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T h e Deep S e i s m i c S t r u c t u r e o f N o r t h e r n E n g l a n d and A d j a c e n t 
M a r i n e A r e a s f r o m t h e C a l e d o n i a n S u t u r e S e i s m i c P r o j e c t 

A . H.J. L e w i s 

ABSTRACT 

T h i s t h e s i s d e s c r i b e s t h e i n t e r p r e t a t i o n o f t h e deep s e i s m i c 
s t r u c t u r e f r o m t h e w i d e - a n g l e r e f 1 e c t i o n / r e f r a c t i o n C a l e d o n i a n 
S u t u r e S e i s m i c e x p e r i m e n t w h i c h e x t e n d s f r o m t h e M i d N o r t h S e a 
H i g h a c r o s s N o r t h e r n E n g l a n d , t h e I r i s h S e a to s o u t h w e s t 
I r e l a n d . A new m e t h o d o f d i s p l a y i n g t h e l a r g e niunber of 
t r a v e l t i m e s i n t h e f o r m o f c o n t o u r e d c o m p o s i t e p l o t s f o r a 
p a r t i c u l a r p h a s e h a s b e e n d e v e l o p e d . The i n t e r p r e t a t i o n 
m e t h o d s u s e d i n c l u d e a n a l y s i s o f t h e w i d e - a n g l e r e f l e c t i o n 
t r a v e l t i m e s , t i m e - t e r m a n a l y s i s , g r a v i t y m o d e l l i n g , and, r a y 
t r a c i n g and s y n t h e t i c s e i smogram mode 1 1 i n g . 

A m i d - c r u s t a l g r a d i e n t w h i c h r e t u r n s P cP o c c u r s b e t w e e n 
d e p t h s o f 1 5 . 0 - 1 8 . 5 km b e n e a t h t h e l i n e and i s o v e r l a i n by an 
u p p e r c r u s t w i t h an a v e r a g e v e l o c i t y o f 6.16-6.20 km/s 
e x c l u d i n g s e d i m e n t s . T h i s m i d - c r u s t a l g r a d i e n t was not 
r e c o g n i s e d p r e v i o u s l y i n t h e I r i s h S e a . A 1 owe r - c r u s t a l 
b o u n d a r y r e c o g n i s e d f r o m t h e PmP p h a s e o c c u r s a t 25.0 km d e p t h 
b e n e a t h t h e I r i s h S e a and a t 30 km b e n e a t h t h e N o r t h S e a . The 
a v e r a g e c r u s t a l v e l o c i t y i s 6.49-6.54 km/s e x c l u d i n g s e d i m e n t s 
a n d f o r t h e l o w e r c r u s t i s 6.75-6.77 km/s. The sub-Moho Pn 
v e l o c i t y i s e s t i m a t e d t o be 8.19 km/s b e n e a t h t h e I r i s h S e a , 
8.32 km/s b e n e a t h N o r t h e r n E n g l a n d and 8.02 km/s b e n e a t h t h e 
N o r t h S e a . The PmP and Pn b o u n d a r i e s d i v e r g e b e n e a t h the 
I r i s h S e a and d e f i n e a t r a n s i t i o n a l Moho o v e r a 5 km d e p t h 
r a n g e w i t h an a v e r a g e v e l o c i t y o f 7.8-7.9 km/s. 

The P c P and Pn b o u n d a r i e s c o r r e s p o n d a p p r o x i m a t e l y w i t h t h e 
t o p and b a s e r e s p e c t i v e l y o f t h e r e f l e c t i v e deep c r u s t 
o b s e r v e d b e n e a t h t h e I r i s h S e a on B I R P S WINCH. The 
t r a n s i t i o n a l Moho b e n e a t h t h e I r i s h S e a h a s a r e f l e c t i v e 
c h a r a c t e r s i m i l a r t o t h e l o w e r c r u s t . The c o i n c i d e n t PmP and 
Pn b o u n d a r i e s b e n e a t h t h e N o r t h S e a d e f i n e an a b r u p t i n c r e a s e 
i n v e l o c i t y f r o m 6.75 to 8.0 km/s w h i c h a p p r o x i m a t e l y 
c o r r e s p o n d s t o t h e p r o m i n e n t r e f l e c t i o n s b e n e a t h t h e 
n o n - r e f 1 e c t i v e l o w e r c r u s t o b s e r v e d on t h e B I R P S NEC l i n e a t 
10.5 t o 11.0 s . 

