.54 
B8 0.80 
B9 0.84 
BIO 0.84 

SE * n t f m e SE t erm( s ) 

2.83 (1) 
3.72 (1) 

. 3.76 (1) 
3.34 (1) 
3.33 (1) 
3.41 (1) 
3.64 (1) 
3.25 (1) 
3.34 (1) 
3.38 (1) 
3.34 (1) 

(1) 
0.04 ( 2 ) 

(1) 
(1) 
(1) 
(1) 
(1) 
(1) 
(1) 

0.03 (3) 
0.12 (3) 
0.04 (2) 
0.11 (2) 
0.08 (2) 

3.70 (1) 
0.02 (2) 3.72 (1) 
0.02 (2) 3.69 (1) 
0.10 (2) 3.78 (1) 

(1) 3.93 (1) 
0.05 (2) 3.33 (1) 
0.04 (2) 3.95 (1) 
0.01 (2) 3.59 (1) 



TABLE 5.2. contd. 

S i t e * , « l t j m e SE ^ 2 t J - m f SE * n 

t e r m ( s ) term(s) term(s) 
B l l 0.94 0.06 (2) 3.96 0.15 (2) 
B12 1.02 (1) 3.91 0.08 (2) 
B.13 1.10 (1) 4.00 0.02 (2) 
Bl4 1.05 (1) 4.00 0.18 (2) 
B15 3.78 (1) 
B16 3.58 0.10 (3) 
DU4 0.51 0.11 (19) 0.37 0.02 (16) 3.89 0.06 (2) 
F l 0.31 0.03 (5) 
F2 0.28 0.01 (31) 0.20 0.02 (8) 3.15 0.05 (6) 
LOM FS 
(A) 0.06 0.01 (10) 

MIR (D)0.63 0.08 (3) 
UKAEA 2.58 0.01 (26) 
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are s a t i s f a c t o r y . The experimental e r r o r v a r i a n c e i s s m a l l 

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

and the magnitude and trend of the t r a v e l time r e s i d u a l s do 

not i n d i c a t e any v i o l a t i o n of the assumptions of the time term 

nethod. 

5*1.4.1 Pg^ basement to the north and west 

In a d d i t i o n to the t r a v e l times f o r shots on l i n e A and 

l i n e C to the north-west, t h i s a n a l y s i s i n c l u d e d the t r a v e l 

time data of Palmason (1965)1 obtained on Streymoy, and a l s o 

t h a t of Casten (1975) again obtained on Streymoy. These data 

s e t s were l i n k e d to the NASP data by assuming t h a t shot p o i n t s 

l a and l b of Palmason were e q u i v a l e n t to s t a t i o n s DU't and F2 

r e s p e c t i v e l y , and that s t a t i o n 2 of Casten was e q u i v a l e n t to 

s t a t i o n F2. 

The basement v e l o c i t y found by the time term a n a l y s i s 

was 5»98 km s""*" which i s i n e x c e l l e n t agreement with the mean 

v e l o c i t y obtained along l i n e s A and C (5«97 km s " ^ " ) , and wi t h 

the r e v e r s e d v e l o c i t y estimate f o r l i n e A (5»95 km s -"*"). 

However, i n order to t e s t the e f f e c t of v e l o c i t y v a r i a t i o n 

on the f i t of the c a l c u l a t e d time terms to the observed t r a v e l 

times, a s e t of c o n s t r a i n e d v e l o c i t i e s was used to ob t a i n 

d i f f e r e n t time term s o l u t i o n s . The estimate of the f i t of the 

s o l u t i o n s obtained (the experimental e r r o r v a r i a n c e ) was 

p l o t t e d a g a i n s t the c o n s t r a i n e d v e l o c i t y used ( F i g u r e 5*7. ) , 

and i t can be seen that a v a r i a t i o n of a few tenths of a 

ki l o m e t r e per second has very l i t t l e e f f e c t on the f i t of the 

s o l u t i o n . The time terms found f o r l i n e s A and C were i n 

ge n e r a l between O.3O-O.6O seconds. The range f o r l i n e C was 

O.3I-O.55 seconds w i t h a mean of 0.'i2 seconds and these v a l u e s 



F i g u r e 5*7 '• The c o n s t r a i n e d time term v e l o c i t y v e rsus the 
f i t of the s o l u t i o n f o r ( a ) the Pg^ r e f r a c t o r , (b) the Pgg 
r e f r a c t o r , ( c ) the Pn r e f r a c t o r . 
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were i n t e r p r e t e d i n terms of b a s a l t i c l a v a (4.9 km s~ ) 

o v e r l y i n g the basement (5»98 km s"~̂ ") • A range i n depths of 

2.4-4.5 km was determined with a mean cover of 3«4 km. 

Apart from an abnormally l a r g e v a l u e f o r shot A3 (0.68s) the 

range f o r l i n e A was 0.38-0.57 seconds w i t h a mean of C.44 

seconds. These v a l u e s were i n t e r p r e t e d i n a s i m i l a r manner 

and r e p r e s e n t a depth range of 3»0-4.7 km w i t h a mean val u e 

of 3*6 km. A s i m i l a r v a r i a t i o n was found i n the r e c o r d i n g 

s t a t i o n time terms (0.26-0.63s) and the depth determined f o r 

each s t a t i o n were: 

These r e s u l t s i n d i c a t e that the basement i s s h a l l o w e s t 

to the west of the Faeroe I s l a n d s ( s t a t i o n MIR(D)) and a l s o 

i n the west of the i s l a n d s ( s t a t i o n s F l and F2-) and deepens to 

the west ( s t a t i o n DU4). S i m i l a r v a r i a t i o n i n basement depth 

i s a l s o i n d i c a t e d by the time terms f o r the s t a t i o n s of 

Falmason (1965) a c r o s s Streymoy. These time terms v a r y from 

0.21 seconds i n the west to 0.52 seconds i n the east near 

Torshavn and, i n t e r p r e t e d i n a s i m i l a r manner, r e p r e s e n t a 

change i n depth from 1.8 km to 4.4 km. 

5• 1 • 4 • 2 P,o;„ basement to the south and e a s t 

The Pg v e l o c i t y determined by the a n a l y s i s was 5«65 km s"^" 

which i s s i g n i f i c a n t l y g r e a t e r than the mean value of 

5.38 km s - 1 found from the t r a v e l time graphs. T h i s high 

value may r e s u l t from the l i m i t e d number of observations at 

each s i t e t h a t were used i n the time term a n a l y s i s . C o n s t r a i n e d 

v e l o c i t i e s were again used to determine the dependence of the 

DU4 
F l 
F2 
F3 

4.4 km 

(Ca s t e n , 1971) S3 
MIR(D) 

2.6 
2.4 
4.3 
1.4 
2.2 
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f i t of the s o l u t i o n on the v e l o c i t y ( F i g u r e 5.7. ) . A 

sharper minimum was found f o r the c o r r e c t v e l o c i t y suggesting 

t h a t , i n f a c t , t h i s high v a l u e i s b e t t e r determined. The 

time terms a l s o appear to be q u i t e w e l l determined. Along l i n e 

B the val\ies i n c r e a s e reasonably uniformly away from the i s l a n d s 

as would be expected as both the water depth and sediment cover 

i n c r e a s e i n the same d i r e c t i o n . The range in time terms found 

f o r t h i s l i n e was 0.13-1«10 seconds w i t h a mean of O.71 

seconds. These v a l u e s were i n t e r p r e t e d assuming only l a v a 

(*i. 9 km s ) as w e l l as sea water above the basement, and the 

depth v a r i a t i o n determined was 0.7'* km to 9»2 km with a mean 

value of 5»7 km. 

The time terms a l s o i n c r e a s e away from the i s l a n d s along 

l i n e C from shot C52 to shot C16 (0.25-0.56 s ) . However, 

there i s then a sharp decrease between shots C^5 and Ckll 

(0.52-0.28 s ) , and then again the v a l u e s i n c r e a s e r e a s o n a b l y 

uniformly out to shot C39- The probable explanation i s t h a t 

the time terms of shots Ckk-Ck2 were determined only by 

o b s e r v a t i o n s a t s t a t i o n L0M FS(A) and these o b s e r v a t i o n s may 

be r e l a t i v e l y i n a c c u r a t e . The range i n time terms (0.25-1*25 s 

and the mean value (0.52 s ) were i n t e r p r e t e d making the same 

assumptions of s t r u c t u r e as f o r l i n e B and a d e j t h range of 

2.1 km to 10. ̂  km found with a mean depth of '1.2 km. 

The time terms of the r e c o r d i n g s t a t i o n s have been 

i n t e r p r e t e d i n the same way. However, i t i s quite probable 

t h a t t h i s basement does not extend as f a r west as s t a t i o n s 

F l and F2 i n which case depths determined f o r these s t a t i o n s 

would be meaningless. The depths found were: 

DU'l 3.6 km 
F6 i . 8 » 
L0M FS(A) outcrops 
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The r e s u l t s i n d i c a t e a v a r i a b l e l a v a cover above the 

basement w i t h a mean t h i c k n e s s of about 5 km. T h i s i s s l i g h t l y -

g r e a t e r than found f o r the higher v e l o c i t y basement to the 

north and west. The depth e s t i m a t e s to both basements beneath 

s t a t i o n DlH are compatible w i t h the t h i c k n e s s of lower v e l o c i t y 

m a t e r i a l r e q u i r e d beneath shots B l and B2 i n order that t h e s e 

shots give r i s e to 6 km s " ^ a r r i v a l s at s t a t i o n F2 but not at 

s t a t i o n DU*i. 

5«1.^.3 Pn time term a n a l y s i s 

As very few ob s e r v a t i o n s of Moho a r r i v a l s were a v a i l a b l e 

on the Faeroe I s l a n d s t h i s a n a l y s i s r e l i e d h e a v i l y on the 

ob s e r v a t i o n s at s t a t i o n UKAEA on the Shetland I s l a n d s . A Pn 

v e l o c i t y of 8.24-0.35 km s"" 1 was determined, the l a r g e standard 

e r r o r on the v e l o c i t y r e f l e c t i n g the l i m i t e d number of 

ob s e r v a t i o n s at each s i t e . The dependence of the f i t on t h i s 

Pn v e l o c i t y v a l u e was a l s o t e s t e d by c a l c u l a t i n g a s e t of time 

term s o l u t i o n s u s i n g c o n s t r a i n e d v e l o c i t i e s ( F i g u r e 5.7. ) . 

A l e s s e n i n g of the goodness of f i t of only 0.006 was found by 

the s o l u t i o n t a k i n g a v e l o c i t y of 8 km s ~ ^ . E xcepting an 

anomalously low va l u e f o r shot A l , the time terms determined 

are reasonably c o n s i s t e n t . The ranges and mean v a l u e s found 

f o r the three l i n e s were: 

L i n e A 3.33-3.76s 3.5'is 
L i n e B 3-33-4.00s 3.78s 
L i n e C 3.25-3-64s 3.39s 
Combined 3.25-4.00s 3.64s 

These ranges were i n t e r p r e t e d i n terms of 0.1-0.2 km of sea 

water o v e r l y i n g 4 km of b a s a l t l a v a (4.9 km s - 1 ) above the 

5.98 km s ^ basement which i s assumed to extend to the Moho. 

The mean time terms were i n t e r p r e t e d i n the same manner only 

assuming a mean water depth of 0.15 km. The c r u s t a l t h i c k n e s s e s 
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found were: 

L i n e A 26.6-3O.5 km 28.5 km 
L i n e B 26.3-31-9 km 30.2 km 
L i n e C 26.0-29*4 km 27.2 km 
Combined 26.O-3I.9 km 29.1 km 

Obviously i f there i s a higher v e l o c i t y lower c r u s t a l 

r e f r a c t o r or an i n c r e a s e of v e l o c i t y w i t h depth i n the c r u s t 

these depths w i l l underestimate the t r u e c r u s t a l t h i c k n e s s . 

A l t e r n a t i v e l y i f the 5^65 km s"^" basement extended to the Moho, 

which i s improbable f o r any known type of c r u s t , then the mean 

c r u s t a l t h i c k n e s s determined from the time terms would be 24.6 

The Pn time terms of the three r e c o r d i n g s t a t i o n s show 

c o n s i d e r a b l e s c a t t e r , but the va l u e f o r s t a t i o n UKAEA (2.58s) 

i s s i m i l a r to t h a t determined f o r t h i s s t a t i o n by the North 

S c o t t i s h S h e l f data (2.45s). The mean value of 3.52 seconds 

f o r s t a t i o n s DU4 and F2 was i n t e r p r e t e d i n terms of the 

previous c r u s t a l s t r u c t u r e and a Moho depth estimate of 

28.8 km determined beneath these s t a t i o n s . 

Although the Pn time terms appear to be quite w e l l 

determined the v e l o c i t y of 8.24 km s""^ may be an overestimate 

of the t r u e Pn v e l o c i t y . I n order to t e s t the e f f e c t of t h i s 

being an i n c o r r e c t v e l o c i t y v a l u e a time term s o l u t i o n was 

obtained u s i n g a c o n s t r a i n e d Pn v e l o c i t y of 8.0 km s""*". The 

time terms were correspondingly reduced due to tMis lower 

v e l o c i t y and the mean v a l u e s f o r the three l i n e s were: 

Mean Fn time term Mean Moho depth 
L i n e A 2.91 s 23.0 km 
L i n e B 3.67 s 29.2 " 
L i n e C 2.85 s 22.5 " 
Combined 3-34 s 26.5 " 

The previous c r u s t a l s t r u c t u r e was used to i n t e r p r e t 

these mean time term v a l u e s and the c r u s t a l t h i c k n e s s e s t i m a t e s 

found are given above. The mean va l u e f o r s t a t i o n s DU4 and F2 
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was a l t e r e d to 3*10 s which, when i n t e r p r e t e d i n a s i m i l a r 

manner, i n d i c a t e d a c r u s t a l t h i c k n e s s of 25*2 km. These 

reduced c r u s t a l t h i c k n e s s estimates are s t i l l too l a r g e to 

suggest anything but a c o n t i n e n t a l c r u s t beneath the Faeroe 

P l a t e a u . 

5.1.5 Summary and d i s c u s s i o n 

The t r a v e l time graphs show t h a t the f i r s t a r r i v a l s from 

the Faeroe P l a t e a u f a l l i n t o t h r e e main groups: 

1. Pg^ a r r i v a l s from shots to the north and west of 

the Faeroe I s l a n d s 

2. Pgg a r r i v a l s from shots to the south and ea s t of 

the Faeroe I s l a n d s 

3. Pn a r r i v a l s recorded from both areas of the P l a t e a u 

beyond ranges of about 110 km. 

The time term a n a l y s e s v e l o c i t y e s t i m a t e s f o r these t h r e e 

groups were 5»98 km s _ 1 , 5«65 km s - 1 and 8.2 zl km s - 1 

r e s p e c t i v e l y . Some a r r i v a l s a t s t a t i o n LOM FS(D) i n d i c a t e d 

a higher v e l o c i t y (6.78 km s-''") lower c r u s t a l l a y e r at a depth 

of approximately 10-15 km. 

Both the two basement v e l o c i t i e s i d e n t i f i e d are interprete< 

as r e s p r e s e n t i n g c o n t i n e n t a l metamorphic roc k s and the 

t r a n s i t i o n between the two, l o c a t e d beneath shots B2-B3 to 

the east of the i s l a n d s , i s t e n t a t i v e l y i n t e r p r e t e d as a change 

i n metamorphic grade. The Pg^ v e l o c i t y (5*98 km s - 1 ) i s ver y 

s i m i l a r to the v e l o c i t i e s observed at shallow depths on the 

S c o t t i s h S h e l f and i n t e r p r e t e d as L e w i s i a n g n e i s s e s ( s e c t i o n 

if.3, ) , and the l'g 2 v e l o c i t y (5.65 km s - 1 ) i s r e p r e s e n t a t i v e 

of lower grade metamorphics such as s l a t e s . 

The Fn v e l o c i t y i s not p a r t i c u l a r l y w e l l determined 
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beneath the Faeroe P l a t e a u but the Fn time terms appear to be 

r e l i a b l e . Various time term e s t i m a t e s have been i n t e r p r e t e d 

i n terms of Noho depths f o r d i f f e r e n t upper c r u s t a l s t r u c t u r e s , 

and i t appears that the tr u e c r u s t a l t h i c k n e s s must be at 

l e a s t 26 km and more probably 30 km. A moan c r u s t a l c r o s s 

s e c t i o n beneath t he Faeroe i l a t e a u i s presented i n Fi g u r e 5.8. 

The r e s u l t s from the Faeroe P l a t e a u , both basement 

v e l o c i t i e s and c r u s t a l t h i c k n e s s e s t i m a t e s , have been 

i n t e r p r e t e d to s t r o n g l y i n d i c a t e a c o n t i n e n t a l c r u s t beneath 

the outcropping T e r t i a r y l a v a . Palmason (1965) c o r r e l a t e d 

the upper c r u s t a l s t r u c t u r e of the Faeroe I s l a n d s w i t h t h a t of 

I c e l a n d , mainly on the b a s i s of the 6.4 km s ^ basemsit t h a t 

he i d e n t i f i e d beneath the Faeroe I s l a n d s . However, the 

s t r u c t u r e beneath I c e l a n d (Palmason, 1970) and the adjac e n t 

I c e l a n d - F a e r o e Ridge (Bott et a l , 1971) i s anomalous oceanic 

and d i f f e r s i n four important r e s p e c t s from the s t r u c t u r e -

e s t a b l i s h e d by these NASP r e s u l t s beneath the Faeroe P l a t e a u . 

C o n t i n e n t a l basement type Pg v e l o c i t i e s of 5.2-

5.6 km s ~ ^ and 5*8-6.2 km s ~ ^ are c h a r a c t e r i s t i c of the 

Faeroes, but such v e l o c i t i e s have not been observed beneath 

I c e l a n d . 

2. No 6.4-6.8 km s~^" l a y e r , t e n t a t i v e l y i n t e r p r e t e d as 

oceanic l a y e r 3 (Bott et a l , 1971), such as i s present beneath 

I c e l a n d and the Ridge has been f i r m l y e s t a b l i s h e d at sh a l l o w 

depth beneath the Faeroes. 

3. The high sub-Moho Pn v e l o c i t y observed beneath the 

Faeroes i s s u b s t a n t i a l l y d i f f e r e n t to the anomalously low 

valu e of 7.2 km s~^~ beneath I c e l a n d . 

4. The c r u s t a l t h i c k n e s s of about 30 km beneath the 

Faeroe P l a t e a u i s within, the range to be expected f o r c o n t i n e n t a l 



F i g u r e 5*8 5 The mean c r u s t a l s t r u c t u r e determined a c r o s s 
the Faeroe P l a t e a u . 
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c r u s t around the B r i t i s h I s l e s (Agger and Carpenter, 1965; 

B l u n d e l l and Parks, 1969; Holder and Bott, 1971) and 

s i g n i f i c a n t l y g r e a t e r than t h a t determined beneath I c e l a n d 

(10-18 km) (Palmason, 1970). 

The r e s u l t s from the Faeroe P l a t e a u show t h a t the c r u s t 

beneath the T e r t i a r y l a v a s i s c o n t i n e n t a l i n nature and 

s i g n i f i c a n t l y d i f f e r e n t to t h a t beneath I c e l a n d and the 

I c e l a n d - F a e r o e Ridge. A c o n t i n e n t a l c r u s t has a l r e a d y been 

e s t a b l i s h e d beneath R o c k a l l P l a t e a u ( S c r u t t o n , 1972) and i s 

suggested by g r a v i t y i n t e r p r e t a t i o n over some of the 

i n t e r v e n i n g Banks (Himsworth, 1973 5 Lewis, p r i v a t e 

communication). These l a t e s t r e s u l t s suggest t h a t the R o c k a l l -

Faeroe F l a t e a u may form a s i n g l e m i c r o c o n t i n e n t a l fragment. 

T h i s p o s s i b i l i t y and i t s i m p l i c a t i o n s w i l l be d i s c u s s e d i n the 

f o l l o w i n g chapter. 

5.2. The Faeroe/Shetland Channel and Channel Slopes 

3*2.1 I n t r o d u c t i o n 

The Faeroe/Shetland Channel i s the trough of r e l a t i v e l y 

deep water s e p a r a t i n g the Faeroe P l a t e a u from the S c o t t i s h 

C o n t i n e n t a l S h e l f , and i s bounded at i t s south-western end by 

the Wyville-Thomson R i s e and at i t s n o r t h - e a s t e r n end passes 

i n t o the Norwegian Sea. The channel s l o p e s are considered as 

p a r t of the channel as there i s no sharp bathymetric break 

between then, but r a t h e r the g e n t l e g r a d i e n t of the channel 

s l o p e s merges i n t o the channel f l o o r . 

L i t t l e was known of the s t r u c t u r e of t h i s r e g i o n p r i o r to 

NASP although Moho depths and sediment t h i c k n e s s e s had been 

estimated by g r a v i t y and magnetic methods (Watts, 1970; 

Himsworth, 1973)• Power spectrum a n a l y s i s was performed on a 
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magnetic p r o f i l e along the c e n t r e of the Faeroe/Shetland 

Channel (Hlmsworth, 1973) and the sediment t h i c k n e s s above 

basement estimated to be about 2 . 3 km at about 6 l ° 2 0'N, 

4°W, The g r a v i t y i n t e r p r e t a t i o n s i n d i c a t e d c r u s t a l t h i c k n e s s e s 

of 21 km and l S km. Although these v a l u e s are intermediate 

between oceanic and c o n t i n e n t a l c r u s t a l t h i c k n e s s e s they do 

not support the suggestion of Talwani and Cldholm ( 1972) t h a t 

the Faeroe/Shetland Channel i s a r e g i o n of subsided c o n t i n e n t a l 

c r u s t . They are a l s o s i g n i f i c a n t l y d i f f e r e n t to the c r u s t a l 

t h i c k n e s s estimate of 12 km determined by g r a v i t y i n t e r p r e t a t i o n 

( S c r u t t o n , 1972) beneath the R o c k a l l Trough which was suggested 

to be oceanic i n o r i g i n . The nature of the c r u s t beneath the 

channel i s of c o n s i d e r a b l e importance i n determining the 

h i s t o r y of the e v o l u t i o n of the NE North A t l a n t i c and i t was 

hoped t h a t the r e s u l t s of NASP would r e s o l v e the problem. 

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 l i n e (CB to the n o r t h - e a s t 

and BC to the south-west) was f i r e d along the l e n g t h of the 

Faeroe/Shetland Channel w i t h ship r e c e i v i n g s t a t i o n s (MIR and 

LOM) p o s i t i o n e d at each end of the l i n e . L i n e s B and C 

shots c r o s s from the S c o t t i s h C o n t i n e n t a l S h e l f over the 

channel and channel s l o p e s onto the Faeroe P l a t e a u ( F i g . 2>1«)« 

Shots B19-37 and C31-33 were f i r e d over the channel f l o o r and 

shots B17 and 3 l 8 t B38-B45 , C25-C30 and C36-C38 were f i r e d 

over the channel s l o p e s . 

5 , 2 . 2 The t i m e - d i s t a n c e graphs 

The observed t r a v e l times of a l l the a r r i v a l s from shots 

over the channel f l o o r and slopes were f i r s t reduced to the 

sea f l o o r to remove the e f f e c t of shot depth v a r i a t i o n and to 

exclude a sea water l a y e r from any c r u s t a l s t r u c t u r e models. 

A c o r r e c t i o n was a l s o a p p l i e d to each t r a v e l time to reduce 
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every r e c e i v i n g s t a t i o n to a sea l e v e l datum. The c o r r e c t i o n 

a p p l i e d was: 

-(Shot depth (km) - water depth (km) + s t a t i o n e l e v a t i o n (km)) 
1.5 6To 

assuming a v e l o c i t y of 6 km s ~ ^ as t y p i c a l of c o n t i n e n t a l 

metamorphic basement r o c k s beneath the r e c e i v i n g s t a t i o n s . No 

c o r r e c t i o n was a p p l i e d f o r v a r i a t i o n i n the topography of the 

sea f l o o r f o r shots f i r e d over the channel f l o o r , as t h i s 

v a r i a t i o n was reasonably s m a l l . The maximum v a r i a t i o n along 

the length of l i n e CB was about 200 m but a r r i v a l s were 

recorded at most of the s t a t i o n s from only s h o r t s e c t i o n s of 

l i n e CB. The maximum topographic v a r i a t i o n s over these 

s e c t i o n s was nearer to 50 m. However, the topography over 

the channel slopes v a r i e s from about 100-200 m on the Faeroe 

P l a t e a u and S c o t t i s h S h e l f to about 1,000-1,100 m i n the 

channel. T h i s v a r i a t i o n was allowed f o r by reducing the 

t r a v e l times of a l l the f i r s t a r r i v a l s from shots over the 

sl o p e s to a l e v e l sea f l o o r datum (1,100 m below sea l e v e l ) , 

by applying the c o r r e c t i o n : 

-(1.100 - Sea f l o o r d epression (km)/2.5 

A reducing v e l o c i t y of 2.5 km s-"*" was used as t h i s i s a 

probable value f o r the mean sedimentary v e l o c i t y (Peacock, 

p r i v a t e communication). 

The method of l e a s t squares was used to f i t s t r a i g h t l i n e 

segments to the c o r r e c t e d f i r s t a r r i v a l t i m e - d i s t a n c e graphs 

f o r each s t a t i o n and l i n e , and to the l a t e r a r r i v a l t r a v e l 

times p l o t t e d f o r s t a t i o n LOW BS(A). The v e l o c i t i e s and 

i n t e r c e p t s obtained are given i n Table 5«3 • The t r a v e l 

times were a l s o p l o t t e d as reduced 'time minus d i s t a n c e / 6 . 0 1 

graphs and these are shown i n F i g u r e s 5.9-5.12. 



TABLE 5.3 

APIARENT VELOCITIES AND INTERCEPTS FROM LEAST SQUARES 

S t a t i o n Shots Phase V e l o c i t y ( k m a-"*") I n t e r c e p t ( s ) S.E. 

MIR(B) CB2-CB4 
CB5-CB10 
C316-CB19I 

+CB27-CB3l! 
CB22-CB25 

B 

B 

6.57^0 .45 
3 . 3 3-0 . 0 8 
4.4O±0.04 
5.11^0 .37 

1 . 8 7 j 0 . 1 5 
0 . 0 7-0 . 0 5 
0 . 7 9-0 . 0 4 

1 . 0 8^0 . 2 3 

0.02 
0.04 
0 . 0 5 
0 . 0 5 

MIR(C) BC1-BC9 A 4 . 9 6^0 . 2 6 2 . 2 6-0 . 1 6 0.11 

MIR(A) C28-C41 
C31-C33 

B 
A 

6 . 1 3 ^ 0 . 2 3 
4.83-0.10 

1.93^0.27 
0 .41-0.01 

0.22 
0.01 

LOM FS(B) CB43-CB46 
CB37-CB42 

B 
Pn 

6 . 5 9^0 . 0 6 
8.04-0.27 

3 . 3 8 J 0 . 0 5 
5.04-0.33 

0 . 0 3 
0.11 

LOM FS(C) BC19-BC29 B 5.93^0.19 3.51-0.12 0 . 06 

LOM FS(D) B19-B28 A 4.73-0.20 O .31-O .25 0 . 3 5 

LOM F S ( E ) B34-B37 
B33-B45 

A 
B 

4.46^0 . 3 1 
6 .36-0.21 

0 .41^0.28 
2 .36-0.24 

0.11 
0.22 

LOM FS(A) C36-C39 B 6.48^0.10 0.91-0 .13 0.05 
LOM BS(A) CB44-CR46 

+CB43-CB45 
+CB37-CB42 
BC3-'t-3C39 
BC34-BC42 

B 
B 
Pn 
Pn 
Pn 

5 . 8 1 ^ 0 . 0 6 
6.22-0.30 
7 .94-0.12 
8.17^0.29 
8.37-0.19 

3.07^0.05 
5 . 0 0 J 0 . 2 9 
6.92-0.12 
5.6O-O.25 
7.37-0:17 

0 . 0 3 
0.11 
0.05 
0 . 0 7 
0 . 0 8 

LOM BS(B) B21-B30 A 4.52^0.11 0 .86^0.12 0 . 1 8 

LOM BS(C) B34-B37 
B39-B45 B 

3 . 7 8 J 0 . 0 8 
6 .26-O .28 

0 . 5 1 j 0 . 0 8 
3.17-0 .31 

0.04 
0.25 

UKASA CB1-CB48 
BC1-BC48 

Fn 
Pn 

7 . 7 6 j 0 . 0 8 
7.90-0 .06 

4.40^0 .29 
4 . 6 9-0 . 1 8 

0 . 1 9 
0.11 

+ denotes that these a r r i v a l s are secondary a r r i v a l s . 