The u p p e r c r u s t o f v e l o c i t y 6.15-6.20 km/s a p p e a r s to l i e 
b e l o w t h e s u t u r e b e n e a t h N o r t h e r n E n g l a n d and t h e N o r t h S e a 
a l o n g t h e l i n e b u t may a l s o o c c u r above i t f u r t h e r w e s t . The 
l o w e r c r u s t a nd d e e p e r s t r u c t u r e s l i e b e l o w t h e s u t u r e and 
r e p r e s e n t c r u s t o f t h e S o u t h e r n C a l e d o n i d e s . The anomalous 
s t r u c t u r e o f t h e Moho and upp e r m a n t l e b e n e a t h t h e I r i s h S e a 
f o u n d f r o m C S S P and B I R P S may be r e l a t e d t o t h e 
p o s t - C a l e d o n i a n f o r m a t i o n o f t h e I r i s h S e a b a s i n s . The 
r e f l e c t i v e l o w e r c r u s t and t r a n s i t i o n a l Moho may r e s u l t f r o m 
c r u s t a l t h i n n i n g p r o d u c e d by d u c t i l e s t r e t c h i n g . 
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P r e d i c t e d d e c o n v o l u t i o n p e r f o r m e d 

B u b b l e p u l s e p e r i o d = 0.31 s 

2.7 Corrmon s h o t s e c t i o n N2 f o r s e l e c t e d s t a t i o n s 

P r e d i c t e d d e c o n v o l u t i o n p e r f o r r r t e d 

B u b b l e p u l s e p e r i o d = 0.31 s 

?.S Comron s h o t s e c t i o n N2 f o r s e l e c t e d s l o t i o n s 

P r e d i c t e d d e c o n v o l u t i o n p e r f o r m e d " 

B u b b l e p u l s e p e r i o d = 0.31 s 

2.9 Comrron s h o t s e c t i o n rJ2 f o r c o m p l e t e s e c t i o n 

( o ) N o d e c o n v o l u t i o n p e r f o r r r i e d 

( b ) P r e d i c t e d d e c o n v o l u t i o n perforrr»ed 

B u b b l e p u l s e p e r i o d = 0.31 s 

2 10 Comron s h o t s e c t i o n 

( o ) No d e c o n v o l u t i o n p e r f o r r r ^ d 

i b ) P r e d i c t e d d e c o n v o l u t i o n p e r f o r r r i e d 

B u b b l e p u l s e p e r i o d = 0.26 s 

2.11 Cormon s h o t s e c t i o n N6 

( o ) N o d e c o n v o l u t i o n p e r f o r r r ^ d 

( b ) P r e d i c t e d d e c o n v o l u t i o n p e r f o r m e d 

B u b b l e p u l s e p e r i o d = 0 . 2 3 s 

2 12 Comron s h o t s e c t i o n N2r-i 

( o ) N o d e c o n v o l u t i o n p e r f o r m e d 

I b j P r e d i c t e d d e c o n v o l u t i o n perforrr»ed 

B u b b l e p u l s e p e r i o d = 0.28 s 

2 13 Conrron s h o t s e c t i o n Ml7 

f o ) N o d e c o n v o l u t i o n p e r f o r r r e d 

( b ) P r e d i c t e d d e c o n v o l u t i o n p e r f o r r r t e d 

B u b b l e p u l s e f r e q u e n c y = 0 . 3 5 s 

2.14 CofTTTcn s h o t s e c t i o n N14 a m p l i t u d e s c o r r e c t e d t o cornron g o i n 

3 . 1 S k e t c h d i o g r o m s i l l u s t r o t i n g t h e i n t e r p r e t a t i o n o f t h e 

t r o v e ! - t tfr<e m a t r i c e s . 

3-2 S k e t c h d i o g r o m i l l u s t r o t i n g t h e v o r i o b l e s used t o 

c o r r e c t f o r t h e s h a l l o w s t r u c t u r e . T h e o v e r o g e sedirr.ent 

c o v e r v e l o c i t i e s w e r e d e r i v e d f r e m Green ( 1 9 8 4 ) . 

4 . 1 The t r a v e l - t i m e m a t r i c e s f o r t h e I r i s h a nd N o r t h Seo drown 

w i t h r e p r e s e n t o t i v e camron m i d - p o i n t and c o m m o n d i s t a n c e 

I i nes. 