F i g u r e 5.9 '• The reduced t i m e - d i s t a n c e graphs f o r (a) l i n e C B 
at s t a t i o n MIR(B), (b) l i n e C at s t a t i o n MIR(A), ( c ) l i n e BC 
at s t a t i o n M I R ( C ) , (d) l i n e BC at s t a t i o n LOM B S ( A ) , ( e ) 
l i n e C B at s t a t i o n LOM B S ( A ) , ( f ) l i n e BC at s t a t i o n LOM F S ( C ) 
(g) l i n e C B at s t a t i o n LOM F S ( B ) . 
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F i g u r e 5*10 : The reduced t i m e - d i s t a n c e graphs f o r 
(a) shots B21-B30 at s t a t i o n LOM BS(B), (b) shots B34-B37 
at s t a t i o n LOM BS(C ) , ( c ) shots B19-B28 at s t a t i o n LOM F S ( D ) , 
(d) shots B34-B37 at s t a t i o n LOM F S ( E ) . 
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F i g u r e 5.11 : The reduced t i m e - d i s t a n c e graphs of s t a t i o n 
UKAEA f o r (a), l i n e CB, i b ) l i n e BC. 
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F i g u r e 5.12 : The reduced t i m e - d i s t a n c e graphs f o r (a) 
shots C36-C39 at s t a t i o n LOM FS(:A), (b) shots B39-B/15 at 
s t a t i o n LOM BS( C ) , ( c ) shots B3&-Qk5 at s t a t i o n LOM F S ( E ) , 
(d) shots C28-C41 at s t a t i o n MIR(B). 
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The a r r i v a l s provide evidence of t h r e e d i f f e r e n t 

r e f r a c t o r s beneath the channel and s l o p e s . At ranges up to 

about 20 km some f i r s t a r r i v a l s l i e on segments w i t h r e c i p r o c a l 

g r a d i e n t s of 4.4-5.0 km s ^ and w i t h s m a l l p o s i t i v e i n t e r c e p t s . 

These a r r i v a l s are i n t e r p r e t e d as t r a v e l l i n g i n the sub-

sediment basement l a y e r which w i l l be r e f e r r e d to as l a y e r A. 

At ranges g e n e r a l l y g r e a t e r than 20 km (but i n some c a s e s as 

s m a l l as 5 km) and up to ranges of 50-60 km the f i r s t 

a r r i v a l s l i e on segments w i t h r e c i p r o c a l g r a d i e n t s of 5*8-

6.6 kms"^ t A l l these a r r i v a l s are i n t e r p r e t e d as the head 

waves of a main c r u s t a l l a y e r ( l a y e r B ) . Beyond ranges of 

50-60 km the f i r s t a r r i v a l s l i e on segments w i t h r e c i p r o c a l 

g r a d i e n t s of about 8 km s"^" and are i n t e r p r e t e d as the Moho 

head wave Pn. 

5*2.3 I n t e r p r e t a t i o n of the t i m e - d i s t a n c e graphs 

The ranges of ±' wave v e l o c i t y and the mean v e l o c i t i e s 

observed f o r each r e f r a c t o r beneath the Faeroe/Shetland Channel 

were: 

La y e r A 4.40-4.96 km s - 1 4.65;0.08 km s " 1 

L a y e r B 5.68-6.61 " 6.0lj0.15 " 
Moho- 7.76-8.17 11 7.97^0.10 » 

and beneath the channel s l o p e s : 

Layer B 6.13-6.48 km s " 1 6.31-0.11 km s - 1 

5.2.3.1 L i n e CB 

S t a t i o n MIR(B) was p o s i t i o n e d at the south-west end of 

t h i s l i n e and s t a t i o n s LOM FS(B) and LOM BS(A) both at the 

no r t h - e a s t end of the l i n e . There was only one ob s e r v a t i o n of 

l a y e r A i n the south-west and the observed v a l u e s of i n t e r c e p t 

time and v e l o c i t y were i n t e r p r e t e d i n terms of a 1.2 km 

sedimentary cover (2.5 km s ~ ^ ) . S t a t i o n MIR(B) formed a s p l i t 
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p r o f i l e w i t h the shot l i n e and assuming t h a t the two higher 

v e l o c i t i e s (5.11 and 6.57 km s"^") measured i n opposite 

d i r e c t i o n s both r e p r e s e n t l a y e r B, the r e f r a c t o r was 

i n t e r p r e t e d to have a t r u e v e l o c i t y of 5»68 km and dip 

to the no r t h a t 8.7°. The i n t e r c e p t times of these two 

segments ( L S ? i o . l 5 s and 1.08^0.23s) may not be s i g n i f i c a n t l y 

d i f f e r e n t . T h e i r mean value was i n t e r p r e t e d assuming a 1.2 km 

sediment cover (2.5 km s -^") above l a y e r A and a depth of 3»3 km 

was found f o r l a y e r B. 

S t a t i o n s LCM FS(B) and LOM BS(A) were p o s i t i o n e d 

approximately only Ik km apart on t h i s l i n e but the v e l o c i t i e s 

observed from the same shots a t these two s t a t i o n s were 
+ —1 + —1 r 

6.61-0.03 km s and 5.81-0.06 km s r e s p e c t i v e l y . The ranges 

of o b s e r v a t i o n at the s t a t i o n s were 25-55 km and 15-^0 km 

r e s p e c t i v e l y , so i t i s most improbable that the a r r i v a l s are 

from two separate c r u s t a l l a y e r s . I t was assumed t h a t both 

s e t s of a r r i v a l s were from l a y e r B and the mean v e l o c i t y 

(6.21 km s"*") and i n t e r c e p t time (3»23s) were i n t e r p r e t e d i n 

the same manner as f o r s t a t i o n MIR(B) i n the south-west. A 

depth of 9»7 km was found f o r l a y e r B. 

The only other c r u s t a l v e l o c i t y observed along t h i s 

l i n e (3-3 km s-"*") was i n t e r p r e t e d a s a semi-consolidated 

sediment r e f r a c t o r . Assuming the mean sedimentary v e l o c i t y 

above t h i s l a y e r to be 2 km s""*", a depth of 0.1 km was 

determined. 

The Pn v e l o c i t y and i n t e r c e p t time observed at s t a t i o n 

LOM FS(B) were a l s o i n t e r p r e t e d assuming the upper c r u s t a l 

s t r u c t u r e e s t a b l i s h e d beneath the n o r t h - e a s t p a r t of the l i n e . 

The c r u s t a l t h i c k n e s s was estimated to be lk,l km. 
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5.2.3*2. L i n e BC 

A l l the s t a t i o n s provided by the s h i p s Lomonosov and 

Miranda were p o s i t i o n e d at the n o r t h - e a s t end of t h i s l i n e . 

However, the only a r r i v a l s observed at s t a t i o n MIR(C) were 

from shots BC1-BC12 t r a v e l l i n g to the south-west whereas the 

Lomonosov s t a t i o n s r e c e i v e d a r r i v a l s only from shots beyond 

BC12 t r a v e l l i n g to the n o r t h - e a s t . The p o s i t i o n s of the ship 

s t a t i o n s i n r e l a t i o n to the shot l i n o s are shown i n F i g u r e 5.13 

Only one l a y e r A segment was d e f i n e d by a r r i v a l s from 

t h i s l i n e (4.96 km s-"*" at s t a t i o n MIR(C)) and, assuming the 

same o v e r l y i n g sedimentary m a t e r i a l as f o r l i n e CB, the 

observed ve3.ocity and i n t e r c e p t were i n t e r p r e t e d i n terms of 

3.3 km of sediments above the l a y e r A basement. The l a y e r B 

v e l o c i t y of 5*93 km s-''" observed at s t a t i o n LOM FS(C) i s 

v ery s i m i l a r to the v e l o c i t y observed along l i n e CB at s t a t i o n 

LOM BS(A) (5.8I km s " " ^ ) . T h i s observed v e l o c i t y and i n t e r c e p t 

were i n t e r p r e t e d assuming the upper s t r u c t u r e e s t a b l i s h e d on 

t h i s l i n e at s t a t i o n MIR(C), and a depth of 9.7 km was found 

f o r l a y e r B. T h i s i s the same depth as was found beneath 

l i n e CB where a d i f f e r e n t upper c r u s t a l s t r u c t u r e was used. 

A Uoho depth estimate was obtained along l i n e BC u s i n g the 

Pn o b s e r v a t i o n s of s t a t i o n LOM BS(A). Assuming the c r u s t a l 

v e l o c i t y -depth s t r u c t u r e e s t a b l i s h e d beneath t h i s l i n e 

(3*3 km of sediments o v e r l y i n g 6.4 km of l a y e r A) the Moho 

depth was determined to be Ik,2 km, which i s i n v e r y good 

agreement with the c r u s t a l t h i c k n e s s estimate found f o r l i n e CB 

5.2.3.3 L i n e s B and C 

The t r a v e l time graphs f o r l i n e s B and C shots over the 

channel f l o o r defined only l a y e r A segments. Each observed 



F i g u r e 5»13 • The r e l a t i v e p o s i t i o n s of the shots and the 
s h i p r e c e i v i n g s t a t i o n s i n the northern p a r t of the Faeroe 
/Shetland Channel 
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v e l o c i t y and i n t e r c e p t was i n t e r p r e t e d i n terms of basement 

depth assuming o v e r l y i n g sediment of mean v e l o c i t y 2.5 km s 

The depths found were: 

Apart from the l a r g e v alue f o r s t a t i o n LOM BS(B) the 

depths are reaso n a b l y s i m i l a r w i t h a mean v a l u e of O.56 km. 

Lay e r B v e l o c i t i e s only were defined by the a r r i v a l s 

from shots over the channel s l o p e s . The i n d i v i d u a l v e l o c i t y 

and i n t e r c e p t v a l u e s determined f o r each s t a t i o n were 

i n t e r p r e t e d i n terms of l a y e r B depths. The sediment cover 

found a t the s t a t i o n from the channel f l o o r data was used i n 

the i n t e r p r e t a t i o n i f a v a i l a b l e , or otherwise the mean l a y e r 

A depth of O.56 km. The depths to l a y e r B were determined a s : 

The low va l u e of 2.2 km f o r s t a t i o n LOM F S ( E ) , p o s i t i o n e d 

on the Faeroe S h e l f , i s probably erroneous. The remaining 

depths are approximately of the same order as those observed 

f o r t h i s r e f r a c t o r beneath the channel f l o o r (9«7 km). 

The Hi segment graphs of the land r e c e i v i n g s t a t i o n s have 

not been i n t e r p r e t e d by means of the l a y e r t h i c k n e s s formula, 

as t h i s would i n v o l v e the assumption of plane homogeneous 

l a y e r s extending from the channel to beneath both the S c o t t i s h 

S h e l f and the Faeroe P l a t e a u . The i n t e r c e p t v a l u e s of these 

graphs have been d e a l t w i t h i n c o n j u n c t i o n with the Pn time 

terms i n s e c t i o n 5 .2.G.I. 

5.2 .4 The secondary a r r i v a l s 

LOM FS(D) 
LOM F S ( E ) 
LOM BS(B) 
MIR (B) 

0.46 km 
0.62 11 

1.29 11 

0.60 11 

LOM FS(D) 
LOM F S ( E ) 
LOM BS(C) 
MIR (B) 

6.6 km 
2.2 " 

10.0 » 
6.4 
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Large amplitude secondary a r r i v a l s which can be c o r r e l a t e d 

from shot to shot were seen on the re c o r d s of the h o r i z o n t a l 

instruments of s t a t i o n LOM BS(A) f o r the shots of l i n e s CB 

and BC (Fig*5.1^5JL5> Secondary a r r i v a l s from both l a y e r B 

and the Moho defined segments on the t i m e - d i s t a n c e graph of 

t h i s s t a t i o n f o r the l i n e CB shots ( F i g . 5 . 9 . ) . I n a d d i t i o n 

a l a y e r B segment was defined by f i r s t a r r i v a l s . The 

r e c i p r o c a l g r a d i e n t s of the two l a y e r B segments are not 

s i g n i f i c a n t l y d i f f e r e n t anr' the time o f f s e t between the two 

segments has an almost constant v a l u e of about 1.5 seconds. 

Shots on l i n e BC gave r i s e to secondary a r r i v a l s which defined 

a t i m e - d i s t a n c e segment of r e c i p r o c a l g r a d i e n t 8.37-0.19 km 

( F i g . 5 . 9 . ) . F i r s t a r r i v a l s were a l s o i d e n t i f i e d f o r some of 

these shots and def i n e d a Pn segment of r e c i p r o c a l gradient 

8.17-0.29 km s"^". Again these two v e l o c i t i e s are not 

s i g n i f i c a n t l y d i f f e r e n t and the two segments have a constant 

time o f f s e t of approximately 1.5 seconds. There are two 

l i k e l y p o s s i b l e causes of these l a r g e amplitude secondary 

a r r i v a l s : 

1. A phase conversion, P to S, somewhere along the 

t r a v e l path, w i t h the S phase a r r i v i n g a f t e r the P phase. 

2. The second a r r i v a l s r e p r e s e n t a phase t h a t has 

undergone one or m u l t i p l e r e f l e c t i o n s between the sea f l o o r 

and the sea s u r f a c e , and/or the sea f l o o r and the top of l a y e r 

A, and/or the top of l a y e r \ and the top of l a y e r B. 

These p o s s i b i l i t i e s are shown i n Fi g u r e 5.16. 

A phase conversion i s improbable as the time d i f f e r e n c e 

between the f i r s t and second a r r i v a l phases i s the same f o r both 

the l a y e r B and the Moho a r r i v a l s . The phase change would have 

to occur at the same boundary f o r both s e t s of a r r i v a l s which 



F i g u r e 5.14 : The s t a c k e d r e c o r d s of the l i n e CB shots 
s t a t i o n LOM BS(A). 
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F i g u r e 5.15 : The s t a c k e d r e c o r d s of the l i n e BC shots 
s t a t i o n LOM BS(A). 
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F i g u r e 5.16 : The p o s s i b l e causes of the l a r g e amplitude 
secondary a r r i v a l s at s t a t i o n LOM BS(A). 
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l i m i t s the t r a v e l time path of the S phase to between the 

l a y e r A or l a y e r B r e f r a c t o r , and the sea f l o o r . I t i s most 

improbable t h a t the downgoing P wave i s converted to an S 

wave, as the v e l o c i t i e s defined by the l a t e r a r r i v a l s are 

r e a s o n a b l y normal P head wave v e l o c i t i e s . The time d i f f e r e n c e s 

f o r a Pn head wave t r a v e l l i n g as a P and as an S phase between 

l a y e r A and the sea f l o o r , and between l a y e r B and l a y e r A 

were c a l c u l a t e d f o r l a y e r A and l a y e r B depths of: 

1. 1.2 km and 3.3 km 

2. 3.3 km and 9.7 km 

t h e s e being the depths of the r e f r a c t o r s determined beneath, 

( l ) , the south-west and, ( 2 ) , the n o r t h - e a s t p a r t s of the 

channel. A P to S v e l o c i t y r a t i o of I.78 to 1 was assumed and 

the time de l a y s found f o r the two r e g i o n s were 0.39 s and O.kks, 

and 1.08 s and 1.28 s r e s p e c t i v e l y . None of these delays are 

of the same order of magnitude as the observed delay. 

The second p o s s i b i l i t y of m u l t i p l e r e f l e c t i o n s was a l s o 

t e s t e d by c a l c u l a t i n g the delay introduced by: 

1. A r e f l e c t i o n between the l a y e r A and l a y e r B 

i n t e r f a c e s , and between both the l a y e r A and l a y e r B i n t e r f a c e s 

and the sea f l o o r . 

2. A r e f l e c t i o n between the sea f l o o r and the sea s u r f a c e 

The time d e l a y s were c a l c u l a t e d f o r a Moho head wave f o r 

the same c r u s t a l s t r u c t u r e s as used p r e v i o u s l y . The d e l a y s 

between the sea f l o o r and l a y e r A i n the two r e g i o n s were 

determined as 0.9s and 2.5s r e s p e c t i v e l y , and between l a y e r A 

and l a y e r B r e f r a c t o r s as 0.8s and 2.0s r e s p e c t i v e l y . No 

s i n g l e ref." e c t i o n can e x p l a i n the observed time delay but a 

double r e f l e c t i o n between l a y e r s A and B of the south-west 

r e g i o n would give the c o r r e c t order of magnitude of delay. 
The r e f l e c t i o n between the sea f l o o r and the sea s u r f a c e 
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f o r a water depth of 1.1 km was c a l c u l a t e d to cause d e l a y s to 
the l a y e r B and Moho head wave a r r i v a l s of 1.^3 a " d l . V l s 
r e s p e c t i v e l y . T h i s i s eq u i v a l e n t to the observed delay. The 
la r g e amplitude of the a r r i v a l s may be exp l a i n e d by such a 
r e f l e c t i o n at both the shot and s t a t i o n l o c a t i o n s , causing 
delayed a r r i v a l s which i n t e r f e r e c o n s t r u c t i v e l y to r e i n f o r c e 
the amplitude of the onset. S i m i l a r l a r g e amplitude secondary 
a r r i v a l s have been observed from median v a l l e y earthquakes and 
i n t e r p r e t e d i n a s i m i l a r manner ( F r a n c i s and P o r t e r , 1973)• 

5.2.5 Summary of the i n t e r p r e t a t i o n 

The t i m e - d i s t a n c e graphs have been i n t e r p r e t e d i n terms 

of three main r e f r a c t o r s , l a y e r A, l a y e r B and the Moho, with 

mean v e l o c i t i e s of ̂ .65 km s 6.16 km a~^~ and 7.97 km s*"̂ " 

r e s p e c t i v e l y . The o v e r a l l mean depths of these r e f r a c t o r s 

were determined as 1.2^ km, 6.9 km and l ' j . l km r e s p e c t i v e l y . 

There i s some evidence of v a r i a t i o n s i n the c r u s t a l s t r u c t u r e 

along the l i n e with both l a y e r s A and B fotmd at g r e a t e r 

depths i n the n o r t h - e a s t r e g i o n . However, many of the time-

d i s t a n c e segments are defined by only a few p o i n t s , and 

i n c o n s i s t e n c i e s were found i n the observed data at both ends 

of the l i n e s along the channel. 

The la.i*ge amplitude secondary a r r i v a l s i d e n t i f i e d on the 

reco r d s of s t a t i o n LOM BS(A) were i n t e r p r e t e d as m u l t i p l e s of 

the f i r s t a r r i v a l s caused by r e f l e c t i o n between the sea 

s u r f a c e and the sea f l o o r . The l a r g e amplitude may be caused 

by c o n s t r u c t i v e i n t e r f e r e n c e between two such m u l t i p l e s , but 

no e x p l a n a t i o n i s o f f e r e d as to why they are mainly apparent 

on the h o r i z o n t a l instruments. 

5.2.6 Time term a n a l y s i s 

Time term a n a l y s i s could ony be performed on the Pn 

a r r i v a l s from the shots over the Faeroe/Shetland Channel and 
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Channel s l o p e s . Although there were a reasonable number of 

o b s e r v a t i o n s of l a y e r A and l a y e r 13 a r r i v a l s most shots only 

gave r i s e to such a r r i v a l s at one s t a t i o n . The coverage of 

these two l a y e r s was t h e r e f o r e found not to provide a 

s u f f i c i e n t redundancy of data to determine adequate time term 

s o l u t i o n s . 

In a l l c a s e s the observed u n c o r r e c t e d t r a v e l times were 

used i n the time term a n a l y s e s . Three d i f f e r e n t f i r s t a r r i v a l 

Fn t r a v e l time data s e t s were used to t e s t the c o n s i s t e n c y of 

the time term s o l u t i o n s obtained. The f i r s t data s e t (DS1) 

contained the t r a v e l times of the Fn a r r i v a l s from shots on 

l i n e s BC and C13 only. Data s e t 2(0S2) contained a l l the 

previous data p l u s the t r a v e l times of the Fn a r r i v a l s from 

shots on l i n e s B and C over the channel f l o o r . The f i n a l 

data s e t ( 0 S 3 ) , the r e s u l t s of which are used i n the 

i n t e r p r e t a t i o n s , contained a l l the previous data p l u s the t r a v e 

times of the Pn a r r i v a l s from shots over the channel s l o p e s . 

A comparison of the time terms of the same s i t e s f o r d i f f e r e n t 

data s e t s , shows that the s o l u t i o n s are c o n s i s t e n t . 

CB1 CB30 CB^7 BC23 LOM BS(A) 

DS1 3.87 3.98 2.93 3.23 2.97 
DS2 3.81 3.94 2.93 3.22 2.96 

DS3 3.79 3.93 2.93 3.22 2.96 

The same s t a t i s t i c a l c o n s i d e r a t i o n s t hat were a p p l i e d 

to the time term s o l u t i o n s of the Faeroe P l a t e a u data were 

a l s o a p p l i e d to these Fn s o l u t i o n s and the r e s u l t s found to be 

r e l i a b l e . 

The two l i n e s along the channel (CB and BC) were f i r e d i n 

almost the same l o c a t i o n s so t h a t some of the shots on l i n e CB 

were n e a r l y c o i n c i d e n t with shots on l i n e BC. T h i s was the 
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case f o r the shots l i s t e d i n Table together with t h e i r 

time terms and d i f f e r e n c e s . 

Large d i f f e r e n c e s i n time term v a l u e s were observed for 

the shot p a i r s CB'*5/BC31 and CB4't/BC33 (0.^5 and 1.18 seconds 

r e s p e c t i v e l y ) , but the remainder of the c o i n c i d e n t shot time 

terms are reas o n a b l y c o n s i s t e n t . I t i s probable t h a t the time 

term of shot CBkll i s i n c o r r e c t as i t i s c o n s i d e r a b l y l a r g e r 

than the time terms of the n e a r l v s h o t s , and a l s o the time term 

of shot BC33 i s s i m i l a r to those of shots BC32 and BC34 and 

so t h e r e f o r e probably c o r r e c t . 

T h i s comparison of the time terms, as w e l l as the 

agreement of the r e s u l t s of the t h r e e d i f f e r e n t data s e t s , 

shows good i n t e r n a l c o n s i s t e n c y and suggests t h a t the 

assumptions of the time term method are v a l i d . A l l the time 

terms found f o r the shots over the Channel f l o o r and s l o p e s 

are l i s t e d i n Table 5.5. 

The mean t n time term f o r l i n e CB was 3«65 secaids, and 

f o r l i n e 3C 3«22 seconds. However, t h i s i s not a v a l i d 

comparison as t h e r e wez-e only three shots on l i n e CB compared 

to twelve on l i n e BC over the northern area of the channel. 

S i m i l a r l y , i n the southern a r e a of the channel there were 

s i x t e e n shots on l i n e CB but only two on l i n e BC, and i n the 

c e n t r a l area eight on l i n e CB and t h i r t e e n on l i n e BC. 

Therefore any v a r i a t i o n along the channel w i l l b i a s the average 

time term values f o r the two l i n e s . Mean time terms f o r each 

of the three a r e a s of the channel were determined f o r both 

l i n e s s e p a r a t e l y , and then f o r the combined data of the two 

l i n e s . The v a l u e s found were: 



TABLE 5 .4 COINCIDENT SHOT TIME TERMS FOR LINES CB AND BC 

SHOT PAIR 

CB47 
BC19 

CB46 
BC24 

CB45 
BC31 

CB44 
BC33 

CB43 
BC3'b 

CB42 
BC35 
CB4l 
DC 37 
CB40 
BC38 

CB39 
DC-'tO 

CB38 
BC4l 

CB36 
BC42 

CB35 
BC42 

TIME TERMS 

2.93 
3 .06 

3 .02 
3 .07 

3.64 
3.19 

4.36 
3 .18 

3.66 
3.42 

3.55 
3.36 

3 .35 
3.31 

3 .19 
3 .30 

3.46 
3 .33 

3.34 
3 .38 

3.50 
3 .28 

3 o 8 
3 .28 

DIFFERENCE 

0 .13 

0 .05 

0.45 

1.18 

0.24 

0 .19 

0.0'i 

0.11 

0 .13 

0.04 

0.22 

0 .30 



TABLE 5.5 

Pn Time Terms f o r the Faeroe/Shetland Channel 

S i t e Pn time term S.E 

CB1 3.81 (1) CB8 3.64 (1) 
CB9 3.68 (1) CB11 3.54 (1) 
CB12 3.74 (1) CB22 3.77 (1) 
CB24 3.91 (1) CB25 4.09 (1) 
CB26 3.82 (1) 
CB27 3.85 (1) CB28 3.88 (1) 
CB29 3.94 (1) 
CB30 3.94. (1) CB31 3.94 *i (1) 
CB34 3.74 (1) 
CB35 3.59 (1) 
CB36 3.50 (1) CB38 3.35 (1) 
CB39 3.46 (1) CB40 3.20 (1) 
CB4l 3.36 (1) 
CB42 3.29 0.17 (2) 
CB43 3.40 0.22 (2) 
CB44 3.84 (1) CB45 3.11 (1) CB46 3.03 (1) 
CBk7 2.93 (1) 
BC1 3.09 (1) 
BC4 3.09 (1) BC6 3.14 (1) 
BC7 3.03 :D BC8 3.14 [1) 
BC9 3.04 (1) 
BC10 3.10 (1) 
BC11 3.25 U) BC19 3.06 :D BC21 3.17 (1) 
BC23 3.22 [1) 
BC24 3.07 :D BC29 3.12 : i ) 
BC31 3.19 (1) 
BC32 3.11 1) 
BC33 3.18 :D BC3'i 3.42 0.02 2) 
BC35 3.67 1) 
BC36 32-45 0.01 2) 
BC37 3.32 0.02 2) 
BC38 3.31 0.00 2) 
BC39 3.41 0.02 [2) 
BC40 3.3'* [1) 



TABLE 5.5 contd. 

S i t e Pn time term S.E • 
BC4l 3.39 (1) 
BC42 3.29 (1) 
BC47 3.51 (1) 
BC48 3.32 (1) 
B19 3.29 0.25 (3) B20 3.59 0.07 (3) B21 3.76 0.11 (4) 
B22 3.41 0.05 (2) 
B23 3.67 0.32 (2) 
B24 3.H 0.07 (2) 
B26 2.86 0.11 (6) 
B28 2.38 (1) 
B29 2.94 0.14 (6) 
B30 2.62 (1) 
B3I 2.35 (1) 
B32 3.16 (1) 
B34 3.68 (1) 
B35 3.81 0.06 (2) 
B36 3.44 0.00 (2) 
B37 3.02 0.05 (2) 
C31 3.37 0.07 (4) 
C32 3.62 0.12 (5) 
C33 3.27 (1) 
LOM BS(A) 2.96 0.01 (7) 
UKAEA 3.17 0.01 (67) 
IGS1 4.40 0.07 (8) 
IGS2 4.16 0.08 (4) 
DU1 3.69 0.06 (12) 
0U2 3.81 0.13 (2) 
UBL 3.81 (1) 
DU4 4.31 0.15 (5) 
F2 3.78 0.07 (6) 
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South C e n t r a l North 

L i n e CB 3.78 3.4-5 2.97 
L i n e BC 3.40 3.29 3.12 
Combined CB & BC 3.74 3.36 3.09 

The northern area was defined as i n c l u d i n g a l l shots 

north of l a t i t u d e 60° 50'N, the c e n t r a l a r e a a l l shots 

between t h i s l i m i t and l a t i t u d e 60° 25'N, and the sotithern 

area a l l shots to the. south of l a t i t u d e 60° 25'N. The average 

time terms of the two l i n e s show reaso n a b l y c l o s e agreement 

except i n the southern a r e a . The disc r e p a n c y i n t h i s a r e a may 

be e x p l a i n e d by there being only two shots on l i n e BC compared 

to sixteen, on l i n e CB. The average time terms found using the 

combined data of the two l i n e s i n c r e a s e from north to south 

along the channel. T h i s i s shown i n Figure 5.17. 

The range i n time terms found and the mean v a l u e s f o r the 

shots on l i n e s B and C over both the channel f l o o r and s l o p e s 

were: 

Channel F l o o r Channel Slopes 

Range Mean Range Mean 

B p a r t 1 (19-30) 2.34-3.65 3.15 B pt 1 (17,18) 2.86-2.95 2.90 
B p a r t 2 (31-37) 2.35-3-78 3.22 B pt 2 (38-45) 2.38-2.98 2.70 
B combined 2.34-3.78 3.18 2.38-2.98 2.74 
C p a r t 1 (C25-

C29) - 2.33-3.01 2.56 
C p a r t 2 (C36-

C 4 l ) - 2.25-2.75 2.48 
C combined 2.93-3-58 3.33 2.25-3.01 2.52 

A l l the shots on l i n e B p a r t 1 l i e i n the northern r e g i o n , 

on B p a r t 2 i n the c e n t r a l r e g i o n , and on l i n e C i n the southern 

r e g i o n . The time term v a l u e s found f o r these shots over the 

channel a l s o appear to have l a r g e r v a l u e s i n the south (3*33s) 

than i n the north (3.15s), i f the s i g n i f i c a n c e of the r e s u l t s 

i s not masked by the s c a t t e r on the o b s e r v a t i o n s . These time 

term v a l u e s have been combined w i t h those of l i n e s CB and BC 



F i g u r e 5*17 : The Pn time term p r o f i l e along the Faeroe/ 
Shetland Channel. 
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to produce o v e r a l l mean time term v a l u e s f o r the northern, 

c e n t r a l and southern regions of the Faeroe/Shetland Channel of 

3 . 1 1 , 3 - 3 3 and 3 » 6 8 seconds r e s p e c t i v e l y . 

The mean time terms found f o r the channel s l o p e s are not 

as s i g n i f i c a n t as mean v a l u e s f o r the channel as the l a r g e 

v a r i a t i o n s i n sea f l o o r topography beneath each shot must be 

allowed f o r i n i n t e r p r e t i n g each i n d i v i d u a l time term. 

5 . 2 . 6 . 1 I n t e r p r e t a t i o n of the time terms 

The Fn time terms appear to be known qu i t e a c c u r a t e l y 

f o r the Faeroe/Shetland Channel but t h e i r conversion i n t o Moho 

depths i s dependent on l e s s a c c u r a t e l y known upper c r u s t a l 

i n f o r m a t i o n . In an attempt to overcome t h i s l i m i t a t i o n c r u s t a l 

t h i c k n e s s estimates have been determined f o r a v a r i e t y of 

upper c r u s t a l s t r u c t u r e s . 

The mean upper c r u s t a l s t r u c t u r e determined from a l l the 

f i r s t a r r i v a l t r a v e l time data f o r the channel was 1.2'+ km of 

sediments (mean v e l o c i t y 2 . 5 km s-"*") over l y i n g l a y e r A of mean 

v e l o c i t y 4 . 6 5 km s -^", and l a y e r B (mean v e l o c i t y 6 . 1 6 km s -^") 

at a depth of 6 . 9 km. T h i s s t r u c t u r e was used i n the e v a l u a t i o n 

of the mean Moho time terms f o r the three r e g i o n s of the 

channel together w i t h the I n time term v e l o c i t y estimate of 

8 . 2 7 km s ^, and c r u s t a l t h i c k n e s s of 1 5 * 1 » 17.6" and 2 1 . 1 km 

below sea l e v e l were found f o r the north, c e n t r a l and southern 

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

Two d i f f e r e n t upper c r u s t a l s t r u c t u r e s were determined 

beneath the n o r t h - e a s t r e g ion of the l i n e and each of these 

were used to determine Moho depths beneath the c e n t r a l and 

northern r e g i o n s of the channel. The r e s u l t s of l i n e BC at 

s t a t i o n LOM FS(C) were i n t e r p r e t e d i n terms of 3 « 3 'cm of 

sediments ( 2 . 5 km s " 1 ) above l a y e r A ( 4 . 9 6 km s"" 1) with l a y e r B 
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at a depth of 9 . 7 km. The I"n time terms f o r the c e n t r a l and 

northern r e g i o n s were i n t e r p r e t e d to i n d i c a t e Moho depths 

beneath t h i s c r u s t a l s t r u c t u r e of 12.6 km and 10 . 7 km 

r e s p e c t i v e l y . S i m i l a r l y the s t r u c t u r e of 3*3 km of sediments 

(2.5 km s"^") above l a y e r A (4.96 km s~^") with l a y e r B 

(6.21 km s ^) at a depth of 6.6 km which was determined f o r 

l i n e CB r e s u l t s at s t a t i o n s LOM FS(B) and LOM BS(A), was used 

i n the i n t e r p r e t a t i o n of the two mean Pn time terms and c r u s t a l 

t h i c k n e s s of 14.4 km and 12.3 km r e s p e c t i v e l y found. 

The mean Pn time term of the southern r e g i o n was a l s o 

i n t e r p r e t e d assuming the c r u s t a l s t r u c t u r e e s t a b l i s h e d i n t h i s 

r e g i o n by s t a t i o n MIR(B). A lower c r u s t a l t h i c k n e s s of 16.4 1cm 

was found beneath the 2.1 km of l a y e r A (4.4 km s-"*") u n d e r l y i n g 

the 1.2 km of sediments (2.5 km s - ^ " ) . T h i s r e s u l t e d i n a t o t a l 

c r u s t a l t h i c k n e s s beneath the southern region of 19 . 7 km. 

The In v e l o c i t i e s and i n t e r c e p t times observed at s t a t i o n 

UKAEA f o r shots on l i n e s CD and DC were 7 . 7 6 km s - 1 and 4.4 

seconds, and 7•90 km s ~ ^ and 4.69 seconds r e s p e c t i v e l y . The 

i n t e r c e p t times were converted i n t o mean shot time terms by 

s u b t r a c t i n g the Pn time term of s t a t i o n UKAEA (2.43 seconds) 

e s t a b l i s h e d by the S c o t t i s h Continentai. S h e l f r e s u l t s . These 

two mean Pn shot time terms were then i n t e r p r e t e d i n terms of 

c r u s t a l t h i c k n e s s , assuming the average upper c r u s t a l s t r u c t u r e 

determined f o r the channel, but no sea water l a y e r , and the 

observed I n v e l o c i t i e s to be the trxie Moho v e l o c i t y . Moho 

depths of 11.8 km and 14.4 km r e s p e c t i v e l y were found. The 

Pn i n t e r c e p t time and v e l o c i t y observed f o r the combined p l o t 

of a l l l i n e s B and C data over the channel r e c e i v e d at the land 

s t a t i o n s were i n t e r p r e t e d i n a s i m i l a r manner. A mean land 

r e c e i v i n g s t a t i o n time term of 2.5 seconds was assumed, and the 
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Moho de p t h d e t e r m i n e d t o be 2^.8 km. 

The f i n a l c r u s t a l c r o s s - s e c t i o n s b e n e a t h t h e F a e r o e / 

S h e t l a n d C h a n n e l a r e p r e s e n t e d i n F i g u r e s 5«l8 and 5.19 
E a c h i n d i v i d u a l t i m e term f o r t h e s h o t s f i r e d o v e r t h e 

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

The mean s e d i m e n t and l a y e r A t h i c k n e s s e s and v e l o c i t i e s 
— 1 —1 (0.7'l km and 5«56 km, and 2.5 km s ~ and ̂ .51 km s ) 

d e t e r m i n e d from s h o t s on l i n e s B and C o v e r t h e c h a n n e l and 

c h a n n e l s l o p e s , t o g e t h e r w i t h t h e mean l a y e r B v e l o c i t y 

( 6 . 3 1 km s-"*") and t h e t i m e term value o f t h e Pn v e l o c i t y 

(8.27 km s"""'") were u s e d i n t h e i n t e r p r e t a t i o n . The Moho 

de p t h s found v a r y from a minimum o f 10.5 km t o a maximum o f 

17.2 km, w i t h t h e l a r g e s t v a l u e s found f o r t h e c e n t r a l a r e a 

and t h e s m a l l e s t f o r t h e s o u t h e r n a r e a . T h i s c o n t r a s t s w i t h 

t h e r e s u l t s f o und f o r t h e c h a n n e l where t h e Moho was d e t e r m i n e d 

t o be deex:er b e n e a t h t h e s o u t h e r n a r e a . The mean depth 

b e n e a t h t h e c h a n n e l s l o p e s d e t e r m i n e d from t h e t i m e t e r m s was 

13*7 km, compared t o mean d e p t h s b e n e a t h t h e c h a n n e l f l o o r o f 

11.6 km, 15»3 km, 17.9 km or 19*7 km depending on t h e upper 

c r u s t a l s t r u c t u r e assumed. 

The Fn i n t e r c e p t t i m e s and v e l o c i t i e s o b s e r v e d on t h e 

p l o t s o f t h e l i n e s B and C t r a v e l t i m e s f o r each of t h e c h a n n e l 

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

a s s u m i n g t h e same upper c r u s t a l s t r u c t u r e a s was u s e d i n t h e 

i n t e r p r e t a t i o n o f t h e time t e r m s . C r u s t a l t h i c k n e s s e s t i m a t e s 

o f 21.0 km b e n e a t h t h e S c o t t i s h s l o p e am.' lQ.8 km b e n e a t h 

t h e F a e r o e s s l o p e were o b t a i n e d . 

5.2.7 Summary and D i s c u s s i o n 

The f o l l o w i n g t h r e e r e f r a c t o r s were i d e n t i f i e d b e n e a t h 

t h e F a e r o e / S h e t l a n d C h a n n e l : 



F i g u r e 5#l8 : The mean c r u s t a l s t r u c t u r e s d e t e r m i n e d a l o n g 
t h e F a e r o e / S h e t l a n d C h a n n e l * 
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F i g u r e 5*19 : The mean c r u s t a l s t r u c t u r e s d e t e r m i n e d 
b e n e a t h t h e P a e r o e / S h e t l a n d C h a n n e l * 

A : b e n e a t h t h e n o r t h e r n and c e n t r a l r e g i o n s a s s u m i n g t h e 
upper c r u s t a l s t r u c t u r e deduced from t h e r e s u l t s o f l i n e BC 

B : b e n e a t h t h e n o r t h e r n and c e n t r a l r e g i o n s a s s u m i n g t h e 
upper c r u s t a l s t r u c t u r e deduced from t h e r e s u l t s o f l i n e CB 

C : b e n e a t h t h e s o u t h e r n r e g i o n a s s u m i n g t h e upper c r u s t a l 
s t r u c t u r e deduced from t h e r e s u l t s o f s t a t i o n MIR(B) 
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1. L a y e r A i n t e r p r e t e d a s t h e s u b - s e d i m e n t basement. 

T h i s l a y e r h a s a mean v e l o c i t y o f .65 km s and i s a t a 

mean depth o f 1.24 km below t h e s e a f l o o r . 

2. L a y e r B i n t e r p r e t e d as t h e main c r u s t a l l a y e r . The 

mean v e l o c i t y o f t h i s r e f r a c t o r was 6.16 km s-"'" and: it was 

found t o be a t a mean depth o f 6.9 km. 

3. Pn i n t e r p r e t e d a s t h e Moho. The mean I n v e l o c i t y 

d e t e r m i n e d from t h e t r a v e l t i m e g r a p h s was 7*97 km s-"*", and 

t h e t i m e t e r m a n a l y s i s v a l u e 8.27 km s - " ^ . The mean c r u s t a l 

t h i c k n e s s e s t i m a t e d from t h e t r a v e l t i m e g r a p h s was 14.1 km, 

and from t h e t i m e term s o l u t i o n s 15•6 km. 

The l a y e r B and Moho r e f r a c t o r s were a l s o i d e n t i f i e d 

b e n e a t h t h e c h a n n e l s l o p e s . A mean l a y e r B v e l o c i t y o f 

6.3I km s""*" and r e f r a c t o r d e pth o f 6.3 km vrere d e t e r m i n e d 

from t h e t r a v e l - t i m e g r a p h s . The mean Moho d e p t h d e t e r m i n e d 

from t h e t i m e t e r m s was 13 • 7 km. 

The l a y e r A basement r e f r a c t o r i s c o r r e l a t e d w i t h t h e 

4.91 km s~^" basement o f lSwing and Ewing (1959) i n t h e s o u t h 
of t h e F a e r o e / S h e t I c i n d C h a n n e l , and t h e 4.72 km s -^" basement 

o f S c r u t t o n (1972.) i n t h e U o c k a l l T r o u g h . T h e s e basement 

r e f r a c t o r s were i n t e r p r e t e d t o be a t d e p t h s of 1.8l km and 

5.0 km r e s p e c t i v e l y b e n e a t h t h e s e a f l o o r . Both t h e p r e v i o u s 

two a u t h o r s a g r e e d t h a t s u c h a basement v e l o c i t y c o u l d 

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

m a t e r i a l o f o c e a n i c l a y e r 2. The same r e a s o n i n g a p p l i e s t o 

t h e NASP l a y e r A r e s u l t s from t h e c h a n n e l , and so t h i s basemenl 

r e f r a c t o r p r o v i d e s no i n f o r m a t i o n on t h e t y p e o f c r u s t b e n e a t h 

t h e a r e a . 

The l a y e r B o b s e r v a t i o n s a r e e q u a l l y ambiguous. The 

r e f r a c t o r was found t o have a mean v e l o c i t y o f 6.16 km s"""*", 
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but t h e s c a t t e r on t h e o b s e r v a t i o n s p e r m i t t h e t r u e v e l o c i t y 

t o have any v a l u e between 5-7 l<m s~^" t o 6.6 km s ^. A v e l o c i t y 

o f 5 » 7 - 6 . 2 km s~^~ c o u l d be i n t e r p r e t e d i n t e r m s o f c o n t i n e n t a l 
metamorphic r o c k s , but a v e l o c i t y o f 6.6 km s ~ ^ c o u l d be 

e q u a l l y w e l l i n t e r p r e t e d a s r e p r e s e n t i n g e i t h e r o c e a n i c l a y e r 3 

or a l o w e r c o n t i n e n t a l c r u s t r e f r a c t o r s u c h a s was i d e n t i f i e d 

b e n e a t h t h e S c o t t i s h C o n t i n e n t a l S h e l f . 

The Moho de p t h d e t e r m i n a t i o n s a r e t h e most i l l u m i n a t i n g 

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

A l t h o u g h t h e time term i n t e r p r e t a t i o n s a r e dependent on t h e 

uppe r c r u s t a l v e l o c i t y d i s t r i b u t i o n , none o f t h e v a r i o u s 

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

t h i c k n e s s o f g r e a t e r t h a n 21 km, and t h e most p r o b a b l e 

t h i c k n e s s e s t i m a t e s l i e between 11-18 km. T h e s e r e s u l t s a r e 

t h e r e f o r e i n t e r p r e t e d t o r u l e out t h e l i k e l i h o o d o f s u b s i d e d 

c o n t i n e n t a l m a t e r i a l b e n e a t h t h e F a e r o e / S h e t l a n d C h a n n e l , a s 

was p o s t u l a t e d by T a l w a n i and i i l d h o l m (1972). A c o n t i n e n t a l 

c r u s t a l t h i c k n e s s o f 25-26 km has been e s t a b l i s h e d b e n e a t h t h e 

a d j a c e n t N o r t h S c o t t i s h S h e l f ( s e c t ions 4.5)and a t h i c k n e s s 

o f about 30 km b e n e a t h t h e F a e r o e P l a t e a u ( B o t t e t a l , 1974). 

S u b s i d e d c o n t i n e n t a l m a t e r i a l between t h e s e two a r e a s 

w o u ld be e x p e c t e d t o g i v e a c r u s t a l t h i c k n e s s e s t i m a t e o f a t 

l e a s t 25-30 km. 

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

i n t e r p r e t e d a s normal o c e a n i c c r u s t , s u c h a s was o b s e r v e d i n 

t h e Norwegian 3 e a (lLwing and ISwing, 1959). The c r u s t a l 

t h i c k n e s s e s most c l o s e l y c o r r e l a t e w i t h t h o s e found b e n e a t h 

I c e l a n d ( P a l i n a s o n , .1970) and t h e I c e l a n d - F a e r o e *iidge ( B o t t 

e t a l , 1971)* where t h i c k n e s s e s t i m a t e s o f 8-15 km and 16-18 km 

r e s p e c t i v e l y were d e t e r m i n e d . T h r e e main c r u s t a l l a y e r s were 
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i d e n t i f i e d b e n e a t h t h e s e r e g i o n s and a r e summarized a s : 

P wave v e l o c i t y L a y e r t h i c k n e s s 

L a y e r 1 3. 2- 2i . 6 km s " 1 v a r i a b l e up t o 3 km 

L a y e r 2 5. 1-5.8 km s " 1 v a r i a b l e up t o 6-
7 km 

L a y e r 3 6. 5-6.8 km s about 10 km 

m a t e r i a l 
T e r t i a r y igneous 
m a t e r i a l 
O c e a n i c l a y e r 3 

The mean l a y e r A v e l o c i t y o f ^.65 km s - ^ " o b s e r v e d b e n e a t h 

t h e F a e r o e / S h e t l a n d C h a n n e l can be c o r r e l a t e d w i t h t h e h i g h e r 

v e l o c i t i e s o f l a y e r 1, and i n t e r p r e t e d a s b a s a l t i c m a t e r i a l of 

o c e a n i c l a y e r 2. The mean l a y e r B v e l o c i t y o f 6.i6 km s-''" 

c a n n o t be c o r r e l a t e d w i t h e i t h e r l a y e r s 2 or 3» However, a 

wide s c a t t e r o f l a y e r D v e l o c i t i e s was o b s e r v e d (5.68-6.6 km s" 
and i t i s p o s s i b l e t h a t t h e s e v e l o c i t i e s a r i s e from a v a r i a b l e 

c o m p o s i t e l a y e r 2 / l a y e r 3 s t r u c t u r e b e n e a t h t h e c h a n n e l . The 

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

c o m p o s i t e b a s a l t / g a b b r o l a y e r ( o c e a n i c l a y e r 2 - l a y e r 5)« 

Normal I n v e l o c i t i e s were o b s e r v e d b e n e a t h t h e c h a n n e l and 

s l o p e s , s i m i l a r t o b e n e a t h t h e I c e . l a n d / F a e r o e Ridge (7.84 km 

s"'*') and i n c o n t r a s t t o t h e anomalous v a l u e o f 7.2 km s-"*" 

d e t e r m i n e d beneat'-' I c e l a n d . 

The F a e r o e / S h e t l a n d C h a n n e l and S l o p e s r e g i o n i s 

t e n t a t i v e l y i n t e r p r e t e d a s u n d e r l a i n by anomalous o c e a n i c 

c r u s + a l m a t e r i a l i n some ways s i m i l a r t o t h e c r u s t b e n e a t h 

t h e I c e l a n d / F a e r o e R i d g e . The i m p l i c a t i o n s o f t h i s c r u s t a l 

s t r u c t u r e w i l l be d i s c u s s e d i n t h e f o l l o w i n g c h a p t e r . 
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CHAPTER 6 

The R e g i o n a l S t r u c t u r e o f t h e N o r t h A t l a n t i c between S c o t l a n d 

and t h e F a e r o e I s l e s 

6 • 1• I n t r o d u c t i o n 

The c u r r e n t knowledge of t h e s t r u c t u r a l u i i t s o f t h e 

N o r t h A t l a n t i c between S c o t l a n d and t h e F a e r o e I s l e s was 

o u t l i n e d i n C h a p t e r 1. I t was s t a t e d t h a t NASP was d e s i g n e d 

t o d e t e r m i n e t ^ e l a r g e s c a l e c r u s t a l and upper m a n t l e s t r u c t u r e s 

i n t h e r e g i o n and t h e r e f o r e s u b s t a n t i a t e or d i s c r e d i t t h e 

v a r i o u s t h e o r i e s o f t h e e v o l u t i o n o f t h e s e a r e a s o f t h e NE 

No r t h A t l a n t i c . The r e s u l t s f o r e a c h a r e a a r e summarized i n 

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

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

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

o v e r a l l r e l e v a n c e t o t h e s p l i t t i n g o f t h e N o r t h A t l a n t i c . 

6.2 The N o r t h S c o t t i s h C o n t i n e n t a l S h e l f 

The NASP r e s u l t s f o r t h i s r e g i o n c o n f i r m t h e s t r u c t u r e s 

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

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

A g e n e r a l l y t h i n but v a r i a b l e s e d i m e n t a r y c o v e r above L e w i s i a n 

metamorphic b a s e n e n t was found on t h e s h e l f . The r e s u l t s from 

l i n e B c o n f i r m e d t h e Me s o z o i c s e d i m e n t a r y b a s i n d e t e r m i n e d 

s o u t h o f t h e S h e t l a n d I s l a n d s ( B o t t and B r o w i t t , i n p r e p a r a t i o n 

B r o w i t t , 1971) and a l s o t h e o u t c r o p p i n g metamorphic basement 

r i d g e ( B o t t and W a t t s , 1971; »atts, 1970) and a d j a c e n t deep 

M e s o z o i c / P a l a e o z o i c s e d i m e n t a r y b a s i n ( B o t t and W a t t s , 1971; 

B r o w i t t , 1972). A s i g n i f i c a n t change i n s t r u c t u r e was 

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

s h o t C13i i n agreement w i t h t h e t r a n s i t i o n from s h a l l o w 

metamorphic basement t o a M e s o z o i c s e d i m e n t a r y b a s i n as 
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i n t e r p r e t e d by Watts (1970) from g r a v i t y o b s e r v a t i o n s . 

As w e l l a s t h e metamorphic basement r e f r a c t o r (Pg) a 

l o w e r c r u s t a l r e f r a c t o r ( P * ) was a l s o e s t a b l i s h e d , v a r y i n g i n 

depth from a l m o s t z e r o km t o 16 km d e p t h . T h i s r e f r a c t o r was 

found b o t h b e n e a t h t h e C a l e d o n i a n f o r e l a n d and t h e o r o g e n i c 

b e l t r e g i o n s . I t was t e n t a t i v e l y i n t e r p r e t e d a s g r a n u l i t e 

f a c i e s L e w i s i a n metamorphic r o c k s ( S e c t i o n 4 . 7 » ) . A l t h o u g h 

s u c h a r e f r a c t o r h a s not been p r e v i o u s l y i d e n t i f i e d Arc'haen 

g r a n u l i t e s h ave been p o s t u l a t e d t o u n d e r l i e t h e L e w i s i a n o f 

n o r t h - w e s t S c o t l a n d and t h e c o n t i n e n t a l s h e l f (Watson, 1973)* 

G r a v i t y i n t e r p r e t a t i o n s a c r o s s t h e Ben S t a c k l i n e ( B o t t e t 

a l , 1972) i n d i c a t e t h a t p y r o x e n e g r a n u l i t e s s i m i l a r t o t h o s e 

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

b e n e a t h t h e l a x f o r d i a n t o t h e n o r t h . S i m i l a r l y , i t h a s been 

s u g g e s t e d by M c U u i l l i n and Watson (1973) t h a t t h e h i g h 

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

H a r r i s a r e n o t f u l l y e x p l a i n e d by t h e o u t c r o p p i n g p a r t i a l l y 

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

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

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

between t h e depth t o t h e P* r e f r a c t o r and t h e Bouguer a n o m a l i e s 

o v e r t h e c o n t i n e n t a l s h e l f ( s e c t i o n 'l • 7 •) • A l t h o u g h p a r t o f 

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

t h i c k n e s s a downward d e n s i t y i n c r e a s e o f about 0.05-*0.10g cm 

a t t h e Pg i n t e r f a c e i s n e c e s s a r y t o e x p l a i n t h e o b s e r v e d 

a n o m a l i e s . T h i s i s o f t h e same o r d e r a s t h e d e n s i t y 

v a r i a t i o n deduced, from g r a v i t y o b s e r v a t i o n s , f o r t h e 

l a x f o r d i a n and S c o u r i a n r o c k s (0.09 g cm ) a d j a c e n t t o t h e 

Ben S t a c k l i n e ( B o t t e t a l , 197 2) , and was l: aken t o s u g g e s t 

t h a t t h e P* r e f r a c t o r was a l a y e r composed o f g r a n u l i t e f a c i e s 

L e w i s i a n basement r o c k s . 
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Watson (1973) s u g g e s t e d t h a t t h e o r i g i n a l A r c h a e n 

g r a n u l i t e s were r e g e n e r a t e d t o a s l i g h t e x t e n t i n S c c u r i a n 

t i m e s t o g i v e r i s e t o t h e S c o u r i a n g n e i s s e s , and t h e n t o a 

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

c h a r a c t e r i s t i c b i o t i t e - g n e i s s a s s e m b l a g e s . Both t h e s e 

r e w o r k i n g s of t h e g r a m i l i t e s were c o n s i d e r e d t o be m e t a s o m a t i c 

p r o c e s s e s (Watson, 1973) w i t h t h e l o w e r l i m i t o f a l t e r a t i o n 

c o n t r o l l e d by t h e depth t o w h i c h a d e q u a t e p o r e f l u i d r e m a i n e d . 

The o b s e r v e d o u t c r o p p a t t e r n o f t h e remnant S c o u r i a n m a s s i f s 

i n d i c a t e s an inhomogeneous s t y l e o f r e w o r k i n g , p e r h a p s 

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

i n t e r f a c e between t h e l a x f o r d i a n r o c k s and t h e g r a n u l i t e s 

( t h e P" i n t e r f a c e ) i s p r o b a b l y s h a r p and d i s h a r m o n i c 

(Watson, 1973)* T h e s e deduced c h a r a c t e r i s t i c s a r e s i m i l a r t o 

t h o s e o b s e r v e d f o r t h e P* r e f r a c t o r b e n e a t h t h e s h e l f . 

H o l l a n d and L a m b e r t (1972) do n o t c o n s i d e r t h e S c o u r i e 

and L a x f o r d a s s e m b l a g e s t o be c o - g e n e t i c but on t h e b a s i s of 

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

a much l a t e r and l o w e r g r a d e s e t o f n i e t a s e d i m e n t s . However, 

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

a s u p r a c r u s t a l a s s e m b l a g e on top o f t h e p y r o x e n e g r a m i l i t e s 

does n o t d i s a g r e e w i t h t h e i n t e r p r e t a t i o n o f t h e P* r e f r a c t o r 

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

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

g r a n u l i t e s . 

The d e p t h t o t h e Moho was found t o be r e m a r k a b l y 

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

showing a v a r i a t i o n o f o n l y a few k i l o m e t r e s . T h i s i s q u i t e 

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

s t r u c t u r e . B e n e a t h b o t h t h e o u t c r o p p i n g basement r i d g e 
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( g r a v i t y h i g h A) and t h e a d j a c e n t deep s e d i m e n t a r y b a s i n 

( g r a v i t y low E ) a Moho d e p t h o f 26 km was found, and a de p t h 

o f 25 km b e n e a t h t h e M e s o z o i c s e d i m e n t a r y b a s i n s o u t h o f t h e 

S h e t l a n d I s l a n d s . T h e s e c r u s t a l t h i c k n e s s e s b e n e a t h t h e 

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

e x t e n d i n g t h r o u g h o u t t h e t o t a l t h i c k n e s s o f t h e c r u s t was n o t 

t h e mechanism o f f o r m a t i o n o f t h e b a s i n s , a s a t h i c k e r c r u s t 

would t h e n be fou n d . S i m i l a r l y t h e mean c r u s t a l t h i c k n e s s 

e s t i m a t e b e n e a t h t h e Moray F i r t h b a s i n (22-24 km) i n d i c a t e s 

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

t h e mean t h i c k n e s s d e t e r m i n e d f o r t h e C a l e d o n i a n o r o g e n i c 

b e l t c r u s t (29«5 km). C o l l e t t e (1963) d e m o n s t r a t e d by g r a v i t y 

and s e i s m i c r e s u l t s t h a t t h e c r u s t t h i n s b e n e a t h t h e N o r t h 

S e a B a s i n and t h a t t h e B a s i n i s p r o b a b l y i n i s o s t a t i c 

e q u i l i b r i u m . Assuming t h a t t h e c r u s t was a l s o i n i s o s t a t i c 

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

5-7 km i s n e c e s s a r y and C o l l e t t e (1968) a t t r i b u t e s t h i s 

t h i n n i n g t o a pha s e t r a n s i t i o n from l o w e r c r u s t a l b a s a l t o r 

gabbro m a t e r i a l t o t h e d e n s e r ec.log.ite p h a s e . The t r a n s i t i o n 

i s b r o u ght about by i n c r e a s e d t e m p e r a t u r e due t o tho s u r f a c e 

s e d i m e n t l o a d i n g . A l t h o u g h t h i s mechanism of b a s i n f o r m a t i o n 

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

t h e b a s i n s on t h e S c o t t i s h S h e l f i t i s i m p r o b a b l e . The 

c o n t i n e n t a l Moho i s most l i k e l y n o t a p h a s e t r a n s i t i o n boundary 

but r a t h e r a c o m p o s i t i o n a l boundary between t h e g r a n u l i t e s 

o f t h e l o w e r c r u s t and t h e u l t r a b a s i c r o c k s o f t h e upper m a n t l e . 

S i m i l a r l y t h i s mechanism ca n n o t e x p l a i n s u c h s m a l l b a s i n s a s 

o c c u r on t h e S c o t t i s h S h e l f w i t h o u t a l s o h a v i n g t o i n v o l v e 

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

A more s a t i s f a c t o r y b a s i n f o r m a t i o n mechanism r e l a t e d t o 

http://ec.log.ite
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c o n t i n e n t a l s h e l f s u b s i d e n c e h a s been put f o r w a r d by B o t t 

(1971) t o e x p l a i n t h e S c o t t i s h S h e l f b a s i n s . The b a s i n 

f o r m a t i o n i s t h o u g h t t o r e s u l t from t h e j u x t a p o s i t i o n o f 

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

p r e s s u r e between t h e two r e g i o n s , w h i c h p u t s t h e c o n t i n e n t a l 

c r u s t i n t o a s t a t e o f h o r i z o n t a l t e n s i o n . The r e s u l t o f t h i s 

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

(0-10 km) o f t h e c o n t i n e n t a l c r u s t and s t e a d y s t a t e c r e e p i n 

th e l o A f e r d u c t i l e p a r t o f t h e c r u s t . B o t t and Dean (1972) 

showed by f i n i t e element a n a l y s i s t h a t t h e p h y s i c a l c o n s t a n t s 

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

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

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

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

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

The l o c a l b a s i n s e s t a b l i s h e d on t h e s h e l f would r e s u l t from 

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

f a u l t i n g and r e p r e s e n t s p asmodic s u b s i d e n c e s u p e r i m p o s e d on 

t h e o v e r a l l g e n t l e s i n k i n g o f t h e c o n t i n e n t a l s h e l f . T h i s 

would r e s u l t i n a t h i n n e d c r u s t b e n e a t h t h e b a s i n s , a s was 

o b s e r v e d f o r t h e Moray F i r t h , but t h e s e l o c a l v a r i a t i o n s c o u l d 

t h e n be l e v e l l e d out by s i m i l a r c r e e p p r o c e s s e s a f t e r t h e 

B a s i n had been formed. The l a r g e s e d i m e n t a r y b a s i n on t h e 

S c o t t i s h s h e l f b e n e a t h t h e l i n e B s h o t s was i n t e r p r e t e d t o 

have been formed i n t h i s manner a s a s u b - s e d i m e n t a r y c r u s t a l 

l a y e r t h i n n i n g o f about 6 km was o b s e r v e d but w i t h t h e Moho 

a t t h e same depth o f 26 km as b e n e a t h t h e r e s t o f tho s h e l f . 