4.2a T r o v e l - l i m e m o t r i ) - f o r t h e phose Pg i n t h e I r i s h Seo 

u n c o r r e c t e d f o r s h o l l o w s t r u c t u r e 78 

4.2b T r o v e 1 - t r m e m o t r i * ( o r t h e phase Pg i n t h e N o r t h Seo 

u n c o r f e c t e d ( o r s h a l l o w s t r u c t u r e 78 

4.3o T r o v e l - t i m . e r r o t r i . ( o r t h e phose PcP i n t h e I r i s h Seo 

u n c o r r e c t e d ( o r s h o l l o w s t r u c t u r e 79 

4,3b T r o v e l - t inr>e m D t r i j i f o r t h e phase PcP i n t h e I r i s h Seo 

u n c o r r e c t e d t o r s h a l l o w s t r u c t u r e 79 

4.3c T r o v e l - t i m e m a t r i > f o r t h e phose PcP i n t h e I r i s h Seo 

c o r r e c t e d f o i s h c i l o v v s t r u c t u r e 79 

4 4 0 T r o v e l - t i r r ^ rrnt r 1 > f o r t h e phase PcP i n t h e N o r t h Sea 

u n c o r r e c t e d l o r s h o i i o v * s t r u c t u r e 80 

4 . 4 b T r o v e I - 1 irr»e mo t r i > f o r t h e phose PcP i n t h e N o r t h Seo 

u n c o r r e c l e d f o r s h o M o w s t r u c t u r e 80 

4.4c I r o v e i - t i r r ^ m j I r i > f o r t h e phose PcP i n t h e N o r t h Sea 

c o r r e c t e d f o r s h a l l o w s t r u c t u r e 80 

4. 5o ' r o v e l - t i n i e m ^ t r i , f o r the phose PrrP i n t h e I r i s h Seo 

u n c o r r e c t e d i o r s h o l i o w s t r u c t u r e 82 

4 . 5 b T r o v e I - 1 i r r ^ rro I r i • f o r t h e phase PrrP i n t h e I r i s h Seo 

u n c o r r e c t e d t o f s h o l l o w s t r u c t u r e 82 

4,5c T r o v e i - t irrie ma t r i . f o r t h e phose PrrP i r. t h e I r i s h Seo 

c o r r e c t e d f o t s h a l l o w s t r u c t u r e 82 

4 DO T r o v e I -1 irrte rrc I r i . f o r t h e phase frrP i n t t i e N o r t h Seo 

u n c o r r e c t e d f o r s h o i t o w s t r u c t u r e 83 

4.6b T r o v e i - t itr«: m o t r i > f o r t h e phose PmP i n t h e hJorth Sea 

u n c o r r e c t e d t o r s h a l l o w s t r u c t u r e 83 

4.6c T r o v e l - t irTNr mo t r i - l o r t h e phose PmP i n t h e N o r t h Seo 

c o r r e c t e d f o r s h o l l o w s t r u c t u r e 83 

4 7 o Trovel-tirr«e r r o t r i > f o r t h e phose Pn i n t h e I r i s h Sea 

u n c o r r e c t e d f o r s h o I Iow s t r u c t u r e 84 

•J 7 b T r o v e l - t i m e mo t r i > f o r t h e phose Pn i n t h e I r i s h Seo 

c o r r e c t e d ( o r s h o l l o w s t r u c t u r e 84 

4. 8o T r a v e l - t i m e m a l r i j i ( o r t h e phose Pn i n t h e N o r t h Sea 

u n c o r r e c t e d t o r s h o l l o w s t r u c t u r e 35 

4.Sb T r o v e i - t ifT>e m a t r i x f o r t h e phose Pn i n t h e N o r t h Seo 

c o r r e c t e d f o r s h o l l o w s t r u c t u r e 85 

4.9 W i d e - a n g l e r e f l e c t i o n r e s u l t s f o r PcP i n t h e N o r t h 

ond i r i sh Seas 87 

4.10 W l d e - o n g l e r e f l e c t i o n r e s u l t s f o r PcP i n t h e N o r t h Seo 87 

4.11 W i d e - o n g l e r e f l e c t i o n r e s u l t s f o r PcP i n t h e I r i s h Seo 87 



4.12 W i d e - a n g l e r e f l e c t i o n r e s u l t s f o r PmP i n t h e N o r t h ond 

I r i sh Seas 88 

4.13 W i d e - o n g l e r e f l e c t i o n r e s u l t s f o r P n f i n t h e N o r t h ond 

I r i s h Seos c o r r e c t e d ond u n c o r r e c t e d f o r t h e s h o l l o w 

s t r u c t u r e 88 

4.14 W i d e - o n g l e r e f l e c t i o n r e s u l t s f o r PmP i n t h e I r t s h Sea BS 

4.15 W i d e - o n g l e r e f l e c t i o n r e s u l t s f o r PmP m t h e N o r t h Seo 88 

4.16 ( o ) Sunrrary o f t h e PcP w i d e - a n g l e r e f l e c t i o n r e s u l t s 