The mean c r u s t a l t h i c k n e s s o f 25-26 km e s t a b l i s h e d f o r t h e 

C a l e d o n i a n f o r e l a n d i s r e l a t i v e l y s m a l l f o r a c o n t i n e n t a l 

r e g i o n . A t h i n c r u s t i s a l s o c h a r a c t e r i s t i c o f t h e B r i t i s h 
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I s l e s s o u t h o f t h e main C a l e d o n i a n b e l t (Agger and C a r p e n t e r , 

1965; 3 1 u n d e l l and P a r k s , 1969; H o l d e r and B o t t , 1971), but 

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

t h i c k n e s s e s d e t e r m i n e d b e n e a t h t h e F a e r o e 1 l a t e a u ( B o t t e t a l , 

1974) and H o c k a l l P l a t e a u ( S c r u t t o n , 1970) a r e s i g n i f i c a n t l y 

g r e a t e r . S i m i l a r l y a t h i c k e r c r u s t a l e s t i m a t e (29«5 km) was 

d e t e r m i n e d f o r t h e C a l e d o n i a n F o l d b e l t w h i c h was i n t e r p r e t e d 

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

t h e S c o t t i s h C a l e d o n i d e s . 

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

w i t h i t a n o r m a l l e v e l o f u o u g u e r anomaly v a l u e s compared t o 

o t h e r a r e a s o f t h e B r i t i s h I s l e s and t h e R o c k a l l - F a e r o e 

P l a t e a u . T h i s i n d i c a t e s t h a t e i t h e r t h e c r u s t or u n d e r l y i n g 

upper m a n t l e must have an a n o m a l o u s l y low d e n s i t y . A low 

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

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

u n d e r l y i n g upper m a n t l e f o r m i n g t h e l o w e r p a r t of t h e 

t > t h o s p ^ e r e o r below must t h e r e f o r e be t h e low d e n s i t y r e g i o n . 

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

a c t i v i t y and u p l i f t w h i c h most p r o b a b l y i n v o l v e d a h i g h 

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

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

about 60 m y r r e s i d u a l high, t e m p e r a t u r e s , and t h e r e f o r e low 

d e n s i t i e s , c o u l d s t i l l e x i s t b e n e a t h t h e f o r e l a n d c r u s t . 

6. 3. The F a e r o e P l a t e a u 

A c o n t i n e n t a l c r u s t b e n e a t h t h e F a e r o e 1 l a t e a u i s 

s t r o n g l y i n d i c a t e d by t h e NASF r e s u l t s . Two d i s t i n c t basement 

v e l o c i t i e s were o b s e r v e d but bo t h were too h i g h t o be 

i n t e r p r e t e d a s e i t h e r s e d i m e n t a r y o r o c e a n i c l a y e r 2 v e l o c i t i e s 
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The v e l o c i t i e s were i n t e r p r e t e d a s r e p r e s e n t i n g c o n t i n e n t a l 
i 

metamorphic r o c k s and t he t r a n s i t i o n between t h e two a s a 

change i n metamorphic g r a d e . The h i g h e r v e l o c i t y ( a b o u t 6 km s " 

i s t y p i c a l o f t h e L a x f o r d i a n metamorphic basement p r e s e n t 

on t h e S c o t t i s h C o n t i n e n t a l S h e l f , but no v e l o c i t y c o m p a r a b l e 

t o t h e l o w e r v e l o c i t y ( 5 « 2 - 5 » 6 km s""^") was o b s e r v e d on t h e 

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

a l t h o u g h s u c h m a t e r i a l i s n o t fo u n d a d j a c e n t t o L e w i s i a n 

g n e i s s e s i n n o r t h - w e s t S c o t l a n d o r on t h e s h e l f , t h e basement 

t o t h e s o u t h and e a s t o f t h e i s l a n d was i n t e r p r e t e d a s 

composed o f s l a t e s . A G,k km s~^~ l a y e r a s o b s e r v e d b e n e a t h 

I c e l a n d was n o t found and t h e r e was no e v i d e n c e f o r t h e 

p r e s e n c e o f o c e a n i c l a y e r 3» The mean c r u s t a l t h i c k n e s s o f 

30 km i n d i c a t e s t h a t c o n t i n e n t a l m a t e r i a l must l i e b e n e a t h 

t h e F a e r o e P l a t e a u . 

The c o n t i n e n t a l n a t u r e o f t h e F a e r o e P l a t e a u i n c o n j u n c t i o n 

w i t h t h e c o n t i n e n t a l c r u s t e s t a b l i s h e d b e n e a t h R o c k a l l P l a t e a u , 

and s u g g e s t e d by v a r i o u s a u t h o r s b e n e a t h t h e i n t e r v e n i n g 

b a n k s , s u g g e s t s t h a t a l l t h e R o c k a l l - F a e r o e P l a t e a u i s most 

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

t h e o p i n i o n o f B o t t and Watts (1971) t h a t t h i s r e g i o n must be 

i n c l u d e d i n any c o n t i n e n t a l r e c o n s t r u c t i o n o f t h e N o r t h 

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

(1972) t h a t t h e a r e a t o t h e w e s t o f t h e w e s t e r n s l o p e o f t h e 

F a e r o e / S h e t l a n d C h a n n e l , i n c l u d i n g t h e F a e r o e P l a t e a u , i s 

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

The o r i g i n o f t h i s m i c r o c o n t i n e n t a l f r a g m e n t i s dependent 

on t h e n a t u r e and o r i g i n o f t h e i n t e r v e n i n g R o c k a l l T r o u g h and 

F a e r o e / S h e t l a n d C h a n n e l w h i c h w i l l be d i s c u s s e d i n t h e n e x t 

s e c t i o n . 
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6 .k The F a e r o e / S h e t l a n d C h a n n e l 

The most d i a g n o s t i c r e s u l t o b t a i n e d f o r t h e F a e r o e / S h e t l a n d 

C h a n n e l i s t h e c r u s t a l t h i c k n e s s e s t i m a t e o f 11-20 km. T h i s 

r a n g e i n t h i c k n e s s , compared t o t h o s e v a l u e s d e t e r m i n e d 

b e n e a t h t h e S c o t t i s h S h e l f ( s e c t i o n 4.4 ) and b e n e a t h t h e 

F a e r o e P l a t e a u ( B o t t e t a l , 1974)1 r u l e s out t h e p o s s i b i l i t y 

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

s u g g e s t s an anomalous o c e a n i c c r u s t s i m i l a r t o t h a t b e n e a t h 

I c e l a n d and t h e I c e l a n d - F a e r o e R i d g e . The two c r u s t a l 

v e l o c i t i e s o b s e r v e d b e n e a t h t h e c h a n n e l c o u l d be a t t r i b u t e d 

t o e i t h e r c o n t i n e n t a l o r o c e a n i c m a t e r i a l , b u t i t was a l s o 

n o t e d ( s e c t i o n 5 . 2 . 7 l t h a t both v e l o c i t i e s a r e s i m i l a r t o t h o s e 

m e a s u r e d b e n e a t h I c e l a n d ( P a l m a s o n , 1970) and t h e I c e l a n d -

F a e r o e R i d g e ( B o t t e t a l , 1971). 

As t h e r e s u l t s i n d i c a t e anomalous o c e a n i c m a t e r i a l b e n e a t h 

t h e c h a n n e l and a c o n t i n e n t a l c r u s t b e n e a t h t h e F a e r o e F l a t e a u 

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

(Dietz, 1961;Vine and Matthews, 1963 ) . i t i s most p r o b a b l e t h a t 

t h e c h a n n e l r e p r e s e n t s a r i f t between t h e E u r o p e a n and 

G r e e n l a n d p l a t e s i n t h e o p e n i n g o f t h e N o r t h A t l a n t i c . An 

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

and s e i s m i c r e f l e c t i o n e v i d e n c e b e n e a t h R o c k a l l Trough 

( S c r u t t o n , 1972; Himsworth, 1973). V i n e (1966) s u g g e s t e d 

t h a t t h i s r e l a t i v e l y deep w a t e r a r e a was formed a s a s p r e a d i n g 

c e n t r e a s t h e ^ u l l a r d e t a l (1965) r e c o n s t r u c t i o n o f t h e N o r t h 

A t l a n t i c i n d i c a t e d t h a t R o c k a l l P l a t e a u was c o n t i n e n t a l i n 

n a t u r e . S i m i l a r l y L e P i c h o n e t a l (1971) and L a u g h t o n (1971) 

b o t h s u g g e s t e d t h a t R o c k a l l T r o u g h opened n e a r t h e t i m e o f t h e 

i n i t i a l s p l i t o f t h e N o r t h A t l a n t i c , b u t t h e l a t t e r a u t h o r 

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



r a t h e r than as a spreading c e n t r e . 

6 .5 Discussion o f the Faeroe Plateau and Faeroe/Shetland 
Channel r e g i o n 
Since the Rockall-Faeroe Plateau has been e s t a b l i s h e d as 

a m i c r o c o n t i n e n t a l fragment and oceanic m a t e r i a l found t o 
u n d e r l i e the Faeroe/Shetland Channel and, probably, Rockall 
Trough, a remaining problem i n i n t e r p r e t i n g these two deep 
water areas as zones o f opening i s the absence o f normal ocean 
f l o o r magnetic l i n e a t i o n s . However, magnetic q u i e t zones of 
about kOO km w i d t h are found along both sides o f the North 
A t l a n t i c ( H e i r t z l e r and Hayes, 1967) and have been explained 
i n a number o f ways (Pitman and Talwani, 1 9 7 1 ) , i n c l u d i n g ocean 
c r u s t formed i n the normal manner but durin g a p e r i o d o f 
constant p o l a r i t y of the earth's magnetic f i e l d . Magnetic 
anomaly evidence has been used w i t h the r e s u l t s o f the Joides 
d r i l l i n g ( s i t e 105) (Pitman and Talwani, 1971) t o i n d i c a t e a 
time o f i n i t i a l s p l i t of the North A t l a n t i c of about 180 myr 
ago. This date agrees w i t h a T r i a s s i c q u i e t p e r i o d suggested 
by Burek ( 1 9 7 0 ) . Himsworth (1973) suggested t h a t the W y v i l l e -
Thomson Rise separating R o c k a l l Trough from the Faeroe/Shetland 
Channel was formed d u r i n g the T e r t i a r y igneous p e r i o d by 
e x t r u s i o n o f lava through vents i n the ocean f l o o r . No 
d e f i n i t e age could be e s t a b l i s h e d f o r the Wyville-Thomson Rise 
but i f t h i s hypothesis i s c o r r e c t , then i t appears probable 
t h a t Rockall Trough and the Faeroe/Shetland Channel were formed 
simultaneously as one oceanic area. The c o n t i n e n t a l margins 
around t h i s oceanic area were also i n d i c a t e d by Himsworth (1973) 

on the basis o f seismic r e f l e c t i o n and bathymetry evidence* 
No r e c o n s t r u c t i o n o f the European p l a t e was attempted by 
c l o s i n g R o c k a l l Trough and the Faeroe/Shetland Channel but an 
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approximate d i r e c t i o n of opening was i n d i c a t e d . This evidence 
suggests t h a t the Faoroe/Shetland Channel opened at the same 
time and t o g e t h e r w i t h R o c k a l l Trough, and t h e r e f o r e probably 
about 180 myr ago at the i n i t i a t i o n o f s p l i t t i n g of the North 
A t l a n t i c . The f o r m a t i o n of Ro c k a l l Trough can be dated from 
anomaly 32 as at l e a s t p r i o r t o 80 myr ago. 

A f u r t h e r c o n s t r a i n t on the time o f fo r m a t i o n of the 
Faeroe/Shetland Channel may be pr o v i d e d by the s h e l f 
subsidence and basin f o r m a t i o n mechanism put forward by B o t t 
(1971) and discussed i n s e c t i o n 6 . 2 . According t o t h i s 
hypothesis basin f o r m a t i o n begins a f t e r the i n i t i a t i o n o f 
s p l i t t i n g and so the age of the sedimentary basins on the 
S c o t t i s h Shelf should provide the age of s p l i t t i n g along the 
Faeroe/Shetland Channel. However, the time of basin subsidence 
on the s h e l f can only be deduced from the age o f the sediments 
i n the basins, and i t i s probable t h a t the ol d e s t sediments 
found, T o r r i d o n i a n sandstone ( D r o w i t t , 1972; M c Q u i l l i n and 
Binns, 1973)1 were downfaulted i n t o the basins. Hallam (1972) 

presumes t h a t sedimentation was discontinuous i n the major 
basins and t h a t the l a t e s t phase o f subsidence c o r r e l a t e s w i t h 
the i n i t i a t i o n o f spreading at the Rekjanes Ridge about 60 myr 
ago. However, H a l l and Smythe (1973) note t h a t the T e r t i a r y 
s t r u c t u r e of the basins was probably c o n t r o l l e d by previous 
s t r u c t u r a l f e a t u r e s and cannot be d i r e c t l y r e l a t e d t o the 
i n i t i a t i o n of spreading at the Rekjanes Ridge. I t was also 
suggested by these authors t h a t a d e t a i l e d s t r a t i g r a p h y of the 
s h e l f basins must be e s t a b l i s h e d by d r i l l i n g before a c o r r e l a t i o n 
can be obtained w i t h the i n i t i a t i o n o f r i f t i n g . However, i t 
appears t h a t Permo T r i a s s i c sediments are the ol d e s t b a s i n 
deposits ( M c Q u i l l i n and Binns, 1973) which would i n d i c a t e t h a t 



subsidence began about 250-200 myr ago, 

6,6 Summary of the formation of the NE North A t l a n t i c 

The formation of the NE North A t l a n t i c appears to have 

begun with an i n i t i a l s p l i t of the Uockall-Faeroe I l a t e a u from 

the European p l a t e along the - i o c k a l l Trough and Faeroe/Shetland 

Channel. T h i s s p l i t most probably occurred at the same time 

as the s e p a r a t i o n of the North American c o n t i n e n t from A f r i c a , 

about 180 m y r s ago. Following the i n i t i a t i o n of spreading 

subsidence and b a s i n formation probably began on the margin of 

the European p l a t e to produce the c o n t i n e n t a l s h e l f and 

sedimentary b a s i n s observed i n t h i s r e g i o n . S i m i l a r l y , 

subsidence must have occurred to the west of the s p l i t as 

presumably the '.lockall-Faeroe P l a t e a u was then an upstanding 

m i c r o c o n t i n e n t a l fragment. The subsidence of the Hatton-

R o c k a l l B a s i n has been documented by data from the Deep Sea 

D r i l l i n g P r o j e c t (D.S.D.P. S c i e n t i f i c S t a f f , 1970) and occurred 

i n v a r i o u s stages between 55-10 m y r ago. T h i s subsidence was 

t h e r e f o r e not r e l a t e d to the i n i t i a l s p l i t along the R o c k a l l 

Trough and Faeroe/Shetland Channel, but mav have been, caused by 

f r a c t u r i n g due to the i n i t i a l doming probably formed on the 

i n i t i a t i o n of spreading along the Rekjanes Ridge ( B o t t , 1973; 

Brooks, 1973)* The i n i t i a t i o n of spreading along the Rekjanes 

Ridge has been dated from anomaly 2k to have commenced about 

60 m y r ago ( H e i r t z l e r et a l , I968) which c o r r e l a t e s w i t h the 

development of the Thulean igneous province (65-50 in y r ago). 

Bott (1973) has e x p l a i n e d t h i s c o r r e l a t i o n of igneous a c t i v i t y 

and the i n i t i a t i o n of spreading as caused by a s i n g l e c o n v e c t i v e 

overturn of the asthenosphere of r e l a t i v e l y s h ort d u r a t i o n . 

T h i s would produce a hot magma s a t u r a t e d upper asthenosphere 



and cause -'doming of the l i t h o s p h e r e above. Dyke i n t r u s i o n 
i n the s t r e t c h e d l i t h o s p h e r e then d r i v e s the p l a t e s a p a r t . 
Since the t e r m i n a t i o n of the igneous a c t i v i t y about 50 m y r ago, 
the European p l a t e has continued t o move away from the Greenland 
p l a t e by spreading at the Rekjanes Ridge. Intense igneous 
a c t i v i t y i s s t i l l present beneath I c e l a n d . 

6 .7 C r i t i c i s m of NASP and suggested f u r t h e r work 
The North A t l a n t i c Seismic P r o j e c t was i n general very 

s u c c e s s f u l . C o n t i n e n t a l c r u s t a l s t r u c t u r e s were e s t a b l i s h e d 
beneath both the S c o t t i s h Shelf and the Faeroe Plateau, and 
anomalous oceanic m a t e r i a l was i n d i c a t e d beneath the Faeroe/ 
Shetland Channel. The exact nature of the m a t e r i a l beneath 
the Channel was not determined, and the p r o j e c t may have been 
improved on i n t h i s r e s p e c t . The great m a j o r i t y of the shots 
f i r e d along the channel on l i n e s CB and BC cons i s t e d o f small 
charges (25-100 l b ) , and were only observed at short ranges 
at the r e c e i v i n g ship s t a t i o n s over the channel. A f u r t h e r 
r e f r a c t i o n experiment using l a r g e r charges (600 l b ) , perhaps 
more w i d e l y spaced, i s needed t o r e s o l v e the nature o f the 
main c r u s t a l l a y e r beneath the Channel. However, i f t h i s l a y e r 
c o n s i s t s o f v a r i a b l e anomalous oceanic m a t e r i a l which may be 
a f f e c t e d by creep of lower c o n t i n e n t a l c r u s t from beneath the 
S c o t t i s h Shelf then i t may be very d i f f i c u l t t o r e s o l v e the 
exact s t r u c t u r e by seismic r e f r a c t i o n . 

A i r gun p r o f i l e r e s u l t s and wide angle r e f l e c t i o n s obtained 
over the Channel and now being processed at Durham should 
provide c o n t r o l on the sediments and sub-sedimentary l a y e r . 
This i n f o r m a t i o n could then be used i n c o n j u n c t i o n w i t h the 
l i m i t i n g v e l o c i t y and l a y e r thickness values obtained by NASP 
t o produce a g r a v i t y f i t model across the channel. As the 



Faeroe/Shetland Channel i s separated from R o c k a l l Trough by 
the W y v i l l e Thomson Rise a reversed seismic r e f r a c t i o n l i n e 
f i r e d along t h i s f e a t u r e could determine i f the two deep water 
areas are i n f a c t separated by only b a s a l t i c m a t e r i a l extruded 
over the oceanic c r u s t . 

Very good r e s u l t s were obtained from the North S c o t t i s h 
c o n t i n e n t a l s h e l f . Some of the r e c e i v i n g s t a t i o n s on the 
S c o t t i s h mainland and surrounding i s l a n d s d i d not f u n c t i o n 
w e l l f o r v a r i o u s shot l i n e s , but due t o the l a r g e number of 
s t a t i o n s no v i t a l i n f o r m a t i o n was l o s t . There was l i t t l e 
r c v e r s o d coverage of the upper c r u s t a l s t r u c t u r e over the 
s h e l f and t h i s could have been provided by more use of the 
r e c e i v i n g ships or sonobuoys. The r e c e i v i n g s t a t i o n time 
terms i n t h i s r e g i o n were very w e l l determined and should 
prove u s e f u l t o other c r u s t a l r e f r a c t i o n experiments around 
the B r i t i s h I s l e s . 

Both the R o c k a l l Plateau and the Faeroe Plateau have now 
been o s t a b l i s h e d t o be c o n t i n e n t a l i n nature and p r e l i m i n a r y 
g r a v i t y r e s u l t s i n d i c a t e t h a t t h i s i s also t r u e f o r the 
i n t e r v e n i n g banks. Further g r a v i t y i n t e r p r e t a t i o n s , and 
perhaps some seismic r e f r a c t i o n i n v e s t i g a t i o n s , over the 
banks and adjacent regions are r e q u i r e d t o f i r m l y e s t a b l i s h 
t h a t the Rockall-Faeroe Plateau i s one continuous submerged 
c o n t i n e n t a l r e g i o n . 
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APPENDIX A 

" NASP shot data 
I 

L i n e C p a r t s 1 and 2 

Shot' 
no. 

''Size 
" l b s . 

Shot 
Depth m 

Water 
Depth a 

Lat. Long. Shot Ins "Lai 
(GMT) 

1 69 69 58° 41'.31 " 05° 1.85'W 03 43 40.72 

2 300 8/f 8k 58° Vf'.36 05° 3-23*W 09 14 21.35 

3 ' 
4 

300 
300 

99 
91 

99 

91 

58° 43'.02 

58° kV -70 

05° 5-69'W 
05° 7-00'• 

Not yet 
available. 
15 57 16.43 

5 .> 300- 89 89. 58° 52'.25 • ' 0 5 ° 13.24' 10 39 43.55 
6 1200 i-Iisfire . - - 58° 5 V . 2 6 .05° 7.63«" • -
7 500 84 84 58° 57'.31 05° 11-36' 12 21 53.93 
8 300 84 84 58° 58'.37 05° 11.24' 13 03 19.26 

9 300 74 74 . 59° 1V-36 - 05° 12.87' 13 35 26.90 
10 300 79 79 59° V .56 - 05° 14.39* 13 53 35-16 
11 300 100 109 59° 7'.45 05° 16.08' 14 27 30.47 
12 ' 1200 123 . 123 \ . 59° 10'.33 0 5 ° - 1 7 . 7 7 ' 14 51 52.40 

13 '300 ?9 99 5 9 ° . 11;.. 72 05° 18.81« 15 12 46.79 
14 300 91 9'i. 59° 13/.57 05° 19.29' 15 46 58.13 

15 300 99 99 •' 59° 16».85 05° 20.53' 16 26 53.74 

16 500 . 100 101 59° 19*.27 05° 22.77' 17 07 32.67 

17 300 100 102 59° 22'.14 05° 29-31' 17 47 Tl-70 
18 1200 Misf ire - 59° 2 6 « . 5 5 . 05° 27-16' 

19 300 99 99 59° 29'.06 05° 29.03' 18 52 10.73 
20 300 100 102 59° 32'.52 05° 31.52' 19 22 14.97 
21 300 • 90 103 . 5 9 ° 3V-33 05? 32.50' 19 42 13.35 
22 300 . 100 105 59° 3 V . 3 5 05° 36.82' 20 22 20.11 

23 • 300 100 113 59* 37'-50 05° 39.01' 20 42 23.03 
24* 1200 139 139 59° 42«.50 05° 36.95' 21 16 37.26 

25 1200 320 383* 59° 45'-68 05° 39-47' 10 05 56.00 
26 600 115 452 59° 47'.05 05° '39-31' 10 36 >3.96 

27 600 170 573 59° 48'.84 05° 41.87' 11 07 54.5S 
2S 600 170 627 59° 50*.62 . 05° 41.91' 11 33 55.62 

29 600 160 843 59° .56'.20. 0 5 ° . 4 5 . 9 4 ' 12 12 53.03 

30 6C0 180 984 60° 01'.22 05° 50.30' 12 48 56.V0 
31 600 150 • 1107 60° 06'.41 . 05° 56.53' 13 22 50.62 
>2 600 ' 155 1167 60° 12«.17 05° 58.34' 13 53 03.15 

35 - 600 155 1P33 6o° is*.01 06° 00.66' 14 33 57-04 
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NASP 

lone C pt# 3 

at no. Size . Shot Water Lat„ Long. Shot Instant 
l b s . Depth Depth (G.M.T.) 

59 600 • 162 162 62° 38'.6 7° 26» .15 00 12 46.45 
58 300 103 103 62° 33*.1 7° 22' . 6 23 3° 52.57 
57 300 93 93 - - . Misf ire 
56 . 1200 101 101 62° 21«.3 7° 16».0 19 56 35.45 
55 300 88 88 62° 18'.17 7° 19'.7 20 17 47.74 
54A 300 72 72 62° 13'.2 7° 19*-25 20 47 30.56 
54B 1200 58 58 62° 10'.7 7° 19*-63 21 13 04.50 
54C 300 93 93 62° 12'.25 7° 23'.3 21 32 23-06 
53 300 - - ' - Misfire 
52 300 57 57 6 T 49'.50N 6° 31 '.217 09 19 53-82 
51 1200 . 60 60 .61° 45'-78N 6° 33'-ov/ Not yet avails 
50 600 55 . 55 61° 4l f.78N 6° 36'.35W 10 24 00.49 
9̂ 600 65 65 6T 3V.05N 6° 39' . 42V/ •|i 08 35.06 

48 300 55 55 61 • 29'.0CN 6° 40' . 17V/ 11 42 30.19 
47 300 61 61 61<» 25'.05N 6° 37:-931'/ 12 07 24-87 
46 300 95 95 61° 20'.34N 6° 34.81W 13 37 08.97 
h5 600 138 138 61° 15'.5CN 6° 31 -30V/ 14 12 31-54 ' 
¥ f 6oo 133 138 61° 10».59N 6° 29'-12W 14 47 28.79 
A 25 85 154 61° 08'-99N 6° 27'.46W 14 56 17.46 
B 25 . 85 11*2 6 T 07' -49N 6° 27-001,7 14 06 14.72 
C 25 85 138 61° 05 f-76N 6° 25';81. 15 16 10.74 
D 25 85 137 61- 03 f .08 6° 23'.6S- • 15 44 34.68 

43 .600 130 140 60° 55-79 6° 1 7 ' . £ 1 17 07 57.28 
E 25 So 140±10 60° 54.79 6° 18'^35 17 17 47.12 
F 25 8o 150±10 60° 52.79 6° 19'.i96 17 31 10.27 
G 25 8c 166^10 60° 51-31 6° 19159 17 41 10.64 
42 600 165 . 171 60° 49-86 6° I8i86 Not available 
Vl 6oo 155 195 60° 43-69 6° 18:'.03 . 

I / • 
18 37 26.81 

40 600 - - - • Misfire 

39 600 160 303 60° 38 f -15 6° 12*;. 47 19 24 31.99 . 
38 6oo 160 346 60° 33'-76 6° o8j'.45 19 >4 53.07 

37 600 160 338 6p° 30'.24 6° 07> -82 20 26 35.96 

36 600 170 440 60° 23'-90 6° oa'.oo 21 12 55.83 



Line B 
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Shojt Shot Position Shot Water Shot 
no'. l b s . L a t . Long. Instant Depth m Cepti 

(GMT) 
Depth m Cepti 

B1 600 6P° A ; •02V 6° 31' .94tf 11.38 37-44 50 50 
B2 300 . 62° 1" -42N 6° 22" .871/ 12.07 55.68 87 87 
B3 600 61° .56- •89N 6° 12' .26v/ 12.43 18.44 86 86 

B4 300 61° 54' .67N 6° 5' •59tf 13.07 21.04 127 120 

B5 600 61* 50; •93N • 5° 57' .80'.; 13.37 26.55 184 140 
B6 300 .61° 47" .61N 5° 48« .93W Misf ire Misf ire 

B7 300 6 T 46' •71N 5° 46' .i4w 14.17 27.76 240 120 

B8 300 61° 44' .64N 5° 40« .21W 14.37 24.86 209 120 

B9 300:. 61» 41' •68N 5° 30' .28w 15.12 25.96 182 120 

B10 600 61° 401 •28N 5° 25' .81W 15.27 25.32 182 140 
B11 600 6 T 38' .41N 5° 20" .OOV/ 15.47 32.01 253 140 

B12 600 61« 36' •6CN 5° ,41 •34W 16.07 19.15 287 140 

B'i3 600 61° 34' •76N 5° 8' .50W 16.27 52.05 258 140 

B14 600 61° 33" .42N 5° 4" •15W 16.42 08.02 . 210 140 

B15 600 61° 30' .99N 56' •69W 17.07 28.80 223 140 

• B16 600; 61» 271 .6ON 4° 48' •73W 17.36 56.21 322 140 

B17 600 61" 24' .15N 40 4QI •90W 18.07 09.44 651 140 

B18 COO 61° 21" .44N 40 36- •35W 18.27 07.36 850 140 

B19 600 61» 18' .18N 40 28' -40W 18.56 56.09 1023 140 

B20 600 6.1° 15' •27N 4° 20' .07W 19*27 06.88 1093 140 

^_B21 600 61* 12' .45N 4° 11' -83W ' 19.56 55r.87 1057 140 

B22 50 61» 11" .42N 4° 9' .07W 20.06 31.39 1040 ' 30 
B25 50 61° 10' .41N 40 6' .43W 20.16 13.42 '1057 30 

B24 50 61«» 9' •43N 4° '3 ' •74w 20.26 20.10 1089 30 

B25 600 - 61<> 8< •19N 40 0" .831/ Misf ire Misf ire 

_B26 600 6 T 6< •74N 3° 57' .28w 20.52 21.74 1135 140 

B27 25 61« 5" M5N 3° 53 '.48w 21.06 17.01 1126 80 

B28 25 61« .13N 3° 50' .88w 21.16 22.47 1145 80 

^ B29 600 6 l» 3 .04N 3° 48- •35tf 21.27 17.14 1125 140 

B30 25 61° 2" .05N 3° 45 .93U 21.36 22.16 1100 80 

B31 25 60° 40' .29N 40 36 '.35W 07.41 33-97. 108 80 

E32 2? 60° 38' .43N 4° 36 .56W 08.01 31.80 1077 80 

B33 25 60° 37' -39N 4° 33 •73W Misfire Misf ire 

B34 25 60° 36' .89N 40 32 '.20W 08.16 29.21 1061 80 

B35 25 60° 35" .90N 40 29 '.23W . 08.26 10.78 1050 80 
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V6 16 1-9 *45 90*01, . fl5£*. 62 o2 N£6* .*75 06S oo£ £92 
£8 • f t *76*2*7 9£*60 fl65* e2 • l££* .85 »65 oo£ 29a 

<78 l.£*90 40*60 fl£l.* «2 Nl.5* .1 0O9 oo£ 1.9a 
58 58 05*6£ 4£*80 " • fl50* ,25 o2 N98- .2 0O9 oo£ 09a 
*lOl £0l, 61.'82 <&*5U fi55*. 45 e2 K£2* .*7 0O9 002 65a 

OJCTJSTW WH* iO •£ rot*' .5 o09 oo£ 85a 
021. £9I> H.*9L 45*H m£* >5 o£ N25* >9 0O9 oo£ 45a 
021 95U *7£'9l- ££*H M£4* ,6 o£ N£*7* .8 e09 oo£ 95a 
02L 8£l> 64*4£ 42*H wo5* i£U o£ MD6" .6 009 oo£ 55s 
021. O£L *T5*82 41. *H fl62* i9t o£ H98" ,01. 009 oo£ *T53 
02U 221. 2£'9£ 40*H .61. 0 £ N94* i l l o09 oo£ £5a 
02L 92t 9*7*01. 4£*£t fl64* .1,2 o£ N£9 .21. o09 oo£ 25a 
021 £21 4l,*9£ 4*7*£L W72* .*72 e £ N19* . a 009 oo£ 15a 
41. U 4lk £4*5£ 4£*£U W*T5* .92 o£ N89" i*7l. o09 oo£ . o5a 
021. 021. ££*0£ 42*£l. A98* .82 o£ N64* •£L o09 oo£ 6*73 
021. 92V ¥7*52 2U'£l' . ft9*7° •2£ .£ K8*7* .41 o09 oo£ 8*ra 
021 *lH 80*81. 45*21. fl82* .95 e£ 2L* .61. o09 oo£ 4*73 
021 fl45* .4£ o£ iS9* .61. o09 oo£ 9*ra 
OH 422 6*7*52 Zl'UU w48" .85 o£ N42* .1.2 o09 009 5*73 
OH 6o£ 02*42 45*01, M2*7* i£*7 o£ N85* .22 009 039 ¥73 
OH 9MT 64*12 42*01, fl6*7* .25 o£ H6f .52 o09 009 £*TS 

CH 26*7 09*41, 4£*60 W98" il •*7 N65* .42 o09 009 2*73 
OH 449 £l,*2£ 42*60 iU o*7 N21" ,0£ o09 009 u+ra 
58 594 £6*9U 41*60 woo* . H o*7 N66* >0£ o09 oou 0*73 
o£ £58 25*8£ 90*60 A4O* .4U o*7 N96* ,U£ 009 05 -6£a 
OH 186 24*22 45*80 W9Q" •02 o*7 N46* ,2£ 009 009 8£a 
o£ ££oi. 5l.*¥7 9*7*80 fi£o* .£2 o*7 N96* ,££ 009 05 4£3 
08 8501. 68*01. 9£'80 fl£f • 92 o*7 ND6* .*7£ 009 52 9£s 

(lie) 
TRdact m ip^dsa q.ire^sir[ "Sucyj • ^ • B ^ »sqx •oxt 



Line D 
148 

Shot Size Shot Position Shot Shot Water 
no. lbs . Lat . Long. Instant Depth m Depth Long. 

(GMT) 

D1 600 Misfire '- -
D2 300 . 60° 10».57N 1° 43*.61W 15.47 09.70 80 80 

D3 300 60° V .33N 1* 50'.93W 16.17 02.61 60 60 
D4 300 60° 3'.98N 1° 58».66w 16.47 09.37 88 88 

D5 300 60° 0'.82N . 2° 06».44W 17.16 46.18 84 84 
D6 300 59° 56'.56N 2° 16».56W 17.56 50.53 100 100 

D7 300 59° 52*.13N 2° 26'.73W 18.37 14*09 86 86 
D8 300 59° 48'.26N 2° 36«.46w 19.16 57.62 82 82 

D9 300 59° 42'.78N 2° 47'.97W 20.06 52.23 80 80 
D10 300 59° 39'.13N 2° 53'.72W 20.37 05.46 84 84 
D11 300 59° 3V.45N 3° 0».73W 21.16 46.89 74 74 
D12 300 59° 29'.88N 3° 7'.07W 21.57 10.58 72 72 
D13 300 59° 27*.45N 3° 18'.31W 07.07 30.03 72 72 
D14 300 59° 23'.28N 3° 27f.82V7 07.47 16.33 9C 189 
D15 . 300 59° 19'.02N 3° 37'.OOtf 08.27 03.06 90 160 
D16 300 59° 14'.92N 3° 46'.05» 09.07 11.33 80 123 
D17 300 59° 10'.90N 3° 54'.75V 09.46 51-35 90 i13 
D18 300 59° 6'.73N 4° 3'.34W 10.26 57.63 84 84 
D19 300 59° V.14N 4° 13».60tf 12.27 04.37 50 50 
D20 300 58° 56'.67N 4° 21M7W 13-06 58.19 . 64 64 
D21 300 58° 52».69N 30'.08w 13.̂ 7 07.42 72 72 
D22 300 58° 48«.89K 4° 39'.90W 14.27 29ok0 • 76 76 
D23 300 58° 45'.32N 4° 50'.76w. 15.07 01.02 84 84 
D24 300 58° 37'.95N 5° 3»-35W 17.12 07.64 48 48 



149. 

NAS? 

Shot Details for Line E 

Shot 
no. 

Size 
lbs 

Shot 
Depth m 

Water 
.Denth, n 

Lat. Lonr Shot Instant 
G.M.T. 

1 500 43 43 57° 43.6' 02°03 .5 ' 14 53 46.20 
2 300 46 46 57° 46.2' 02°08 .4 ' 15 22 25.74 

600 97 97 57° 49.1' 02°^4>5' . 15 48 07.59 

4 300 70 70 57° 54.11 02°i7;.6' 16 22 13-94 

5 300 78 78 576 58.0' o2°2©.o» 
• / 

16 47 16.89 
6 600 67 67 • 58° 02.8' 02°2£.4' 17 17 40.78 

7 300 58' 58 58° 07.0' 02°2'9.0' 17 47 22.44 
8 300 52 52 58° 11.0' 02*35.5' 18 17 23.62 

9 600 44 58° 15.15' 02°42.0' 18 47 51.24 
10 Misfire 
11 11 

12 ii 

13 . 300 58 58 58° 20.8' 02°50.0« 20 37 48.14 
14 300 58 58 58° 21.3' 02°50.2' 20 56 44.24 

15 300 69 69 58° 24.5' 02°54.4' 21 22 51.87 
16 300 • 66 . 66 • 58° 27.5' 02°56.7« 21 42 02.57 

17 300 74 74 58° 33.0 02°59.7' 22 21 52.78 

0 



I 

NASP 
150. 

F u l l shot details for line CB part 1 shot .on 

July 15th 1972 

Shot Shot Shot Water Lat. Long. Shot .Instant 
no. lbs. Depth Depth GIIT 
1 50 • 50 1053 60° 01».05 06° 05»-3 13 32 

36 
2o.5o 

2 50 •50 1059 60° 01 •.60 06° 04' .5 15 
32 
36 27.90 

3 50 55 1065 60° 02'.17 06° 03'.1 13 41 3?-70 
4 25 80 1072 60° 02'.79 06° 01'.8 1p 46 09-75 
5 25 85 1081 60° 03'.47 06° 01' :.0 13 51 34.65 
6 25 85 10G3 60° 03V.99 05° 59' . 2 13 56 13.61 
7 25 Misfire 1077 
8 25 80 . 1031 60° 05'.25 05° 56'.62 14 06 16.31 
9 25 • 90 • 1077 

1081 
60° 05«.8o 05° 55'-5 14 11 22.14 

10 25 85 
• 1077 

1081 60° 06'.35 05° 54'.3 14 16 17.67 
11 25 90 

85 
1089 60° 06'.93 05° 52'.95 14 21 24.71 

lO.bO 12 25 
90 
85 1087 . 66° 07'.43 05° 51'.55 • 14 26 

24.71 
lO.bO 

13 25 85 1079 60° 07'.74 
oS'.oO 

05° 50'.01 
43'.60 

14 31 15-27 
14 25 90 1097 60° 

07'.74 
oS'.oO 05° 

50'.01 
43'.60 14 37 57.39 

19.60 15 25 85 1101 60° 09'.16 05° 47'.91 14 41 
57.39 
19.60 

16 25 90 1111 60° 09'.63 05° 46'.58 14 46 33.43 
17 25 95 1121 60°- 10*.33 05° 45'.46 14 51 24.71 
18 25 85 1135 60° 11'.00 05° 44'.33 

43'-18 
14 56 13.94 

19 25 90 1133 60° 11».6o 05° 
44'.33 
43'-18 15 01 35 93 

20 25 95 . 1129 60° 12'.26 05° 42'.07 
40'.89 
39'.73 
33'.55 

15 06 24.89 
21 . 25 90 1142 60° 12».85 05° 

42'.07 
40'.89 
39'.73 
33'.55 

15 11 22.52 " 
22 1 50 50 1138 60° 13'.47 05° 

42'.07 
40'.89 
39'.73 
33'.55 

15 16 31-42 
23 50 50 1132 60° 14'.06 05° 

42'.07 
40'.89 
39'.73 
33'.55 15 21 30.66 

24 50 50 1134 60° 14'.66 05° 37'.35 15 26 34.65 
25 100 95 1126 60° 15'.22 05° 36'.04 15 31 53-09 
26 100 90 1116 60° 15'.82 05° 34'.76 15 36 47.97 
27 100 85 1116 60° 16'.41 . 05° 33'-49 15 41 42.23 
28 100 75 1110 60° 17'.01 05° 32'.20 15 46 32.30 

58.15 29 200 100 1101 60° 17'-73 05° 31'.56 15 51 
32.30 
58.15 

30 200 115 ' 1034 60° 13'.79 05° 28'.46 16 02 30.50 
31 50 . 55 1102 60° 19«.93 05° 26'.20 •16 11 36.14 
32 200 1079 60 6 21'.50 05° 21'.31) Timing system f. 33 200 1181 60° 22'.64 05° 18'.34) Timing system f. 
34 200 115 1030 60° 23 f .60 05° 16'.40 17 17 12.10 
35 200 115 1109 60° 24'.67 05° 13'.92 17 27 16,96 
36 200 120 1117 60° 25'.72 05° 11'.41 17 37 20.29. 
37 300. 115 969 60° 26'.87 05° 08'.99 

03'.82 
17 47 
18 07 

11.54 
38 300 115 '*88 60° 29'.16 05° 

08'.99 
03'.82 

17 47 
18 07 27.81 

>9 yr> 95 :1003 60° 31*.04 04° 58'.13 13 25 51.01 
40 300 90 1041 60° 34'.01 04° 54'.25 18 46 48.52 
41 300 105 1052 60° 36'.46 04° 49 : .50 

44.85 
19 07 09.24 

42 300 104 1077 60° 39'.25 04° 
49 : .50 
44.85 19 a/ 25.23 

43 300 
600 

104 1189 60° 41'.29 04° 38.95 19 47 16.64 
44 

300 
600 100 1204 60° 45 f .36 04° 32'.21 20 16 44.30 

45 600 120 10S9 60° 48'.60 04° 2V.10 20 47 56.14 
45 600 125 1093 60° 51' .9? 04° 16-.37 21 17 03.13 
47 600 125 1107 60° 55'.24 04° 08 '.34 21 47 25.10 
48 600 100 1112 61°- 01•.52 03° ^5'.92 22 37 00.00 



151. 

NASP 

Line CB part 2, July 16th, 197'2 

Shot Shot Shot " Water L a t . Long. Shot Instant 
no. l b s . Depth Depth GMT 

1 50 65 1157 61° 08'.08 03° 42'.31 10 11 55.46 
2 50 • 65 1160 61° 07*.70 03° 43' .20 10 16 53-14 
•3 50 65 1164 61° 07 : .26 03° 44' .24 10 21 54.24 
*f 25 115 1164 61° 06'.93 03° 45' .05 10 26 46.85 
5 25 120 1164 61° 06'.53 03° 45' •51 10 31 45-27 
6 25 110 1162 61° 06« .12 03° 46' .88 10 36 40.52 
7 25 110 1159 61° 05'.76 03° 4?' .68 10 41 37.11 
8 25 120 1156 61° 05'-48 03° 48' .55 10 46 46.64 
9 25 110 1152 61° 04*.77 03° 50' .39 10 56 39.50 

10 25 110 1145 61° 04'..04 C3° 52' .22 1,1 06 50.97 
11 25. 110 1140 61° 03».37 03° 53' .94 11 16 39.83 
12 25 95 1134 61° 02*.65 03° 55' .71 11 26 31.35 
13 25 110 1134 61° 02'.36 03° 59' .49) / 

14 25 100 1130 61* 01'.66 04° 00' .88) 
15 50 70 1127 61° 01'.05 04° 02' .33) liming system fi 
16 50 85 1128 61° 00*.48 04° 03' .84) 1 
17 50 . vo 1126 60° 58'.64 04° 08' -12) 1 
18 50 75 1122 60° 57'.36 04° 09« .71) 1 

115 04 19 50 70 1116 60° 55'.03 04° 10' .87 
1 

115 04 12.75 
20 50 65 1115 60° 55'.28 04° 10' -34 15 12 02.32 
21 50 60 1116 60° 54'.59 04° 11' .92 ; 15 22 05-89 
22 50 60 1112 60° 53*.85 04° 13' .67 15 31 5-2.05 
23 50 65 1114 . 60° 53'.33 04° 14' -74 ,; 15 39 03.02 
24 50 60 1114 60° 52'.64 04° 16' .04 , 15 46 57.73 
25 50 70 1113 60° 52'.30 04° 16' .91 ' / 15 53 21.07 
26 50 65 1112 60° 51'.50 04° 18- .53: ; 16 02 26.30 
27 100 110 1113 60° 51'.09 04° 19' .45 • I 16 07 24.75 
28 100 105 1112 60° 50'.28 04° 211 .01 • ) 16 17 04.44 
29 100 110 1110 60° 49'.46 04° 221 .63 1 16 27 20.18 
30 300 105 1108 60° 48'.45 04° 24' .59 • Tinn.ng fa i lure 
31 200 100 1106 60° 47'-29 04° 26' .62 i 16 52 08.33 
32 200 110 1105 60° 45'.97 04° 29' .09" •• 17 07 08.91 
33 200 95 1103 60° 45'.20 04° 30' .86 17 16 47-11 
34 200 85 1087 -60° 40'.08 04° 41' .82 18 26 40.39 
35 200 105 1081 60° 39'.10 04° 43* .74 18 37 00.60 
36 200 100 1071 60° 38'.11 04° 45' .70 • 18 46 56.67 
37 300 120 1063 60° 37'.14 04° 47 .62 18 57 11.66 
38 300 95 1042 60° 35'.20 04° 51 '.54 19 16 51.02 
39 300 105 1034 60° 33'.20 04° 55 .42 19 37 09.77 
40 300 100 998 60° 31*.25 04° 59 .49 19 57 13.33 
41 300 115 968 60° 29'.37 05° 03! ..83 20 17 23-63 
42 300 110 T69 60° 27*.51 05 0 08 '.19 20 37 18.10 
43 500 85 1156 60° 22'.59 05° 17 .26 21 47 01.72 
44 300 • 120 . 979 60° 20 l-58 05° 21 '.35 22 08 22.64 
45 600 175 1112 60° 16'.03 05° 52 '.23 23 12 53.52 
46 600 175 T<34 60° 13'.80 05° 38 '.54 23 42 58.14 
47 600 170 1'i48 60° 11'.50 05° 44 '.62 00 12 58.79 
48 600 170 1123 60° 09'.33 05° 50 ».59 00 42 42.39 
49. ' 600 165 1110 60° 07'.16 05° 55 ».13 Timing fa i lure 
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APPENDIX B 

The f i r s t a r r i v a l t r a v e l time data f o r a l l the NASP shot 

p o i n t s and r e c e i v i n g s t a t i o n s c o n sidered i n t h i s T h e s i s . 

S t a t i o n I G S 1 Ifocarrac'fceJjwSket <M«I V£fc er <(e|J 

Shot Range (km) Observed t r a v e l t i m e t s ) 

D2 253 .69 36 .67 
D3 244.63 35.87 
D4 2 3 5 . 1 3 34 .38 
D5 225.84 33 .28 
D6 2 1 3 . 5 5 31.77 
D7 2 0 1 . 0 0 3 0 . 0 2 
D8 189.44 28 .58 
D9 174.61 26 .88 
D10 1 6 6 . 0 5 2 6 . 0 2 
D l l 1 5 5 . 3 2 24 . 34 
D12 145 . 2 1 2 3 . 2 1 
D13 1 3 4 . 3 1 2 1 . 5 7 
D14 1 2 2 . 4 5 2 0 . 1 4 
D15 1 1 0 . 6 9 1 8 . 7 2 
Dl6 9 9 . 2 1 1 6 . 8 3 
D17 88.07 14 .88 
D13 76 .80 1 3 . 0 1 
D19 6 2 . 5 5 1 0 . 8 0 
D 2 0 5 1 . 5 5 9 . 0 7 
D21 40.26 7 . 1 3 
D22 23 .62 5 . 1 9 
D 2 3 1 7 . 0 1 3 . 1 2 
D24 3 .59 0 . 7 5 
C I 7 . 4 5 1 . 5 2 
C 2 13 . 2 7 2 . 3 0 
C4 2 0 . 2 7 3 . 8 0 
C5 30.37 5 . 0 4 
C7 38.54 6 .68 
C8 40 .40 7 .06 
C 9 46.15 7 .87 
CIO 5 2 . 2 8 9 . 0 7 
C 1 3 6 6 . 2 1 1 1 . 3 5 
C14 69 .63 11 . 9 7 
C 1 5 75.84 13.14 
Cl6 80 .73 1 3 . 8 2 
C 1 7 87.60 1 4 . 7 9 
C 2 0 I O 6 . 6 5 1 7 . 6 9 
C 2 1 1 1 0 . 1 4 1 8 . 3 1 
C 2 2 1 1 2 . 3 0 10 . 8 9 
C 2 3 1 1 7 . 6 3 1 9 . 8 1 
C24 125.88 21.11 
C 2 5 1 3 2 . 2 2 2 1 . 9 1 
C26 1 3 4 . 6 0 22 . 36 
C 2 7 138.48 2 2 . 3 7 
C28 141.65 22 . 8 6 
C29 1 5 2 . 6 6 2 3 . 8 5 
C 3 1 1 7 3 . 7 3 27 . 0 8 



1 5 3 . 

C32 l84 . 4 o 28 .98 
C36 206 .19 31.24 
c'n 245.65 36 .10 
B26 283.27 41.55 
B29 278.44 40 .80 
B38 217.73 33 .29 
B39 216 .39 31.84 
B40 215.19 32.39 
B 4 l 21'*. 16 3*2.31 
B42 211.66 32 .20 
B43 209.87 31.96 
B44 208.07 31 .41 
D45 207.34 31.13 
B47 204.58 31.15 
B48 203 .22 50.66 
B49 201.81 30.34 
B50 200.90 30 .39 
B51 200.11 30.52 
B52 199.55 30.'+5 
B53 199.36 30.42 
B54 199.18 30 .40 
B59 198.45 29 .52 
B60 199.53 29 .75 
B 6 l 202.27 29 .92 
B62 202.55 30.66 
B63 268.78 30.56 
B65 204.50 30 .89 
B66 209.53 31.44 
B67 218.02 32.72 
B68 229.75 34.32 
B69 23'i .60 34.92 
B70 241.97 35 .79 
E6 165.64 25 .87 
E7 157.52 25.^1 
E8 140.89 23 .90 
E9 140.34 22.71 
E l 4 129.45 21 .53 
E15 124.11 20 .41 
E l 6 120.86 19 .62 
E17 116.67 19.26 
CB42 221.05 34 .29 
CB43 226.60 34.93 
CBVl 230.79 36 .09 
CB45 239.53 36.42 

S t a t i o n IG52 

D2 319.64 44.77 
04 301.20 42 . 2 3 
35 291.92 41.03 
° 6 279 . 67 39 .62 
°7 267.20 39 .31 
u 8 255 .63 36.77 
09 240 .99 35.02 

232.74 34.10 
011 222 . 47 32 .60 
012 212 . 8 9 31^99 
013 201 . 4 9 30.16 



Dl4 189.75 28 .53 
D15 175 . 1 9 26 .97 
^16 166.89 26 .22 
"17 155-97 24.12 
Dl8 145.01 23 .19 
019 131 .43 21 . 5 4 
D20 121.21 20 . 0 6 
"21 110.32 18 .28 
D22 93.82 16.29 
U23 86.61 I 4 . ' i 3 
"24 7 0 . 6 4 11.52 
CI 73 . 94 12.21 
C2 74 .85 12.42 
C4 74 . 4 6 12 . 4 0 
C5 74.20 12 . 3 9 
C7 81 . 69 13 .49 
C8 83.12 15 .74 
C9 85 .95 14.10 
CIO 89 .45 14.75 
C l l 92 .66 I S . 42 
C13 97 . 67 16.42 
C14 100 . 3 3 16 .99 
C15 104.98 18 .15 
C l 6 107 .97 10 . 1 3 
C17 110 . 18 18.40 
C20 127 . 4 ? 20 . 87 
C21 I I O . 3 8 21.SI 
C22 130.13 21 . 76 
C23 134.36 22 . 57 
C2'l 143 . 8 3 23 .55 
C25 149.02 24. "55 
C26 151.53 24.52 
C27 154.28 25 .06 
C31 184.68 28.01 
B26 283.27 41 . 5 5 
B29 278 . 44 40 . 8 0 
B39 256.07 36 .99 
B43 256.12 37 .09 
B44 256.67 36 .90 
B57 256.96 37.07 
B60 26O.85 37 . 69 
B 6 l 264 . 7 9 37 . 85 
BG2 266.56 38.O6 
B63 268.19 38.95 
E6 229.4-5 33 .98 
E7 222 .42 32.95 
E8 214 . 7 9 32.37 
214 198 .13 30.57 
E15 193 . 6 4 29 .63 
E16 191.20 29 .72 

S t a t i o n IGS5 

"4 448 . 08 61 .25 
° 5 459.15 60.14 
D6 427 . 35 58 .50 
D7 415.25 57 . 8 4 
08 404.29 56.57 
° 9 389.95 54 . 84 



D10 381.35 54 . 0 3 
D l l 3 7 0 . 5 0 5 2 . 0 8 
D12 3 6 0 . 1 5 51.52 
Dl4 339 .75 40 . 1 3 
D15 3 2 8 . 6 5 47 . 27 
Dl6 3 1 7 . 9 2 46 . 20 
D17 307.53 44 . 60 
DlS 2 9 6 . 9 8 ^3 . 3 7 
D20 2 7 2 . 9 0 40.40 
D 2 I 2 6 2 . 7 6 39 . 32 
022 252 . 71 3 7 . 7 3 
D23 2 4 2 . 9 1 3 6 . 2 6 
D24 2 2 6 . 1 3 33.95 
CI 232.52 35 . 15 
C2 237.57 3 7 . 6 5 
C4 2 4 2 . 5 6 35.49 
C5 249 . 28 3 6 . 3 1 
C7 2 5 8 . 8 7 3 7 . 6 5 
C8 2 6 0 . 8 2 37.94 
C9 2 6 5 . 8 9 42.74 
CIO 271.41 39.47 
C l l 276.35 4 0 . 0 8 
C13 2 8 3 . 6 5 4 0 . 2 1 
Cl4 2 8 6 . 9 5 41.54 
C15 2 9 2 . 7 6 42.47 
Cl6 2 9 6 . 8 6 42 . 10 
C17 3 0 1 . 2 4 43.24 
C21 3 2 3 . 5 I 45.86 
C22 323 .85 46.49 
C23 3 2 8 . 5 6 47 . 16 
C24 3 3 7 . 9 8 48 . 26 
C25 3^3 .65 48.74 
C26 346 .19 48 . 9 8 
E l 2 7 2 . 2 9 39 . 62 
E 2 2 6 9 . 8 3 39 . 17 
E 3 2 6 6 . 7 1 3 8 . 9 7 
E5 269.79 39 . 3 7 
E6 271.56 39 . 56 
E 7 2 7 1 . 2 5 39 . 63 
E8 2 7 0 . 3 6 39.35 
El4 2 7 1 . 3 0 39.52 

S t a t i o n DU1 

D2 36.64 6 . 7 9 
D3 4 4 . 3 8 7 . 9 8 
D'i 5 2 . 9 0 9.40 
I>5 61.41 1 0 . 6 7 
D6 7 3 . 0 1 1 2 . 3 0 
D7 8 5 . 0 9 1 4 . 2 7 
D8 9 6 . 2 2 1 6 . 2 8 
D9 110.84 1 8 . 5 3 
° 1 0 1 1 9 . 5 0 1 9 . 9 3 
° 1 1 1 3 0 . 4 1 2 1 . 2 9 
012 1 4 0 . 7 8 2 2 . 6 5 
° 1 3 1 5 0 . 9 0 2 3 . 9 3 
D14 1 6 2 . 6 0 25^40 
° 1 5 1 7 4 . 2 5 2 6 . 8 2 



1 5 6 . 

Dl6 1 8 5 . 6 2 2 8 . 3 2 
D17 1 9 6 . 6 8 2 9 . 8 2 
Dl8 2 0 7 . 9 0 31.'+3 
D19 222 . 1 7 33.11 
D20 2 3 3 . 1 9 34.49 
D21 244 . 3 9 35 . 8 3 
D22 255 . 9 3 37.14 
D23 2 6 7 . 8 6 3 O . 7 0 
D24 2 8 6 . 1 7 4 o . 95 
Bio 205.84 3 1 . 7 9 
B17 1 9 6 . 6 0 3 0 . 2 6 
Bl8 1 9 0 . 6 1 2 9 . 5 1 
B21 1 6 3 . 3 9 2 7 . 4 4 
B22 1 6 0 . 3 1 2 6 . 5 0 
B23 1 5 7 . 3 4 2 6 . 6 7 
B2-'t 1 5 4 . 3 6 2 5 . 3 7 
B26 146.92 2 4 . 1 2 
B28 1 3 9 . 6 0 22. 92 
B29 1 3 6 . 6 7 22 . 6 0 
B30 1 3 3 . 9 1 22 . 4 7 
B34 1 6 3 . 3 4 2 7 . 0 8 
B35 1 6 0 . 5 3 2 6 . 9 3 
B36 1 5 7 . 6 2 2 6 . 1 6 
B37 1 5 4 . 7 3 2 5 . 4 3 
B38 1 5 1 . 9 6 24 . 9 0 
B39 149 . 2 1 2 4 . 4 3 
B40 146.40 2 4 . 52 
B 4 l 143 . 7 6 2 5 . 6 0 
342 135.44 23.04 
B43 1 2 7 . 1 5 2 1 . 7 0 
B44 1 1 9 . 3 7 2 1 . 0 9 
B45 115.57 1 9 . 9 6 

1 9 . 8 0 B47 H i . 90 
1 9 . 9 6 
1 9 . 8 0 

B48 111 . 0 8 1 9 . 0 1 
B49 1 0 8 . 5 9 1 8 . 1 8 
B50 1 0 7 . 0 6 1 8 . 2 5 
B51 1 0 5 . 6 0 1 8 . 1 3 
B52 104.01 1 8 . 1 3 
B53 102.14 1 7 . 8 3 
B54 100.34 1 7 . 5 9 
B55 9 8 . 6 1 1 7 . 0 4 
B56 96.51 16.54 
B57 94 . 1 0 15.41 
B59 90.32 1 4 . 8 8 
B60 8 7 . 4 9 14.47 
B6l 8 3 . 1 7 14.04 
B62 8 2 . 0 1 1 4 . 0 8 
B63 8 2 . 3 4 1 5 . 5 6 
B65 8 3 . 8 2 14.37 
B66 80.72 1 5 . 8 7 
B67 7 5 . 3 5 1 3 . 1 6 
B63 70.70 1 2 . 8 3 
B69 70.32 13 . 7 9 
B70 7 1 . 5 6 1 3 . 0 2 
E3 3 0 0 . 7 1 42 . 7 0 
E4 291.90 41 . 8 5 
E5 2 8 5 . 0 7 40 . 7 5 
E l 4 2 4 9 . 0 7 3 5 . 8 3 
E 1 5 244.58 3 5 . 3 0 
E 1 7 2 3 1 . 2 7 34.00 



157. 

S t a t i o n IJU2 

02 147.76 2"5.8o 
D3 139.06 22 .51 
D4 130. Ori 21.39 
D5 121.41 20.44 
D6 110.08 l t l . 61 
D7 93.67 16.82 
d8 88 . 7 1 15 .00 
D9 75 .91 12 .88 
010 68.15 11.72 
D l l 58.61 9.92 
D12 49.86 8.64 
D13 46 . 6 8 8 .05 
Dl4 42.. 65 7.29 
D15 41 . 44 7 .11 
Dl6 43.57 7 .63 
D17 48.17 8.36 
D18 54.59 9.49 
D19 64 . 14 11 .01 
D20 72 .34 12.42 
D21 82.25 14 . 07 
D22 93.25 15.74 
D23 105.25 17.74 
D24 121.54 20 .09 
CI 116.95 19.43 
C2 116.41 19 . 26 
C4 119.88 19.62 
C5 122.41 20.21 
C7 119.41 19 .73 
C8 119.13 19 . 67 
C9 120.42 19 . 8 2 
CIO 121.85 20 .02 
C l l 123 . 69 20 .38 
C13 127 . 02 21.14 
Cl4 127 . 9 5 21.31 
C15 130.21 21.79 
C16 133.17 22 .05 
C17 140.46 23.14 
C20 148.36 23 .99 
C21 150.46 23.81 
C22 154.60 25.72 
C23 158.41 25.17 C24 160.58 25 . 16 
C27 170.20 25 . 9 3 C 4 l 259 . 43 37 .28 
B16 285.96 40 . 2 2 
B17 277.59 39.92 
B26 236.03 35 .28 
B29 227 . 77 34 .10 
B44 153.23 24 . 96 
B45 149 . 95 24.74 
B47 145 . 56 24 . 0 8 
B48 141 . 93 23 .49 
B'19 138.31 22 .99 
B50 135.95 22.66 
B51 133.71 22 .52 
B52 131.63 22.34 
B53 129 . 7 8 22 .13 



B54 
B55 
B56 
B57 
B59 
B60 
B 6 l 
B65 
B66 
B67 
B68 
B69 
E l 
E2 
123 
E4 
E5 
e6 
E7 
E8 
E9 
E I 3 
E15 
E i 6 
E17 

127.92 
125.99 
12.".14 
120.32 
115.65 
113-64 
112.36 
IOO .69 
103.92 
110.53 
119.78 
123 . 54 
159 .78 
153 .49 
146 . 3 2 
136.55 
128.94 
119.42 
110.23 
101 .18 

92.02 
80.02 
72 .49 
66 .65 
56.14 

S t a t i o n DU3 

D2 412.99 
D4 39^.74 
D5 385.67 
D6 373.66 
D7 361.39 
D8 350.22 
D9 335.67 
D10 327.02 
D l l 316.12 
D12 305.74 
D13 296 .05 
Dl4 284.65 Dl8 240 . 8 9 
D19 227.07 
D20 216.34 
D21 205 .88 
D22 195.45 
D23 185.21 
D24 168.06 
C8 200.86 
C9 205.86 
CIO 211.33 
C l l 216.23 
C13 223.47 Cl4 226.47 
C15 232.55 Cl6 236.63 

21 .93 
21 .40 
21.28 
19 .95 
19 .52 
19 .01 
17 .01 
17 .07 
17.46 
18 .33 
20 .44 
21 .18 
26 .76 
25 .78 
24 .71 
22 .96 
22 .11 
20 .59 
19.66 
18 .21 
16 .50 
13 .99 
12.64 
11 .91 
10 .62 

56.86 
54 . 2 3 
53 .65 
52.07 
50 .39 
48 . 7 3 
47 .34 
46.34 
45 .01 
43 .79 
42 . 4 7 
40 . 87 
35.36 
33.84 
32.48 
31.24 
30 .03 
29 .15 
26 .52 
32 .63 
33.41 
34 .19 
34 .83 
36 .15 
36.84 
37.70 
33 .67 



S t a t i o n DU4 

C4l 14*1 .01 24 . 7 3 
C45 83 .75 15 .73 
C46 74.37 13 .85 
C47 65 .30 12.36 
C48 57.78 11 . 07 
C49 48 . 5 8 9 .15 
C50 35 .15 6 .73 
C52 24 .25 4 .99 
C5'lA 36.78 7.20 
C5(tB 34.11 6.53 
C54C 38.38 7 .39 
C55 ^3.75 8.17 
C56 46 . 6 3 8 .87 
C58 68 . 5 9 12 .43 
C59 79.11 14 . 2 4 
B l 15.94 3.18 
B2 22.09 4.24 
B3 31 .70 6 .09 
B4 38.30 7 .35 
B5 46 . 96 9.22 
B8 65 .82 12 . 87 
B9 76.10 14 . 6 5 
BIO 80.8O 15.51 
B l l 86.96 16 .65 
B12 92.96 17 .85 
B13 99.12 19.02 
Bl4 103.70 19 .78 
B16 1 2 0 . 9 k 22 . 0 8 
B17 130.23 23 .12 
B18 136 .33 23 . 7 6 
B19 145 .50 24.76 
B20 154.78 26.43 
B21 163.81 27.67 
Al 48 . 4 8 .97 
A2 54.6 10.04 
A3 64 . 4 11 . 8 7 
A4 75 .3 13.46 
A 5 85 .6 15 . 2 3 
A6 97 .9 17.02 

S t a t i o n UKAEA 

D2 11 . 6 1 2 . 4 0 
D3 20 . 66 4.02 
D4 30.14 5.61 
D5 39.43 7 .16 
D6 51.73 9 .23 
D7 64 . 2 8 11.30 
D8 75 .85 13.14 
D9 90 . 67 15 .36 
DIO 99.22 16.78 
D l l 109.99 18.41 
D12 120.19 19 . 8 7 
D13 130.97 21 . 57 
Dl4 142 . 8 3 22.86 
D15 154 .59 24 . 3 8 
D16 166.07 25.84 



Dl? 177.21 27 . 2 9 
Dl8 188 .49 28 .83 
D19 202 .75 30.41 
D20 213.73 31 .89 
D21 225.02 33.03 
D22 236.72 34 .82 
D23 248 .89 36.34 
D24 267.12 38.54 
C2 258.92 36.57 
C5 256.86 36.48 
C7 249.67 35.53 
C8 248 .40 35 .25 
C16 237.12 33 .90 
C17 240 .28 34.28 
C20 234 .49 33 .47 
C21 235 .15 33 .53 
C22 237 .63 33.77 
C23 237.94 33.82 
C31 242 . 5 9 35 .64 
C32 243 . 4 4 35 .98 
C54A 378.20 51 .88 
C5kC 380.20 52 .35 
C55 383.70 52 .39 
C56 384.30 52.55 
C58 401 . 80 54.71 
C59 410 . 40 55 .72 
Dl 334.61 47 .13 
B2 325.36 45.76 
B3 312.93 44.27 
B4 305.78 43.37 
B5 296.20 42 .30 
B7 283.31 40 . 8 9 
B8 276.84 39 .50 
B9 266.52 38.87 
BIO 261.80 37.94 
B l l 255.60 37.40 
B12 249.57 36 .85 
B13 243 . 3 9 36 .13 
B l4 238 .81 35.74 
B16 221.39 32.90 
B17 211 .98 31 .33 
B l 8 205.76 31.04 
B19 196.46 30 .62 
B20 187.26 2 9.42 
B21 178.22 28 .25 
B22 175.09 27 .65 
B23 172.07 27 .28 
B24 169.05 26 .75 
B26 161 .43 25.19 
B29 150 . 9 0 24 . 6 9 
D31 172 . 96 26 .39 
B32 172 . 31 27 .12 
B35 164.75 26 .80 
B36 161.59 26.11 
B37 158.47 25 .26 
B38 155.44 24 . 7 5 
B39 152.40 24 . 2 5 
B40 149 . 31 24.15 
B 4 l 146.41 23 . 52 



B i 2 1 3 7 . 2 9 2 2 . 9 9 
B ? 3 1 2 8 . 1 5 2 1 . 3 6 
B * Z i 1 1 9 . 3 1 2 0 . 2 0 
B / *5 114 . 9 2 1 9 . 8 0 
B 5 1 1 0 1 . 0 8 1 7 . 2 8 
B 5 2 9 8 . 9 2 1 6 . 8 8 
p 5 ' i 9 4 . 0 9 1 6 . 1 9 
?55 9 1 . 7 1 15 . 7 4 
B 5 6 8 8 . 6 2 1 5 . 3 4 
Q 5 7 8 5 . 0 8 3.3.76 
B 5 9 7 9 . 1 8 1 2 . 8 8 
B ° ° 7 5 . 0 1 12.?,7 
B 6 l 6 8 . 9 5 1 1 . 2 7 
B ° 2 6 5 . 1 3 1 1 . 1 8 
B ° 3 6 2 . 8 8 I O . 9 0 
B ° | 6 1 . 3 0 I O . 8 7 
B f 6 5 7 . 0 9 1 0 . 1 8 
B67 5 0 . 3 2 9 . 1 1 
B 5 d 4 3 . 8 9 8 . 2 3 
B 6 9 43.09 8 . O 7 
07O 4 4 . 3 7 3 . 2 8 
CB1 2 5 1 . 8 4 3 7 . 3 7 
C B 8 242 . 8 9 3 6 . 1 2 
C B 9 2 4 1 . 7 3 3 6 . 0 2 
C B 1 1 2 3 9 . 1 9 3 5 . 5 7 
C B * 2 2 3 7 . 8 2 3 5 . 6 1 
CB22 2 2 6 . 1 9 34.23 
C B-24 2 2 3 . 8 6 3 4 . 0 9 
C B 2 5 2 2 2 . 6 2 3 4 . 1 2 
CB26 221.41 3 3 . 7 1 
C 0 2 7 23,0.42 3 3 . 6 2 
C B 2 8 2 1 9 . 0 1 3 3 . 4 3 
CB29 218.41 3 3 . 4 7 
C 0 3 O 215 . 5 4 3 3 . 1 2 
C B 3 l 213.48 3 2 . 7 4 
CB34 2 0 4 . 6 8 3 1 . 6 1 
C B 3 5 2 0 2 . 5 2 3 1 . 2 0 
CB36 2 0 0 . 3 5 3 0 . 8 5 
C B 3 8 1 9 4 . 0 0 2 9 . 9 3 
C B 3 9 1 8 9 . 2 4 2 9 . 4 7 
C B ? ° 1 8 6 . 5 5 2 8 . 8 8 
C B i l 1 8 3 . 0 9 2 8 . 6 2 
C B / * 2 130.03 2 8 . 3 5 
C B ? 3 1 7 5 . 7 2 2 7 . 9 9 
C B ^ 1 6 2 . 8 7 2 5 . 8 5 
CB47 1 5 8 . 9 0 2 5 . ^ 7 
B J i 1 5 2 . 2 6 2 4 . 6 3 
B C - f 1 5 2 . 8 5 2 4 . 7 0 
B C o 1 5 3 . 2 2 2 4 . 8 0 
SC7 153.40 2 4 . 7 1 
B J S 1 5 3 . 7 1 2 4 . 8 6 
B J 9 1 5 4 . 2 7 2 4 . 8 2 
B C 1 ° 1 5 4 . 8 3 24 . 9 5 
B C 1 1 1 5 5 , 3 9 2 5 . 1 7 
B C 1 9 1 6 0 . 5 5 2 5 . 6 0 
B C 2 1 1 6 2 . 0 9 2 5 . 9 0 
B C 2 3 1 6 3 . 1 0 2 6 . 0 7 
B C 2 / ± 1 6 3 . 5 6 2 5 . 9 8 
B C 2 9 1 6 6 . 3 2 2 6 . 3 6 



BC31 1 6 8 . 3 0 2 6 . 6 7 
BC32 1 6 9 . 6 2 2 6 . 7 5 
BC33 1 7 0 . 7 0 2 6 . 9 5 
BC34 177.71 2 8 . 0 5 
BC36 1 8 0 . 3 2 2 8 . 3 6 
BC37 1 8 1 . 6 5 2 8 . 4 3 
BC38 1 8 4 . 4 9 2 8 . 7 4 
BC39 1 8 7 . 3 6 2 9 . 1 7 
BC40 1 9 0 . 5 3 2 9 . 5 0 
3C41 1 9 4 . 0 4 2 9 . 9 7 
"C4P. 1 9 7 . 6 3 3 0 . 3 1 
BC47 230.84 3 4 . 5 4 
BC48 2 3 6 . 6 3 3 5 . 0 4 
E2 2 7 8 . 1 8 4r . .36 
E3 2 7 3 . 5 8 3 9 . 6 2 
E4 2 6 4 . 8 3 3 8 . 6 5 
E5 2 5 8 . 0 4 3 7 . 7 8 
IS13 2 2 3 . 7 8 3 3 . 6 2 
E l 4 2 2 2 . 9 6 3 3 . S 3 
E15 2 1 8 . 6 6 3 2 . 8 2 
E l 6 2 1 4 . 2 1 3 2 . 0 6 
A l 3 8 9 . 5 0 5 2 . 6 7 
A2 3 9 6 . 0 0 54 .35 
A3 4 o 4 . 8 o 5 5 . 4 6 
A4 4 1 6 . 7 0 5 6 . 4 8 
A 5 4 2 7 . 1 0 57 .73 

S t a t i o n UAB 

02 2 8 9 . 6 3 41 . 7 0 
D3 2 8 0 . 7 5 3 9 . 9 9 
D4 2 7 1 . 4 8 3 9 . 2 3 
D6 2 5 0 . 5 9 3 6 . 8 7 
D7 2 3 8 . 4 5 3 5 . 3 1 
08 227 . 4 4 3 4 . 0 8 
09 2 1 3 . 0 8 3 2 . 1 7 
0 1 0 2 0 4 . 4 8 3 2 . 0 4 
OH 1 9 3 . 6 3 29.71 
012 1 8 3 . 2 8 2 8 . 8 2 
Dl4 1 6 3 . 1 2 25 . 8 7 
D15 1 5 2 . 2 2 24 . 5 4 
D16 141 . 7 8 2 2 . 9 7 
D17 1 3 1 . 7 7 2 1 . 8 5 
D18 1 2 1 . 7 5 2 0 . 0 7 
0 1 9 1 0 9 . 0 0 1 8 . 2 3 
D20 9 9 . 2 4 16.71 
D21 9 0 . 5 2 1 5 . 1 8 
D22 8 2 . 7 4 13.90 
D23 7 6 . 5 6 1 2 . 7 8 
D24 6 5 . 7 9 1 0 . 8 0 
c i 7 1 . 3 2 1 1 . 7 6 
C4 7 8 . 2 0 1 3 . 5 8 
c 5 9 3 . 9 7 1 5 . 1 7 
C7 1 0 2 . 4 1 1 6 . 5 9 
C9 1 1 0 . 0 3 1 7 . 9 3 
c i o 1 1 6 . 1 5 1 9 . 1 3 
C l l 1 2 1 . 7 5 1 9 . 4 7 
C13 1 3 0 . 0 8 2 0 . 9 4 
C l ' * 1 3 3 . 5 1 2 1 . 8 7 



C15 1 3 9 . 7 1 22. 97 
C i 6 144 . 6 0 2 3 . 6 1 
C17 1 5 1 . 5 2 24 . 3 5 
C20 1 7 0 . 5 3 2 7 . 1 9 
C21 174.0 .1 2 7 . 4 7 
C24 1 8 9 . 7 5 2 9 . 6 3 
C26 198.48 3 2 . 2 5 
D17 3 7 1 . 0 2 5 1 . 7 9 
Bl8 3 6 6 . 0 2 5 1 . 6 5 
B4l 2 7 2 . 2 6 3 9 . 7 4 
B42 2 6 8 . 7 0 3 9 . 8 2 
B43 2 6 5 . 7 2 3 9 . 2 1 
B44 2 6 2 . 6 5 38.70 
B47 2 5 7 . 9 5 3 8 . 2 3 
B49 2 5 3 . 8 3 3 7 . 5 4 
B50 2 5 2 . 4 7 37.127 
B55 2 4 7 . 9 5 3 7 . 1 9 
B57 245 . 6 0 3 6 . 3 9 
B59 2 4 5 . 9 4 3 6 . 1 5 
B60 243 . 8 5 3 6 . 2 2 
B 6 l 245.00 3 6 . 3 3 
B66 244 . 0 7 3 5 . 8 9 
B67 2 5 1 . 3 2 3 7 . 0 5 
B68 2 6 1 . 1 0 3 8 . 3 2 
B69 2 6 4 . 9 4 3 8 . 9 3 
B70 2 7 0 . 6 5 3 9 . 6 0 
E l 1 6 1 . 2 9 2 6 . 0 6 
E2 1 5 5 . 3 9 25.48 
E3 1 4 8 . 3 0 2 4 . 3 5 
E5 1 4 0 . 3 6 2 3 . 5 2 
E6 1 3 6 . 3 9 2 2 . 8 1 
E7 1 3 0 . 8 2 22 . 0 6 
E9 1 1 9 . 4 3 2 0 . 1 7 
E13 1 1 3 . 9 1 19.66 
El4 1 1 3 . 9 6 1 9 . 5 6 
E15 111 . 7 9 1 9 . 0 7 
E17 1 1 3 . 2 3 1 9 . 0 3 

S t a t i o n ULA 

D10 2 2 8 . 0 8 33 . 7 6 
D l l 2 1 7 . 5 4 3 2 . 8 6 
D12 2 0 7 . 4 5 3 1 . 5 8 
D13 1 9 9 . 5 9 3 0 . 3 3 
D15 1 7 9 . 5 3 2 7 . 5 9 
D16 1 7 0 . 1 4 2 6 . 5 1 Dl8 1 5 2 . 3 5 2 4 . 7 0 
D19 141 . 1 0 2 3 . 2 0 
D20 1 3 2 . 5 4 2 1 . 0 6 
D21 1 2 5 . 3 7 22 . 0 9 
D22 1 1 9 . 3 2 2 0 . 7 2 
D23 1 1 4 . 8 5 1 9 . 5 0 
D24 1 0 5 . 6 8 1 7 . 9 5 
E2 1 3 2 . 9 9 22 . 6 7 
E3 127.04 2 1 . 6 3 
E4 1 2 4 . 7 1 2 1 . 2 0 
E6 1 2 2 . 0 6 21.00 
E7 119.04 2 0 . 6 5 
E8 1 1 5 . 7 9 2 0 . 0 8 



S t a t i o n UBL 

D2 372.64 5 1 . 5 5 
06 3 3 7 . 2 5 4 7 . 1 2 
D7 3 2 6 . 3 6 4 5 . 9 1 
D9 3 0 3 . 9 7 4 3 . 0 8 
D10 2 9 6 . 0 1 4 2 . 1 9 
D l l 2 8 5 . 9 6 40 . 8 3 
D12 2 7 6 . 3 2 3 9 . 9 4 
D13 2 6 9 . 7 1 3 9 . 4 5 
Dl4 2 6 0 . 5 2 3 8 . 2 1 
D15 2 5 1 . 4 5 3 6 . 9 0 
Dl6 242 . 9 4 3 5 . 7 4 
D17 2 3 4 . 8 6 3 5 . 2 3 
D l 8 2 2 6 . 7 9 3 4 . 2 8 
D19 2 1 6 . 4 1 3 2 . 9 8 
D20 208.42 3 1 . 7 2 
D21 2 0 1 . 7 8 3 0 . 9 4 
D22 1 9 6 . 0 7 3 0 . 1 5 
D23 1 9 1 . 5 7 29 . 7 3 
024 1 8 1 . 5 8 2 8 . 2 8 
C4 1 9 9 . 9 1 3 0 . 8 0 
C7 2 1 8 . 2 0 3 3 . 2 2 
C8 2 2 0 . 0 6 3 3 . 1 1 
C9 2 2 5 . 8 1 3 4 . 2 2 
CIO 2 3 1 . 9 3 3 4 . 9 1 
c n 2 3 7 . 5 3 3 5 . 7 9 
C13 2 4 5 . 8 6 3 7 . 1 3 Ci4 249.29 3 7 . 4 3 
C15 255.48 3 8 . 1 0 
Ci6 2 6 0 . 3 9 3 7 . 9 0 
C17 2 6 7 . 3 2 59.41 
C20 2 8 6 . 3 2 41 . 8 3 
C21 2 8 9 . 8 0 4 2 . 0 8 
C22 2 9 1 . 9 5 4 2 . 5 4 
C 2 3 2 9 7 . 2 7 4 3 . 1 2 
C24 3 0 5 . 5 4 4 3 . 9 7 
C25 3 1 1 . 8 8 4 4 . 5 8 
C2.6 3 1 4 . 2 6 44 . 8 8 
C28 3 2 1 . 3 1 4 5 . 6 5 
C32 3 6 4 . 0 6 5 1 . 3 5 
C36 3 8 5 . 8 4 

3 8 1 . 5 8 
5 2 . 7 2 

B 4 l 
3 8 5 . 8 4 
3 8 1 . 5 8 5 3 . 0 4 

B42 3 7 6 . 9 3 5 2 . 7 8 
B43 3 7 2 . 7 4 5 3 . 1 5 
B44 3 6 8 . 3 7 5 1 . 3 7 
B45 3 6 6 . 2 6 5 1 . 5 4 
B48 3 5 9 . 7 8 5 0 . 3 5 
B49 3 5 7 . 0 3 4 9 . 9 6 
E l 1 4 4 . 7 0 2 3 . 8 6 
E2 1 4 2 . 9 5 2 3 . 9 1 
E3 1 4 0 . 8 8 2 3 . 5 9 
E4 1 4 4 . 0 1 24 . 0 2 
E5 146 . 8 9 2 4 . 6 3 
E6 1 5 0 . 5 7 2 4 . S6 
E7 1 5 2 . 5 0 2 5 . 2 9 
E8 1 5 4 . 1 9 2 5 . 3 4 
E14 1 6 2 . 2 6 2 6 . 2 9 



165 

S t a t i o n HHP 

014 5 0 9 . 5 5 6 9 . 8 9 
D15 4 9 8 . 4 6 6 8 . 3 3 
D16 4 8 7 . 7 2 6 7 . 2 6 
» 1 7 4 7 7 . 2 9 6 6 . 1 6 
D19 4 5 3 . 0 8 6 3 . 2 1 
D20 442 .47 6 1 . 7 7 
° 2 1 4 3 2 . 1 7 6 0 . 8 0 
B22 4 a l . 8 9 5 8 . 6 1 
° 2 3 411 .71 5 7 . 5 6 
° 2 4 3 9 4 . 4 9 5 5 . 3 6 

S t a t i o n Lfijl (Edinburgh 3 component s e t ) 
c 2 3 3 3 . 1 5 46 . 28 
c 5 350.24 48 . 8 2 
c 9 365.95 50 . 15 
cio 3 7 2 . 0 5 5 1 . 2 3 
C15 3 9 5 . 5 0 53.92 

S t a t i o n LN4 (Auchinoon H i l l ) 

E l 226.29 33.99 
E 2 2 2 8 . 9 6 34.67 
E 3 231.93 35-08 
E / i 239.77 36.OO 
E5 245 . 99 3 6 . 8 6 
E 6 253.64 37.75 
E8 2 6 5 . 6 8 39.47 
E9 272.04 4 0 . 6 0 
E 1 3 2 8 1 . 1 8 41.27 
El** 2 8 2 . 0 7 41 . 6 2 
E15 287.44 42.04 

S t a t i o n LN5 ( B l a c k h i l l ) 

° 2 4 4 9 . 7 6 61.41 
° 3 4 4 2 . 3 0 6 1 . 1 5 
D4 4 3 4 . 6 1 5 9 . 2 6 
° 5 4 2 7 . 3 5 5 9 . 2 3 
° 6 4 1 7 . 7 7 5 6 . 8 1 
D7 4 0 8 . 0 2 5 6 . 5 2 
0 8 3 9 9 . 5 5 5 6 . 2 6 
I>9 3 8 8 . 0 8 5 4 . 5 8 
° 1 0 3 8 0 . 7 6 5 3 . 4 7 
° H 3 7 1 . 5 1 5 1 . 6 0 
° 1 2 3 6 2 . 5 9 5 0 . 8 8 
° 1 3 3 5 7 . 5 4 5 0 . 5 3 
Dl'i 3 4 9 . 6 0 4 9 . 9 1 
° 1 5 341 .73 48 . 94 
D 1 6 334.41 4 7 . 7 6 
° 1 7 3 2 7 . 4 7 46 . 8 9 
0 1 8 3 2 0 . 5 0 46 . 1 8 
D19 311.41 4 4 . 7 9 
° 2 0 304 .35 44.04 
° 2 l 2 9 8 . 7 1 43^78 
° 2 2 2 9 3 . 9 5 42 . 8 2 
D23 2 9 0 . 3 2 4 2 . 7 3 



1 6 6 . 

D24 2:'.1.13 4 1 . 4 4 
CI 2 8 6 . 5 3 4 2 . 0 5 
C2 2 9 2 . 3 2 4.?..92 
C4 2 9 9 . 3 7 4 3 . 3 8 
C5 3 0 9 . 3 2 4 4 . 6 6 
C8 3 1 9 . 4 3 4 5 . 9 8 
C9 3 2 5 . 1 7 47.22 
CIO 3 3 1 . 2 8 4 7 . 3 8 
C15 3 5 4 . 7 8 5 0 . 7 4 
C i 6 3 5 9 . 7 0 5 1 . 3 3 
C17 3 6 6 . 7 7 5 1 . 8 6 
C22 3 9 1 . 3 8 5 4 . 7 1 
C23 3 9 6 . 7 1 5 5 . 2 7 
C24 404 . 84 5 6 . 5 1 
C26 4 1 3 - 5 5 5 6 . 6 9 
C27 4 1 7 . 4 6 5 8 . 2 9 
B44 4 5 9 . 8 6 64.11 
E l 1 8 6 . 7 5 2 9 . 4 3 
E2 1 8 8 . 7 5 2 9 . 5 7 
£ 3 191.00 3 0 . 1 6 
E4 1 9 8 . 3 0 3 0 . 8 5 
E5 204 . 1 5 3 1 . 8 9 
E6 2 1 1 . 3 7 3 2 . 8 0 
E7 2 1 7 . 0 7 3 3 . 7 5 
E8 222 . 4 5 3 4 . 3 3 
E9 228.41 3 4 . 9 3 
E 1 3 237.14 36.IO 
E l 4 2 3 8 . 0 2 3 6 . 1 5 
E l 6 248 . 3 8 3 7 . 2 5 
E 1 7 2 5 8 . l l 3 8 . 5 9 

S t a t i o n LN6. (Gala Law) 

D3 4 7 7 . 5 0 6 5 . 6 9 
D4 4 7 0 . 5 4 64 .75 
D5 4 6 4 . 0 2 6 3 . 8 9 
D6 455.42 63.46 
D7 446.71 6 2 . 5 0 
D8 4 3 9 . 2 5 6 0 . 9 0 
D14 3 9 5 . 1 4 5 5 . 3 8 
D17 3 7 6 . 3 8 52.84 
D18 3 7 0 . 5 1 5 2 . 1 7 
D19 3 6 2 . 7 8 5 l . 4 l 
D22 348.68 4 9 . 5 2 
D23 346.31 4 9 . 2 7 
D24 338.71 4 7 . 9 8 
CI 3 4 3 . 7 5 4 7 . 9 2 
C2 3 4 9 . 4 7 48 .61 
C4 3 5 6 . 6 1 4 9 . 9 5 
C5 3 6 6 . 7 7 5 1 . 1 2 
C7 3 7 4 . 5 9 5 2 . 2 0 
C8 3 7 6 . 3 5 5 2 . 3 8 
C9 3 8 2 . 0 5 5 3 . 2 9 
CIO 388.08 5 3 . 9 3 
C15 4 1 1 . 3 5 5 6 . 9 3 
C17 4 2 3 . 6 8 5 8 . 0 5 
C22 4 4 8 . 1 2 6 0 . 8 9 
C23 4 5 3 . 4 7 6 1 . 9 7 
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1 6 7 . 

C24 4 6 1 . 2 1 6 2 . 9 4 
C26 4 6 9 . 8 6 6 3 . 9 7 
C27 4 7 3 . 8 5 6 4 . 7 6 
B44 5 0 6 . 2 0 6 9 . 8 0 
E l 2 1 1 . 9 0 3 2 . 4 8 
E 2 21=:.72 32 . 9 3 
E3 2 2 0 . 0 8 3 3 . 6 6 
E4 2 2 8 . 8 7 3 4 . 7 4 
E5 2 3 5 . 7 9 3 5 . 5 9 
E6 244.32 3 6 . 7 7 
E7 2 5 1 . 6 7 3 7 . 9 6 
E8 2 5 8 . 7 6 3 8 . 90 
E9 2 6 6 . 3 2 3 9 . 5 6 
E 1 3 2 7 6 . 8 5 41 . 2 4 
E l 4 2 7 7 . 7 8 41 . 3 9 
E16 2 8 9 . 4 9 4 2 . 5 3 

S t a t i o n LN8 (Broad Law) 

D3 4 3 9 . 4 8 6 7 . 7 0 
D4 482.27 6 5 . 7 3 
D5 4 7 5 . 5 1 6 5 . 5 3 
D6 4 6 6 . 5 8 6 4 . 0 2 
D7 4 5 7 . 5 1 6 4 . 0 0 
DQ 449.69 6 2 . 7 3 
D9 4 3 9 . 0 1 6 1 . 8 3 
D12 414 . 84 5 9 . 4 8 
D13 410 . 6 0 5 7 . 5 1 
D l 4 4 0 3 . 3 5 5 7 . 5 0 
D15 396.14 5 5 . 7 6 
D16 3 8 9 . 4 6 5 4 . 9 6 
D17 3 8 3 . 1 3 5 3 . 5 2 
D18 3 7 6 . 7 6 5 3 . 7 8 
D19 3 6 8 . 3 8 5 2 . 1 2 
D20 3 6 1 . 8 3 5 1 . 5 3 
D21 3 5 6 . 7 3 5 1 . 3 7 
D22 3 5 2 . 5 1 5 0 . 6 0 
B23 349.41 5 0 . 1 1 
D24 340 . 8 0 • 4 8 . 5 4 
C4 3 5 8 . 9 4 5 1 . 0 7 
C5 3 6 8 . 9 7 5 1 . 8 9 
CIO 390.72 5 5 . 9 3 
C15 414 . 1 6 5 8 . 6 1 
C22 4 5 0 . 8 4 6 2 . 7 3 C24 464.13 6 4 . 9 3 B44 514.24 7 0 . 2 1 

S t a t i o n LN9 (Craigowl H i l l , Dundee) 

04 2 7 9 . 9 6 40 . 6 8 
C5 2 9 0 . 2 0 41 . 6 7 
07 2 9 7 . 7 6 4 2 . 6 0 
c i o 3 1 1 . 1 1 4 4 . 2 3 
C15 3 3 4 . 2 3 4 7 . 2 0 
022 3 7 1 . 0 0 5 1 . 9 2 
023 3 7 6 . 3 4 5 2 . 7 1 
024 3 8 3 . 9 2 5 3 . 1 7 
026 3 9 2 . 5 2 5 4 . 5 0 
B;*4 4 2 8 . 4 3 5 9 . 6 5 



S t a t i o n F l 

Al 22 .7 4 .50 
A2 2 8 . 9 5.48 
A3 37 .7 7 .26 
A4 49 .5 9.26 
A5 59 .8 10 .80 
A6 72 .1 12 .99 

S t a t i o n F2 

C39 171.13 27 .43 
C41 159.83 26.66 
C45 100.21 19 .57 
046 90.70 17 .52 
C47 81.56 15 .76 
048 74 .05 14 .29 
049 65 .90 12 .48 
050 55.24 10 .49 
C52 48.17 9.07 
C54A 1 3 . 9 2 . 9 5 
C54B 12 .8 2.72 
C54C 1 6 . 5 3 .52 
C55 20.2 4 .04 
056 2 3 . 5 4 .75 
C58 46.0 8.41 
059 5.67 10.00 
B l 30 .8 6 . 02 
B2 39 .5 7 .47 
B3 51 .84 9 .53 
B4 58.94 10 .88 
B5 68 .32 12 .62 
B7 81.16 15.11 
B8 87 .63 16 . 46 
Q 9 97.96 18 . 4 2 
BIO 102.68 19 .23 
B l l 108.88 20 .47 
B12 114 . 91 20 .92 
B13 121.10 21 .82 
B14 125 .68 22.22 
B 1 5 133 .68 23 . 1 5 
B16 143.06 24 .28 
A 2 35.5 6 .66 
A 3 43 .8 8 .45 
A 4 55.1 10 .18 
A 5 6 4 . 9 11 . 54 

S t a t i o n F6 

C39 106.40 20 .27 
C4l 95 .12 17 .83 
C45 35.24 6 .99 
C46 25 .74 5 .43 
C47 16 .62 3 .47 
C48 9 .31 2 .07 
C49 6 .44 I . 5 2 
050 18 .48 3 .41 
c 5 2 33 .36 6.26 
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S t a t i o n MIR(A) 

C2 111.0 20.23 
C8 8 5 . 7 16.50 
C9 79.1 17.03 
CIO 72 . 9 14 . 8 0 
C l l 6 5 . I 12.77 
C13 5 5 . 6 11.21 
C15 4 5 . 4 8 . 6 2 
C16 5 8 . 9 7.46 
C19 25.0 5 . 3 2 
C20 1 6 . 9 4 . 0 5 
C21 13.2 3 . 5 4 
C22 12.1 3.59 
C23 8 . 8 2 . 9 3 

S t a t i o n MIR(B) 

C28 3 3 . 8 2 8 . 2 3 
C29 20.48 6 . 2 3 
C31 2 . 5 0 1 . 5 5 
C32 6 . 8 9 2 . 5 0 
C33 1 8 . 7 7 4 . 8 7 
C36 3 4 . 8 3 8 . 8 1 
C 4 l 6 9 . 2 5 14 . 0 7 
CB2 1 5 . 5 0 5 . 5 4 
CB3 1 4 . 0 0 5.34 
CB4 12.48 5 . 0 6 
CB5 1 1 . 3 0 4 . 7 7 
CB6 9 . 5 0 4 . 2 2 
CB8 6 . 4 7 3 . 3 3 
CB9 5.17 2 . 9 9 
CB10 3 . 3 0 2 . 4 7 
CB11 2 . 3 5 1 . 5 2 
CB14 2 . 2 6 1 . 5 1 
CB15 3 . 3 5 2 . 1 9 
CB16 4 . 7 4 5.18 
CB17 6 . 2 7 3 . 5 6 
CB18 7 . 7 8 3 . 8 5 
CB19 9 . 2 3 4 . 2 1 
CB22 1 3 . 5 7 5 .1 ' ' 
CB23 15.06 5 . 3 3 
CB24 1 6 . 5 5 5 . 6 9 
CB25 18.08 5 . 9 6 
C327 2 1 . 0 3 6 . 9 6 
CB28 2 2 . 6 2 7 . 3 4 
CB29 2 3 . 8 8 7 . 5 5 
CB30 27.04 8.17 
CB31 2 9 . 8 7 8 . 8 7 

S t a t i o n MIR(C) 

BC1 1 9 . 3 0 7 . 5 5 
BC2 18.51 7.46 
BC3 1 7 . 1 6 7 . O 8 
3C4 1 5 . 8 6 6 . 8 7 
BC5 14.64 6 . 7 6 
BC6 13.30 6 . 3 2 
B C 7 12.10 6 . 1 5 



BC8 11.02 5 .69 
BC9 8 . 5 8 5 . 3 7 
BC10 6 . 1 2 3 . 9 9 
BC11 3.72 2 . 4 8 
BC12 1 . 1 3 0 . 8 2 

S t a t i o n MIR(D) 

A3 4 4 . 3 8 . 8 5 
A4 3 5 . 8 6 . 9 7 
A5 2 6 . 6 5 . 0 9 
A6 10 . 8 3 . 1 7 

S t a t i o n LOM FS(A) 

C36 6 8 . 0 11:96 
C37 5 5 . 5 9 . 9 5 
C39 4 0 . 6 7.70 
C4l 3 0 . 6 6 . 2 0 
C42 2 3 . 0 4 . 7 5 
C43G 18.20 3 . 7 4 
C43F 16.20 3 . 5 5 
C43 10 . 4 2 . 0 
C 4 3 E 1 3 . 1 2 . 7 7 
C44D 6 . 7 0 1 . 5 8 
C44C 9.20 2.01 
C44B 10.70 2 . 0 3 
C44A 12 . 9 0 3 . 3 4 
C44 1 5 . 4 8 3 . 0 8 
C45 23.20 4 . 6 3 
C46 3 3 . 6 2 6 . 6 8 
L 4 17 . 3 0 3 . 7 5 
L6 8 . 5 0 1 . 6 8 
L7 6 . 1 5 0 . 5 5 

S t a t i o n LOM FS(B) 

CB37 93.50 1 6 . 6 8 
CB38 8 7 . 0 0 15.92 
CB39 81.20 1 5 . 0 7 
CB40 74.40 14 . 1 9 
CB41 6 7 . 6 0 1 3 . 6 2 
CB42 6 0 . 0 7 12 . 5 3 
CB43 5 4 . 3 0 1 1 . 6 4 
CB44 44.40 10 . 0 8 
CB45 34.30 8 . 6 0 
CB46 24.90 7 . 1 6 
CB47 15*40 5.20 

S t a t i o n LOM FS(C) 

BC19 14.10 6 . 6 5 
BC21 16.10 6.86 
BC22 1 8 . 3 0 7.29 
BC25 22.70 7 . 9 5 
BC26 2 4 . 8 0 8.70 
BC28 2 8 ; i 0 8.97 
B C 2 9 "3bv&b 9 . 3 8 



S t a t i o n LOM FS(D) 

BIO 116.34 20.28 
B l l 110.62 20.04 
B12 104.18 18.05 
B13 97.81 17.58 
Bl4 93.40 17.52 
B15 85.51 15.84 
Bl6 75.61 14.62 
317 65 . 2 0 12.87 
B18 59.28 1 2 . 1 1 
B19 49.26 11.63 
B20 39.51 9.84 
B21 30.28 8.26 
B22 27 . 2 0 7.69 
B23 24.10 7.08 
B24 21.40 6.34 
B26 13.77 4.64 
B27 10.14 3.93 
B28 7.00 3.09 

S t a t i o n LCM F S ( E ) 
J338 25.60 7 m 5 k 

B ? 9 2 9 . 0 2 8 . 2 5 
B ? 0 3 2 . 2 3 8.64 
B ? 1 3 5 . 5 4 9.24 
B J 2 4 4 . 6 5 1 0 . 9 0 

B44 6 | . 2 0 1 3 . 2 5 
B * 5 6 8 . 0 2 14 . 0 2 

S t a t i o n LOM BS(A) 

CB44 36.2 10.03 
CB45 25.9 8.18 
CB46 16.8 6.60 
3C34 49.0 11.61 
BC35 52.0 12.05 
BC36 54.6 12.27 
BC37 56.7 12.47 
BC38 62.0 13.13 
BC39 69.0 14.11 

S t a t i o n LOM BS(B) 

B21 3 4 . 6 0 9.20 
B22 31.20 8.48 
B23 2 8 . 6 0 7 . 6 6 
B24 25.20 7 . 0 4 
B26 1 7 . 8 5 5 . 6 2 
B27 1 3 . 3 8 4 . 8 5 
B28 10 . 5 5 3.84 
B29 6.11 2 . 8 7 
B30 4.0 2 . 2 6 



S t a t i o n LOM BS(C) 

B3k 9.50 3.67 
B35 12.56 4.49 
B36 15.BO 5.38 
B37 19.00 6.18 
B38 22.20 6. 91 
B39 25.25 7.84 
B4o 29.20 8.54 
B4l 32.00 8.64 
342 41.15 10.00 
B43 51.10 12.15 
B45 65.50 13.90 



173. 

APPENDIX C 

Time term a n a l y s i s program 

T h i s i s the program of Bamford (1970) modified for use 
on the IBM 360/67 computer a v a i l a b l e a t the U n i v e r s i t y of 
Durham. I t has a l s o been a l t e r e d t o allow the computation 
of time term s o l u t i o n s f o r c o n s t r a i n e d r e f r a c t o r v e l o c i t i e s . 

The input data necessary and the output obtained have 
been des c r i b e d by Bamford (1970), and a r e a l s o explained 
by comment cards w i t h i n the program l i s t i n g . 



1 C 
2 C PRELUDE SETS VARIABLE ARRAY DIMENSIONS AND ASSIGNS STORAGE 
3 C 
4 C FIRST DATA CARD CONTAINS Q,K AND M 
5 C 
6 C Q = DATA SET IDENTIFIER 
7 C 
8 C K = NUMBER OF SITES 
9 C 

10 C M = NUMBER OF SITES THAT ARE SHOT-POINTS ONLY 
11 C 
12 DIMENSION P(100,100),X(100,100),T(100,100),TBI 100,1) 
13 DIMENSION MK(100),NK(100),XB(100,1),PT<100,100) 
14 DIMENSION E(100,1),B(100,I),SETT(100,1),TT(100, 1) 
15 READ(5 ,9)0,K,M 
16 9 F0RMATIF3.0,213) 
17 . C 
18 c VA = THE CONSTRAINED VELOCITY 
19 c IF A VALUE IS READ TN FOR VA THEN 
20 . c THIS VALUE IS USED TO COMPUTE THE TIME TERMS 
21 c 
22 READ{5,972)VA 
23 972 FORMAT(F8.3) 
24 C 
25 C MAIN 
26 C 
27 PRINT 750,0 
28 750 FORMAT(1X,2H0=,F7.3) 
29 C 
30 C ASSIGN MATRIX ELEMENTS 
31 C 
32 DO 11 1=1, K 
33 DO 12 J=1,K 
34 P ( I , J ) = 0 . 0 
35 T ( I , J ) = 0 . 0 
36 X( I , J)=0. 0 
37 12 CONTINUE 
38 11 CONTINUE 
39 C 
40 C READ COEFFICIENTS P ( I , J ) 
41 C 
42 DO 16 1=1,K 
43 Ml=M+l 
44 READ(5,1.7) (PU ,J) , J=M1 ,K) 
45 17 FORMAT(40F2.0) 
46 16 CONTINUE 
47 C 
48 C READ TIME-DISTANCE DATA 
49 C 
50 DO 19 1=1,K 
51 M1=M+1 
52 DO 18 J=M1,K 
53 IFIP(I,J).EQ.O.OJGO TO 6 
54 R E A D I 5 , 1 4 ) T ( I , J ) , X ( I , J ) 
55 14 FORMAT(2F8.5) 
56 6 CONTINUE 
57 18 CONTINUE 
58 19 CONTINUE 
59 C 



60 C NORMALIZE T AND X( SECTION 4.2) 
61 C 
62 DO 21 1=1 tK 
63 XB(I,1)=0.0 
64 TBU ,1 )=0.0 
65 DO 20 J=l,K 
66 X B ( I , 1 ) = X B ( I , 1 ) + P ( I , J ) * X ( I , J ) + P ( J , I ) * X { J , I ) 
67 TB(I,1) = TB(1.1 )+P( I,J)*T< I , JJ+PU, I )*T( J , I ) 
68 20 CONTINUE 
69 21 CONTINUE 
70 C 
71 C 
72 C CALCULATF NORMAL COEFFICIENT MATRIX P T ( I , J ) , A I J IN 
73 C SECTION 4.2 
74 C 
75 DO 23 1=1,K 
76 S=0.0 
77 DO 22 J=l,K 
78 P T ( I , J ) = P ( I t J ) + P ( J , I ) 
79 S=S+P(I ,J)+P(J , I ) 
80. 22 CONTINUE 
81 PT(I,1)=S 
82 23 CONTINUE 
83 871 CONTINUE 
84 872 CONTINUE 
85 C 
86 C MATRIX INVERSION. THE MATRIX INVERSION PROCEDURE CALCULATES 
87 C THE INVERSE OF THE PT(I,J> MATRIX AND PUTS THE INVERSE IN 
88 C THE STORAGF LOCATIONS INITIALLY USED FOR PTU,J» ARRAY. 
89 C HENCE INVERSE IS CALLED P T I I . J ) 
90 C 
91 CALL ARRAY(2,K,K,100,100,PT,PT ) 
92 CALL MINV(PT,K,DZZ,MK,NK) 
93 CONTINUE 
94 WRITE16,1935)DZZ 
95 1935 FORMAT{IX,F10 * 6) 
96 C 
97 C MATRIX MULTIPLICATION TO OBTAIN E ( I , 1 ) AND B ( I , 1) ! THESE ARE 
98 C THE MATRICES El AND FJ DEFINED IN SECTION 4.2 
99 C 
100 688 CONTINUE 
101 689 CONTINUE 
102 E(1.11=0.0 
103 6(1,1)=0.0 
104 CALL GMPRD( PT , X R, B, K , K , 1 ) 
105 CALL GMPRDlPT,TB,E,K,K,1) 
106 CALL ARRAY(1,K,K,100,100,PT,PT) 
107 24 CONTINUE 
108 25 CONTINUE 
109 DO 1866 1=1,K 
110 DO 1877 J=M1,K 
111 I F ( P ( I ,J).EO.O.)G0 TO 1877 
112 1877 CONTINUE 
113 1866 CONTINUE 
114 C 
115 C CALCULATE C, D AND V; CIJ , DIJ , V IN SECTION 4.2 
116 C 
117 PRINT 26 
118 IFIVA.GT.O.)G0 TO 1740 
119 26 FORMAT(1HO,37H0BSERVATIONAL AND THEORETICAL RESULTS) 



120 17*0 DS0=0.0 
121 CD=0.0 
122 HO 30 T=1,K 
123 DO 29 J=1,K 
124 IF(P(I,J).EQ.O.OIGO TO 28 
125 C = T ( I , J ) - E ( 1 , 1 )-E(J,1) 
126 D=X ( . I t J)-B( I i l ) - B { J , I ) 
127 CD=CD+(C*D)*P( I , J ) 
128 DSO=DSQ+ID*D)*P(I,J) 
129 PRINT 2 7 , 1 , J , T ( I , J » , X ( I , J ) , C . D 
130 27 FORMATtlX, I 3,1 X, 13, IX, F8. 3, IX , F 8. 3, IX ,F 9.4,1 X , F 9.4 ) 
131 28 CONTINUE 
132 29 CONTINUE 
133 30 CONTINUE 
134 V=DSQ/CD 
135 C 
136 C PRINTING OF RESULTS 
137 IFIVA.GT.O.)G0 TO 893 
138 PRINT 31,Q,K,M,V,CD,DSQ 
139 GO TO 892 
140 893 WRITE(6,31)Q,K,M,VA 
141 892 CONTINUE 
142 31 F0RMAT(1X,3HSET,F6.L,12HN0.0F SITES=,14,9HN0.SHOTS=,14, 
L43 16X,2HV=,F7.4,F9. l , F 9 . l ) 
144 PRINT 32,DS0 
145 32 FORMATdX,30X,7HSUMDSQ=,F11.4) 
146 DO 1911 1=1,K 
147 DO 1912 J=M1,K 
148 IF (P ( I t J ).EQ.O.IGQ TO 1912 
149 1912 CONTINUE 
150 1911 CONTINUE 
151 .C 
152 C SUMDSQ IS THE SUM OF SQUARED PARTIAL RESIDUALS USED IN THE 
153 C DESIGN STUDY FOR CMREISECTION 8.4) 
154 C 
155 C 
156 C CALCULATE TIME TERMS FROM E AND B ARRAYS 
157 C 
158 C AI = EI - FI/V SECTION 4.2 
159 C 
160 DO 33 1=1,K 
161 IFIVA.GT.O.)G0 TO 891 
162 T T ( I , 1 ) = E ( I , 1 ) - B l I , 1 ) / V 
163 GO TO 33 
164 89L TT( I , 1 )=E ( I , l ) - l i ( I , D/VA 
165 33 CONTINUE 
166 PRINT 34 
167 34 FORMAT(1H1,3X,9HRE SI DUAL S) 
168 N=0 
169 SMDLSO = 0.0 
170 DO 38 1=1,K 
171 DO 37 J = l ,K 
172 I F ( P ( I , J J.EQ.O.OJGO TO 36 
173 IF(VA.GT.O.)GO TO 1121 
174 D E L = T { I , J ) - T T ( I , l ) - T T ( J , l ) - X ( I , J J / V 
175 SMDLSQ=SMDLSQ+P<I,J)*DEL*DEL 
176 PRINT 35, I , J ,DEL 
177 GO TO 1123 
178 1121 DEL = T( I , J )-TT( I , l l - T T U , 1J-XI I , J)/VA 
179 SMDLSQ=SMDLSQ+P(I,J)*DEL*DEL 



.180 35 FORMAT(LX (3X (I3i4X tI3 f5X tFl0.5) 
181 1123 N=N+1 
182 C 
18 3 C USE T ( I , J ) ARRAY AS ARRAY OF RESIDUALS 
184 C 
185 T(I,J)=DEL 
186 GO TO 37 
187 36 CONTINUE 
188 T ( I , J ) = 0 . 0 
189 37 CONTINUE 
190 38 CONTINUE 
191 PRINT 39,SMDLSQ 
192 39 F0RMATUH0,26HSUM OF SQUARED RESIDUALS =,F15.6) 
193 c 
194 c ERROR COMPUTATION ASSUMING UNIFORM VARIANCE OF ALL DATA 
195 c 
196 NARM=N-K-1 
197 PRINT 456,NARM 
198 456 FORMAT (14) 
199 VRT=SMDLSQ/(N-K-1) 
200 VRINV=VRT/DSO 
201 PRINT 457tVRT,VR1NV 
202 457 FORMAT(2F9.1> 
203 1F(VA.GT.0.)G0 TO 1176 
204 VRV=VRINV*(V**4) 
205 GO TO 1193 
206 1176 VRV=VRINV*(VA**4) 
207 1193 SEV=SQRT<ABS(VRV)) 
208 PRINT 457,SEV 
209 DO 40 I = 1, K 
210 1292 SETT(I,U = SQRT(ABS(PT( I,I)*VRT) ) 
211 40 CONTINUE 
212 PRINT 41 
213 41 FORMAT(1H1,3X, 10HTIME TERMS) 
214 DO 43 1 = 11 K 
215 PRINT 42, I , E < I , 1 ) , B ( I , 1 ) , T T ( I , 1 ) , S E T T l I , 1 ) , P T ( I , I 1 
216 42 FORMAT(IX,2HA(,13,2H)=,F9.3.1H-,F9.3,2H/V,4X,F8.4,5X, 
217 1F8.4,9X,F6.4) 
218 43 CONTINUE 
219 PRINT 44.VRT 
220 44 FORMATI1H0,29HESTIMATE OF OVERALL FIT. VRT=,F11.5) 
221 PRINT 45,VRINV 
222 45 FORMAT ( 1H0, 25H VAR I ANCE OF RECIP.VEL = . F l l . i l ) 
223 PRINT 46,SEV 
224 46 FORMAT(1H0,29HSTANDARD ERROR OF VELOCITY = ,F9.6J 
225 C 
226 C ERROR COMPUTATION ASSUMING UNIFORM VARIANCE OF 
227 C DATA AT EACH SITE 
228 C 
229 PRINT 300 
230 300 FORMAT(1HI,35HBERRY/WEST ERRORS.SQUARED RESIDUALS) 
231 PRINT 301 
232 301 FORMAT(1H0,IX,4HSITE,8X,8HTIMETERM,7X,14HSTANDARD ERROR 
233 l,7X,3HSSQ) 
234 C 
235 C SSQ IS THE SUM OF SQUARED RESIDUALS FOR A STTF 
236 C RESIDUALS ARE STORED IN T ( I , J ) ARRAY 
237 DO 307 1=1,K 
238 SSQ=0.0 
239 SETT ( 1, 1 ) = 0.0 
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240 FNBITS=0.0 
241 DO 302 J=1,K 
242 SSO=SSO+T(I, J > *T ( I , J ) *P ( 1, J )+T ( J, I ) *T ( J , 1 ) *P ( J, I ) 
243 FNBITS=FNBITS+P(I,J)+P(J,I) 
244 302 CONTINUE 
245 IF{FNBITS.LT.1.001)G0 TO 304 
246 FN8=FNBITS*(FNB.ITS-1.0) 
247 SETT(Ifl)=SSO/FNB 
248 SETT<I,1)=SQRT(SETT(1,1)) 
249 PRINT 303,I,TT(I,1),SETT(I,1),SSQ 
250 303 F0RMAT{1X,2X,13,9X,F8.1,10X,F7.3,9X,F11.2) 
251 GO TO 306 
252 304 PRINT 305, I,TT( 1, 1) 
253 305 FORMAT(IX,2X,I3,9X,F7.3,2X,17HINSUFFICIENT DATA) 
254 306 CONTINUE 
255 307 CONTINUE 
256 C 
257 C FINISH OF BERRY/WEST ERROR CALCULATIONS 
258 C 
259 C NEXT SECTION CALCULATES A HISTOGRAM OF RESIDUALS 
260 C 
261 C THIS SECTION REQUIRES AS DATA THE UPPER(UPLIM) AND LOWER 
262 C (LL1M) LIMITS OF RESIDUALS AND THE WIDTH(WTDTH) OF THE 
263 C RESIDUAL WINDOW 
264 C 
265 READ(5,100)ALLIM,UPLIM,WIDTH 
266 100 F0RMAT(3F6.2) 
267 PRINT 101 
268 . 101 FORMAT(1HL,18HRESIDUAL HISTOGRAM) 
269 ANN=0.0 
270 C 
271 C DEFINE A MOVING 'WINDOW1 BY UP AND DN 
272 C 
273 102 ANN=ANN+1.0 
274 UP=ALLIM + ANN*W IDTH 
275 DN=ALLIM+{ANN-1.0)*WIDTH 
276 NWIDTH=0 
277 DO 107 1=1,K 
278 DO 106 J=1,K 
279 IF(P( I ,J) .EQ.O.OGO TO 105 
280 IF((T(I,J).GE.DN).AND.(T(I,J).LT.UP))G0 TO 103 
281 GO TO 104 
282 103 NWIDTH=NWIDTH+I 
283 104 CONTINUE 
284 105 CONTINUE 
285 106 CONTINUE 
286 1C7 CONTINUE 
287 PRINT lOBfONtUPfNUIDTH 
288 108 F0RMAT11H0,8HIN RANGE,F6.1,2HT0,F6.1,4X,16) 
289 IF(UP.LT.UPLIM)GO TO 102 
290 PRINT 109,ALL IM 
291 109 FORMAT(1HO,14HL0WER LIMIT = ,F6.2) 
292 PRINT UOfUPLlM 
293 110 FORMAT(IX,14HUPPER LIMIT = ,F6.2) 
294 PRINT 111, WIDTH. 
295 111 FORMATlIX,8HW IDTH = ,F5.3) 
296 C 
297 C HISTOGRAM SECTICN COMPLETED 
298 C 
299 C 



300 C NEXT SECTION WRITES OUT RESIDUALS AGAINST DISTANCE IN 
301 C ASCENDING ORDER OF DISTANCE 
302 C 
303 C IF A NUMBER(ONE OF N> IS THE (1+1)TH IN A SERIES THEN 
304 C IT HAS I NUMBERS LESS THAN IT IF THAT SERIES IS ONE OF. 
305 C ASCENDING ORDER. THE NEXT SECTIGN USES THIS IDEA TO LIST 
306 C RESIDUALS AGAINST DISTANCE IN ASCENDING DISTANCE ORDER 
307 C 
308 C 
309 PRINT 200 
310 200 FORMAT',1111,25HRES I DUALS VERSUS DISTANCE) 
311 PRINT 201 
312 201 FORMAT(1H0) 
313 M1=M+1 
314 C ANALYSIS OF RESIDUALS AT EACH RECORDING STATION IN TURN 
315 DO 207 I=Ml,K 
316 K2=0.0 
317 202 K2=K2+1 
318 C USE P T ( I , J ) ARRAY TO STORE POSITION OF A PARTICULAR 
319 C DISTANCE IN ASCENDING ORDER SERIES 
320 PT(K2,I)=0.0 
321 POS=0.0 
322 IF(P(K2iI).EQ.0.0)GO TO 206 
323 DO 205 J=1,K 
324 I F ( P ( J t I ) . E Q . 0 . 0 1 6 0 TO 204 
325 I F ( X ( J , I ) . L E . X ( K 2 , I ) ) G 0 TO 203 
326 GO TO 204 
327 203 P0S=P0S+1.0 
328 204 CONTINUE 
329 205 CONTINUE 
330 PT(K2,I)=P0S 
331 206 IF(K2.LT.KJG0 TO 202 
332 2C7 CONTINUE 
333 C 
334 C PRINTING OF RESIDUALS AGAINST DISTANCE 
335 C 
336 DO 218 I=M1,K 
337 TOT=0.0 
338 DO 209 J=1,K 
339 ]F(P(J,I).EQ.0.0)G0 TO 208 
340 TOT=TOT+P(J,I) 
341 208 CONTINUE 
342 209 CONTINUE 
343 PRINT 210,1 
344 210 FORMAT I1H0,4HSITF, I 3,4X,8HDI STANCE) 
345 PRINT 211 
346 211. FURMAT(1H0,2X, 9HRE SIDUALS,3X,8HDI STANCE) 
347 SEQ=0.0 
348 212 SE0=SE0+1.0 
349 DO 217 J=1,K 
350 IF(P(J,I).EO.O .0)G0 TO 216 
351 IF(PT(J,I).EQ.SEQJGO TO 213 
352 GO TO 215 
353 213 PRINT 2 1 4 , T < J , I ) , X ( J , I ) 
354 214 FORMAT(1X,F10.5,2X,F8.3) 
355 215 CONTINUE 
356 216 CONTINUE 
357 217 CONTINUE 
358 1F(SE0.LT.T0T)G0 TO 212 
359 218 CONTINUE 



360 C 
361 C END OF RESIDUAL VERSUS DISTANCE ANALYSIS 
362 C 
363 C 
364 C THE NEXT SECTIONS DETERMINE MEDIANS AND COMPUTE DEVIATIONS 
365 C FROM THEM 
366 C THE MEDIAN IS THE MIDDLE NUMBER OF A SEQUENCE ARRANGED IN 
367 C ASCENDING ORDER....IF THE SEQUENCE HAS AN EVEN NUMBER OF 
368 C ELEMENTS THE MEDIAN IS THE MEAN OF THE MIDDLE TWO. 
369 c 
370 c IN BOTH THF FOLLOWING SECT IONS•BAD'EXPRESSES THE DEVIATION 
371 c OF A PARTICULAR RESIDUAL FROM THE APPROPRIATE MEDIAN AND 
372 c •HOWBAD' EXPRESSES THIS DEVIATTCN IN UNITS OF STANDARD 
373 c DEVIATION FROM THF MEDIAN. 
374 c « 

375 c 
376 c ANALYSIS OF MEDIANS FOR SHOT-POINTS 
377 c P T ( I t J ) IS AGAIN USED TO STORE SEQUENCE NUMBERS 
378 c 
379 PRINT 400 
380 400 FORMAT(1H1,29HANALYSIS CF MEDIANS FOR SHOTS) 
381 PRINT 401 
382 401 FORMAT <1H0) 
383 M.l=M+l 
384 DO 407 1=1 ,K 
385 K2=0 
386 402 K2=K2+1 
387 PT(I,K2 > = 0.0 
388 POS=0.0 
389 IF(P(I|K2).EQ.0.0)GO TO 406 
390 DO 405 J=M1,K 
391 IT ( P ( I , J) .EQ.O.0)GO TO 404 
392 IF (T ( I , J ) . L E . T { I , K 2 ) ) G O TO 403 
393 GO TO 404 
394 403 POS=POS+1.0 
395 404 CONTINUE 
396 405 CONTINUE 
397 PT(I tK2)=P0S 
398 406 IFIK2.LT.KJG0 TO 402 
399 407 CONTINUE 
400 c DETERMINE MEDTAN 
401 DO 430 1 = 1 ,K 
402 FNBITS=0.0 
403 FNO=0.0 
404 FN01=0.0 
405 DO 408 J=M1,K 
406 FNBITS=FNBITS+P(I»J) 
407 408 CONTINUE 
408 IFIFNBITS.LT.1.001)GO TO 426 
409 A=SIN(FNBITS*2.0*ATAN(1 .0) ) 
410 A=ABS(A) 
411 IFlA.LT.O.l)G0 TO 411 
412 FNO=(FNBITS-1.0)/2.0 
413 FN01=FN0+1.0 
414 DO 410 J=M1,K 
415 DIFF=PT(I,J)-FN01 
416 DI FF= ABS ( D IFF ) 
417 IF(DIFF.GT.0.001)G0 TO 409 
418 FMED=T(I,J) 
419 409 CONTINUE 



420 410 CONTINUE 
421 GO TO 416 
422 411 FN0=FNBITS/2.0 
423 FNOl=FNO+l.O 
424 DO 415 J=M1,K 
425 DIFF=PT(I, JJ-FNO 
426 DlFF=ABS(DIFF) 
427 IF(DIFF.GT.0.001)G0 TO 412 
428 FMED 1= T( I , J) 
429 GO TO 4 14 
430 412 DIFF=PT(I,JJ-FN01 
431 DIFF=ABS(DIFF» 
432 IF(DIFF.GT.0.001)GO TO 413 
433 FMED2= TI I , J ) 
434 413 CONTINUE 
435 414 CONTINUE 
436 415 CONTINUE 
437 FMED=(FMED1+FMED2J/2.0 
438 416 CONTINUE 
439 C FMED IS THE MEDIAN 
440 DEVMED=0.0 
441 DO 418 J=M1,K 
442 IF 1P(I , J ) .EQ.O.OJGO TO 417 
443 DEVMFD=DEVMED+(T(1,J)-FMED ) *( T (I» J )-FMED) 
444 417 CONTINUE 
445 418 CONTINUE 
446 FNBTT1=FNBITS-1.0 
447 DEVMFD=SQRT(DEVMED/FNBIT1) 
448 PRINT 419 
449 41 y FORMAT(1H0,1X,4HSITE,3X,8HTI METEPM,2X,6HMEDI AN, 2X 
450 18HSTAN.DEVJ 
451 PRINT 420, I ,TT( I ,1 ),FMED.DEVMED 
452 420 FORMAT(IX,IX,I3,3X,F7.3,3X,F7.3,1X,F7.3) 
453 PRINT 421 
454 421 FORMAT(IX,22 HDEVIAT IONS FROM MEDIAN) 
455 PRINT 422 
456 422 FORMATI1X,7HLINK TO,4X,9HDEPARTURE) 
457 DO 425 J=M1,K 
458 IF ( P U ,J) .EQ.O.OIGO TO 424 
459 BAD=T ( I , J)-FMED 
460 HOWBAD=ABS(BADJ/DEVMED 
461 PRINT 423,J,HOWRAD,BAD 
462 423 FORMAT(IX,2X,I3,2X,F6.3,AX,F6.3) 
463 424 CONTINUE 
464 425 CONTINUE 
465 GO TO 429 
466 426 PRINT 427 
467 427 FORMAT(IHO,1X,4HSITE,3X,8HT1METERM,2X,6HMEDIAN,2X 
468 18HSTAN.DEV) 
469 PRINT 4 2 8 , I f T T I T f 1 ) 
470 428 FORMAT(IX,IX,I3,3X,F7.3,4X,17HINSUFFICIENT DATA) 
471 429 CONTINUE 
472 430 CONTINUE 
473 C 
474 C THE NEXT SFCTION IS VIRTUALLY A DUPLICATE OF THE LAST 
475 C IT ANALYSES MEDIANS AT RECORDING STATIONS 
476 C 
477 PRINT 500 
478 500 FORMATI1H1,29HANALYSIS OF MEDIANS FOR STTNS) 
479 PRINT 501 



480 501 FORMAT(I HO) 
481 M1=M+1 
482 DO 507 I=Ml,K 
483 K2=0.0 
484 502 K2=K2+1 
485 PT(K2,I)=0.0 
486 POS=0.0 
487 IF(P(K2,I>.EQ.O.OJGO TO 506 
488 DO 505 J=1,K 
489 I F ( P ( J T I ) . E 0 . 0 . 0 ) G O TO 504 
490 I F ( T ( J , I ) . L E . T ( K 2 f I ) ) G O TO 503 
491 GO TO 504 
492 503 POS=POS+l.O 

'•• 493 504 CONTINUE 
494 505 CONTINUE 
495 PT(K2,I)=P0S 
496 506 IF ( K? .LT .K ) GO TO 502 
497 507 CONTINUE 
4 98 DO 530 I=Ml,K 
499 FNBITS=0.0 
500 FNO=0.0 
501 FN01=0.0 
502 DO 508 J=1,K 
503 FNBITS=FN3I 7 S+P(J,I) 
504 508 CONTINUE 
505 IF(FNBITS.LT.1.001)G0 TO 526 
506 A=SIN(FNBITS*2.0*ATAN(1.0)) 
507 A.= ABS ( A) 
508 IF(A.LT.0.L)GO TO 511 
509 FN0=<FNBITS-1.0)/2.0 
510 FN01=FN0+1.0 
511 DO 510 J=1,K 
512 DIFF=PT(J,IJ-FNOl 
513 DIFF=ABS(DIFF) 
514 IF(DIFF.GT.0.001)G0 TO 509 
515 FMED=T(J,I) 
516 509 CONTINUE 
517 510 CONTINUE 
518 GO TO 516 
519 511 FN0=FNBITS/2.0 
520 FN0l=FN0+1.0 
521 DO 515 J=1,K 
522 D1FF=PT(J,I)-FNO 
523 DIFF=ABS(DIFF) 
524 IF(DIFF.GT.0.O0l)GO TO 512 
525 FMED1=T(J,U 
526 GO TO 514 
527 512 DIFF=PT(J,I)-FN01 
528 DIFF=ABS(DIFF» 
529 IF(DIFF.GT.0.001)G0 TO 513 
530 FMED2=T(J,I) 
531 513 CONTINUE 
532 514 CONTINUE 
533 515 CONTINUE 
534 FMED=IFMEDL+FMED2)/2.0 
535 516 CONTINUE 
536 DEVMED=0.0 
537 DO 518 J=1,K 
538 IF(P(J,I).EQ.O.OJGO TO 517 
539 DEVMED=DEVMED+IT(JiI)-FMED)*(TIJ,IJ-FMED) 



540 517 CONTINUE 
541 518 CONTINUE 
542 FNRIT1=FNBITS-1.0 
543 DEVMED"= SQRT ( DF VMED/FNB I T L J 
544 PRINT 519 
545 519 FORMAT(IHO,1X.4HSITE,3X,8HTI METERM, 2X • 6HMEDI AN, 2X 
546 18HSTAN.nEV) 
547 PRINT 520,I,TT(I,1),FMED,DEVMED 
548 520 FORMAT(IX,IX,I 3,3X,F7.3,3X,F7.3,1X,F7 .3) 
549 PRINT 521 
550 521 FORMAT(1X,22HOFVI AT!GNS FROM MEDIAN) 
551 PRINT 522 
552 522 FORMAT(IX,7HLINK T0,4X,9HDEPARTURE) 
553 DO 525 J=1,K 
554 1 F ( P ( J , I ) .EQ.0.0)G0 TO 524 
555 BAD=T(J,I)-FME D 
556 HOWBAD=ABS(BAD)/DEVMFD 
557 PRINT 523,J,HOWBAD 
558 523 FORMAT(IX,2X,I3,2X,6X,F6.3) 
559 524 CONTINUE 
560 525 CONTINUE 
561 GO TO 529 
562 526 PRINT 527 
563 527 FORMAT(IH0,1X,4HSITE,3X,8HTIMETERM,2X ,6HMEDIAN, 2X 
564 18HSTAN.DEV) 
565 PRINT 5 2 8 , I , T T ( I , 1 ) 
566 528 FORMAT!IX,IX,I 3,3X,F7.3,4X,17HINSUFFICIENT DATA) 
567 529 CONTINUE 
568 530 CONTINUE 
569 C 
570 C END OF MFDIAN ANALYSES 
571 C 
572 STOP 
573 END 

:ND OF FILE 



174. 

APPENDIX D 

T h e o r e t i c a l t r a v e l time program 

The program c a l c u l a t e s the t r a v e l time of the head wave 
and r e f l e c t e d wave from the nth r e f r a c t o r , where n = 1 t o 10. 
A l l the l a y e r s must be h o r i z o n t a l and of constant v e l o c i t y 
apart from the l a y e r immediately above the deepest r e f r a c t o r . 
The v e l o c i t y may i n c r e a s e l i n e a r l y w ith depth i n t h i s l a y e r . 
The minimum and maximum ranges a t which r e f l e c t i o n s can be 
detected when a v e l o c i t y i n c r e a s e with depth i s present i s 
a l s o determined. 

Input 

The input data r e q u i r e d i s explained by comment statements 
w i t h i n the program. 

The f i r s t two data cards each c o n s i s t of an i d e n t i f i e r . 
The f i r s t i d e n t i f i e r i s used to terminate the program i f no 
more data i s t o follow, and the second i d e n t i f i e r i s used t o 
determine whether the t r a v e l times are computed for plane 
homogeneous l a y e r s or i f a l i n e a r v e l o c i t y i n c r e a s e with depth 
i s allowed for i n the lowermost l a y e r . 

The number of l a y e r s and each l a y e r t h i c k n e s s and v e l o c i t y are 
then read i n on separate c a r d s . The f i n a l data r e q u i r e d i s the 
number of shots and the s h o t - s t a t i o n ranges which are again read 
i n on separate c a r d s . 

Output 

I f the t r a v e l times a r e computed f o r homogeneous plane 
l a y e r i n g the output takes the fo l l o w i n g form:-

HOMOGENEOUS PLANE LAYERING 

SHOT RANGE REFRACTED T.T. REFLECTED T.T. 
1 120.68 17.21 17.53 

and f o r a v e l o c i t y i n c r e a s e with depth i n the lowest l a y e r : -

LINEAR VELOCITY INCREASE WITH DEPTH IN LOWEST LAYER 
LIMITING RANGE OF MOHO REFLECTIONS 

MINIMUM RANGE MAXIMUM RANGE 
60.84 171.72 

SHOT RANGE REFRACTED T.T. REFLECTED T.T. 

1 240.76 32.48 34.22 



1 DIMENSION Z ( 1 0 ) , V I 1 0 ) , 0 1 ST( 30 0 ) , TR{10),TRF(300) 
2 1 TOT I 300)iPL(10)»TT(10),TRA(300),BTOTI 300) 
3 C 
4 C DT = DATA IDENTIFIER IF OT < 10 . 
5 C THEN PROGRAM TERMINATES 
6 C 
7 2000 READ(5,11)DT 
8 11 FORMAT(F3.01 
9 IF(DT.LT.10.)G0 TO 200 

10 C 
11 C AZ = MODEL IDENTIFER IF AZ < 10 THEN 
12 C A LINEAR INCREASE OF VELOCITY WITH DEPTH 
13 C IS ASSUMED IN THE LOWEST LAYER 
14 c . 
15 READ(5,11)AZ 
16 IF(AZ.LT.IO.)GO TO 20 
17 C 
18 C THE FOLLOWING PART OF THE PROGRAM COMPUTES 
19 C TRAVEL TIMES FOR PLANE HOMOGENEOUS LAYERS 
20 C 
21 READ(5,12)N 
22 C 
23 C N = NO. OF LAYERS 
24 C 
25 12 FORMAT(13) 
26 DO 30 1=1,N 
27 RE AD(5,13)Z(I) 
28 13 FORMAT(F8•3) 
29 DEP=DEP+Z(I ) 
30 30 CONTINUE 
31 NN=N+1 
32 DO 31 1=1,NN 
33 READ!5,13)V(I) 
34 C 
35 C V = LAYER VELOCITY 
36 C 
37 . 31 CONTINUE 
38 READ(5,12)M 
39 c 
40 c M = NO. OF SHOTS 
41 c 
42 00 32 I=l,M 
43 READ(5,13JDIST(I) 
44 c 
45 c DIST = SHOT-STATION RANGE 
46 c 
47 32 CONTINUE 
48 c 
49 c THIS SECTION COMPUTES HEAD WAVE TRAVEL TIMES 
50 c 
51 DO 33 1=1,M 
52 TK = 0. 
53 DO 34 J=1,N 
54 RB=V< NN)**2-V(J>**2 
55 TR(J)=2.*Z(J)*SORT(RB)/(V(NN)*V(J)) 
56 TK=TK+TR(J) 
57 34 CONTINUE 
58 TS=DIST(I)/V(NN) 
59 TRFU) = TS+TK 



60 33 CONTINUE 
6L C 
62 C THIS SECTION SEARCHES FOR 
63 C CORRECT SHOT-STATION RANGE 
64 C 
65 DO'35 1=1,M 
66 NTN=0 
67 NKN=0 
68 C 
69 c TINC = INCREMENTAL ANGLE 
70 c 
71 T INOO.l 
72 AI=0. 
73 TL=0. 
74 NTN=0 
75 21 AI=AI+TINC 
76 TL = 0. 
77 TL=TL+Z(1)*TAN(AI) 
78 DO 36 J=2,N 
79 C = 1 . - ( V ( J ) * S I N ( A I ) / V ( 1 ) ) * * 2 
80 1FIC.LE.0.)G0 TO 130 
81 CD=Z(J)*V(J)*SIN(AI)/(V(l)*SORT(C) ) 
82 TL=TL+CD 
83 36 CONTINUE 
84 DlFF = ABS(DI ST(I)-2.*TL) 
85 C 
86 C LIMIT OF TOLFRANCE SET AT 0 .05KM 
87 C 
88 IF(D1FF.LT.0.05)G0 TO 100 
89 NTN=NTN+l 
90 IF(NTN.GT.200)G0 TO 50 
91 R=2.*TL-DIST(I ) 
92 IF(R.GT.O.»G0 TO 130 
93 GO TO 21 
94 130 A1=AI-TINC 
95 TINC=TINC/10. 
96 GO TO 21 
97 C 
•98 C THIS SECTION STOPS THE PROGRAM 
99 C IF AN ERROR IN THE INPUT DATA 
100 C 
101 50 WRITE(6,40) 
102 40 FORMAT(IX,5X,•MORE THAN 200 ITERATIONS REQUIRED' 
103 GO TO 200 
104 C 
105 C THIS SECTION COMPUTES REFLFCTED TRAVEL TIMES 
106 C 
107 100 DO 39 J=2,N 
108 AT=V(J)*SIN(AI ) / V ( l ) 
109 D=AT**2 
110 DD=1.-D 
111 DC=AT/SQRT(DD) 
112 AB=ATAN(DC> 
113 PL(J)=Z(J)/COS(AB) 
114 T T ( J ) = P L ( J ) / V ( J ) 
115 TOT(I ) = TOTl I )+TT(J J*2. 
116 39 CONTINUE 
117 PK=Z(1)/C0S(AI) 
118 TOT(I)=TQT(I) + PK*2./V( 1) 
119 35 CONTINUE 
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120 C 
121 C PRINTING OF RESULTS 
122 C 
123 W R I T E ( 6 , 6 6 6 ) 
124 666 FORMAT!IX,10X, 'HOMOGENEOUS PLANE L A Y E R I N G ' ) 
125 W R I T E ( 6 , 4 2 ) 
126 42 F 0 R M A T ( 1 H 0 , / , 5 X , ' S H O T RANGE REFRACTED T . T . 
127 1 REFLECTED T . T . ' J 
128 DO 51 I = l f M 
129 W R I T E ( 6 , 4 3 1 1 , D I S T ( I ) , T R F { I ) , T O T ( I ) 
130 43 FORMAT I I X , 5 X , I 3 , 3 X , F 8 . 3 , 7 X , F 6 . 3 , 1 2 X , F 6 . 3 1 
131 51 CONTINUE 
132 GO TO 2000 
133 C 
134 C THE FOLLOWING PART OF THE PROGRAM COMPUTES 
135 C TRAVEL TIMES FOR A VELOCITY INCREASE WITH DEPTH 
136 C 
137 20 R E A D ( 5 , 1 2 ) N 
138 C 
139 C N = NO. OF LAYERS 
140 C 
141 DO 300 1 = 1 , N 
142 R E A D ( 5 , 1 3 ) Z U ) 
143 C 
144 C Z = LAYER THICKNESS 
145 C 
146 300 CONTINUE 
147 LM=N-1 
148 DO 301 I = 1 , L M 
149 R E A D ( 5 , 1 3 ) V ( I ) 
150 C 
151 C V = LAYER VELOCITY 
152 C 
153 301 CONTINUE 
154 R E A D ( 5 , 8 9 ) V A , V B , V C 
155 C 
156 C VA = VELOCITY AT TOP OF LOWER LAYER 
157 C VB = VELOCITY AT BASE OF LOWER LAYER 
158 C VC = VELOCITY AT TOP OF HALF-SPACE 
159 C 
160 89 FORMAT(3F8 .0 ) 
161 R E A D ( 5 , 1 2 ) M 
162 DO 873 1=1 ,M 
163 C 
164 C M = NO. OF SHOTS 
165 C 
166 R E A D ( 5 , 1 3 ) D I S T I I ) 
167 C 
168 C DIST = SHOT-STATION RANGE 
169 C 
170 C 
171 C THIS SECTION COMPUTES MINIMUM AND 
172 C MAXIMUM RANGES FOR THE REFLECTION 
173 C 
174 873 CONTINUE 
175 ALAM=0. 
176 A T P = V ( 1 ) / V C 
177 ACT=ARSIN(ATP) 
178 A H C = Z ( 1 ) * T A N ( A C T ) 
179 DO 607 J = 2 , L M 



180 AAH=Z<J)*ATP 
181 A H = V ( 1 1 * * 2 - ( ( V ( J 1 * * 2 ! * ( A T P * * 2 I 1 
182 ALN=SQRT(AH) 
183 ALM=AAH/ALN 
184 ALAM= ALAM+ALM 
185 607 CONTINUE 
186 C K = ( V B - V A 1 / Z ( N 1 
187 A K A N = ( V ( l 1 * * 2 / A T P * * 2 ) - V A * * 2 
188 AKA=SGRT(AKAN) 
189 A V A K = ( V ( 1 1 * * 2 / A T P * * 2 ) - V B * * 2 
190 AVK=SQRT(AVAK) 
191 A V A = ( A K A - A V K ) / C K 
192 AMIN=2.*(ALAM+AVA+AHC1 
193 A C T L = 0 . 
194 T L T = V ( 1 ) / V B 
195 CTI. = A R S I N ( T L T 1 
196 C H = Z ( 1 1 * T A N ( C T L ) 
197 DO 574 J = 2 , L M 
198 CHC=Z< J1*TLT 
199 C P C T = V ( l ) * * 2 - ( ( V ( J ) * * 2 ) * < T L T * * 2 1 ) 
200 CCT=SQRT(CPCT) 
2 0 1 CLC=CHC/CCT 
202 ACTL=ACTL+CLC 
203 574 CONTINUE 
204 C 
205 C THIS SECTION PRINTS THE L I M I T I N G RANGES 
206 C 
207 C K = ( V B - V A ) / Z ( N ) 
208 C C P C = ( V ( 1 1 * * 2 / T L T * * 2 1 - V A * * 2 
209 CBPC=SQRT(CCPC) 
210 CLCP=CBPC/CK 
211 RAN=2.*(ACTL+CLCP+CH) 
212 W R I T E ( 6 , 4 6 6 ) 
213 466 F O R M A T ( I X , 5 X , ' L F N E A R VELOCITY INCREASE WITH 
214 1 DEPTH I N LOWEST LAYER 1 ) 
215 W R I T E ( 6 , 7 7 1 1 
216 771 F O R M A T ( I H O , / , 5 X , " L I M I T I N G RANGE OF HOHO 
217 1 REFLECTIONS' 1 
218 W R I T E ( 6 , 1 3 8 ) 
219 133 F O R M A T ( 1 H 0 , / , 5 X , ' M I N I M U M RANGE 
220 1 MAXIMUM RANGE1 ) 
2 2 1 W R I T E ( 6 , 5 1 4 1 A M IN,RAN 
222 514 F O R M A T ( I X , 1 O X , F 8 . 3 , 1 8 X , F 8 . 3 ) 
223 C 
224 C THIS SECTION COMPUTES HEAD WAVE TRAVEL TIMES 
225 C 
226 DO 414 1 = 1 , M 
227 NTN=0 
228 TOPL=0. 
229 S P L = 0 . 
230 S T L = 0 . 
231 TOKL=0. 
232 BTOT ( I 1 = 0 . 
233 DO 330 J = 1 , L M 
234 TKR=V( J 1/VC 
235 A I T = A R S I N ( T K R1 
236 P P L = T A N ( A 1 T 1 * Z ( J ) 
237 T0PL=T0PL+2 .*PPL 
238 S P L = Z ( J ) / C 0 S ( A I T 1 
239 STL= S P L / V ( J 1 



2 4 0 T 0 K L = T 0 K L + 2 . * S T L 
2 4 1 330 CONTINUE 
242 DS"=DIST{ I ) -TOPL 
243 AC=VC/VA 
244 CAT=AC+SQRT(AC**2-1) 
245 CA=ALOG(CAT) 
246 AB=VC/VB 
247 ABT=AB + SQR T ( A B * * 2 - 1 ) 
248 ABB=ALOG(ABT) 
249 A R B = 2 . * ( C A - A B B ) / ( ( V B - V A ) / Z ( N ) ) 
250 S 0 B = 1 . - ( V A / V C ) * * 2 
251 SIB=SQRT(SOB) 
252 S A B = l . - ( V B / V C ) * * 2 
253 SUB=SORT(SAB) 
254 T U B = 2 . * ( S I B - S U B ) / ( ( V B - V A ) / Z ( N ) ) 
255 ATTL = ARB-TUB 
256 T R A ( I ) = T O K L + A T T L + D S / V C 
257 C 
258 C THIS SECTION SEARCHES FOR 
259 C CORRECT SHOT-STATION RANGE 
260 C 
261 A I = 0 . 
262 T 1 N C = 0 . 1 
263 221 A I = A I + T I N C 
264 I F ( D I S T ( I ) . G E . R A N ) G O TO 918 
265 T L = 0 . 
266 TL = Z ( 1 ) * T A N ( A I ) 
267 DO 830 J = 2 , L M 
268 PR=ZI J ) * S I N ( A I J * V ( J ) 
269 P T = V ( 1 ) * * 2 - ( < V ( J ) * * 2 ) * < S I N ( A I ) * * 2 ) ) 
2 7 0 I F C P T . L E . O . ) G 0 TO 230 
2 7 1 PLT=SORTlPT) 
272 RP=PR/PLT 
273 TL=TL+RP 
274 830 CONTINUE 
275 RK=(V( 1J**2/S I N I A I ) * * 2 ) - V A * * 2 
276 I F ( R K . L E . O . J G O TO 230 
277 RKK=SQRT{RK) 
278 T K = J V ( 1 ) * * 2 / S I N ( A I ) * * 2 ) - V B * * 2 
279 I F ( T K . L E . O . ) G 0 TO 230 
2 8 0 TKK=SQRT(TK) 
2 8 1 T M P = ( R K K - T K K ) / { I V B - V A ) / Z ( N ) ) 
282 TL=TL+ TMP 
283 D I F F = A B S ( D I S T ( I ) - 2 * * T L ) 
284 I F I D I F F . L T . 0 . 5 ) G 0 TO 1000 
285 NTN=NTN+1 
286 I F < N T N . G T . 5 0 0 ) G 0 TO 50 
287 R = 2 . * T L - D I S T ( I ) 
288 I F ( R . G T . O . ) G 0 TO 230 
289 GO TO 221 
290 230 A I = A I - T I N C 
291 T I N C = T I N C / 2 . 0 
292 GO TO 221 
293 C 
294 C THIS SECTION COMPUTES REFLECTFD TRAVEL TIMES 
295 C 
296 1000 DO 239 J ^ 2 , L M 
297 AT = V I J ) * S I N t A I ) / V < 1 ) 
298 D=AT**2 
299 D D = 1 . - D 



300 DC=AT/SQRT(DD) 
3 0 1 AB=ATAN(DC) 
302 B P L = Z ( J ) / C Q S ( A B ) 
303 B T T = B P L / V ( J ) 
304 B T O T I I ) = B T O T ( I ) + B T T * 2 . 
305 239 CONTINUE 
306 99 F O R M A T ! 1 X . F 1 2 . 2 ) 
307 B P K = Z ( l » / C D S t A I ) 
308 C R A = V B * S I N ( A I ) / V ( 1 ) 
309 BRT=VB/(VA*CRA) 
310 6ARD=BRT+SQRT(BRT**2-1) 
3 1 1 BAR-ALOG{BARD) 
312 BCT=1. /CRA 
313 BACD=BCT+SQRT(BCT**2-1) 
3 1 4 BAC=ALOG(BACD) 
315 BLB=BAR-BAC 
316 B T B = 2 . * B L B / ( ( V B - V A ) / Z ( N ) ) 
317 B T O T I I ) = BTOTI I ) + B P K * 2 . / V ( 1 ) + B T B 
318 414 CONTINUE 
319 C 
320 C PRINTING OF RESULTS 
3 2 1 C 
322 W R I T E ( 6 , 4 2 ) 
323 DO 738 1=1 ,M 
324 I F ( D I S T ( I ) . L T . R A N ) G O TO 876 
325 918 W R I T E ( 6 , 6 1 4 ) 
326 614 F 0 R M A T ( I H 0 , / , 5 X , " N O REFLECTION AT THESE RANGES') 
327 876 W R I T E ( 6 , 4 3 ) I , D I S T ( I ) , T R A ( I ) , B T O T ( I ) 
3 2 8 738 CONTINUE 
329 GO TO 2000 
330 200 STOP 
3 3 1 END 
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