( b j SufTTTorv o f t h e PmP w i d e - o n g i e r e f l e c t i o n r e s u l t s 59 

4 17 Pn t i r r i e - t e r m r e s u l t s f o ' N o r t h e r n E n g l o n d u s m o t h e 

I r i s h and f J o r t h Seo s h o t s . 90 

4 IS A s t e t c h o f o c r o s s - s e c t i o n t h r o u g h t h e h y p e r s p o c e 

r e g i o n f o r o t i r r i e - t e r m ono I ys i s f o r one t i r r e - t e r m . 91 

4.19 Ano I y> i s o f v o r i o n c e o l t he Pn t irr>e—t erm ono I ys i s 

f o r N o r t h e r n E n g l a n d . 92 

4.20 Pn t i m e - I e r m r e s u l t s f o r t h e I r i s h Seo u s i n g o n l y 

the 1 r i s h Seo s h o t s . 93 

4.21 Pn t i m e - t e r m r e s u l t s f o r t h e I r i s h Seo u s i n g o n l y 

t h e I r i s h Sea s h o t s and t h e I r i s h s t a t i o n L15. 93 

4.22 A n o i y s i s o f v o r i o n c e o f t h e Pn t irr.e—term ono i ys i s 

f o r t h e I r i sh Sea. 93 

4.23 Pn tlrr»e-term r e s u l t s o i l Pn t r o v e l - t irries o b s e r v e d f r o m 

t h e I r i s h a nd N o r t h Sea s h o t s and a t t h e I r i s h s t a t i o n 

L15. 93 

4.24 A n o i y s i s o f v o r i o n c e o f t h e Pn t irr>e-t erm ono I ys i s 

u s i n g o i l t h e t r o v e i - t i r r . e s . 94 

4.25 Pn t i f T - r - t e r m r e s u l t s f o r t h e N o r t h Seo u s i n g o n l y 

t h e N o r t h Seo s h o t s 94 

4 26 A n o t y s i s o f v a r i a n c e o f t n e Pn t irr.e-term ona I ys i s 

t o r m e Nor t h Sea . 94 

4.27 Pn t i r r > e - l e r m r e s u l t s f o r t h e t ^ o f t h Seo c o n s t r a i n i n g t h e 

v e l o c i t y t o 8.0. 8 . 1 . 8.2 and 8.3 km/s. 94 

4 28 Pn t i m e - t e r m r e s u l t s f o r a l l s h o t s . The t r a v e l - t i m e s o r e 

c o r r e c t e d f o r s h o l l o w s t r u c t u r e b e f o r e c o l c u l o t t n g t h e 

t i f T i e-terms 96 

4.29 Pn t i m e — t e r m r e s u l t s f o r s h o t s N1-N29. The t r o v e l - t i m e s o r e 

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

t irr^e—terms . 96 

4.3& R e s i d u o l s p l o t t e d o g a i n s t s i t e p o s i t i o n f o r t h e runs 

c o r r e s f x j n d i n g t o t h e r e f e r e n c e nurrbers g i v e n i n T a b l e 4.2. 96 



4.31 l o ) Sumrory o f t h e w i d e - o n g l e r e s u l t s . V e l o c i t y v a l u e s o r e 

o v e r o g e v e l o c i t i e s c o l c u t o t e d f o r eoch f o y e r , 

( b ) Sumrory o f t h e Pn t i r T>e-term r e s u l t s . V e l o c i t y v o l u e s o r e 

o v e r a g e v e l o c i t i e s c o l c u l o t e d f o r eoch l a y e r i n km/s 97 

5.1 ( a ) Bouguer anorro I y c o n t o u r nop o v e r N o r t h e r n E n g l a n d ond 

o d j o c e n t m a r i n e o r e o s ( f r o m Green 1984) 

( b ) Bouguer o n o m a t y c o n t o u r mop o c r o s s I r e t o n d 

i l a l - e n f r o m J o c o b e t o l 1985) 100 

5-Z Bouguer g r a v i t y o n o r r o l y o l o n g t h e c o i r p l e t e CSSP l i n e 

f r o m t h e Shonnon E s t u o r y t o t h e N o r t t i Seo. _ IGO 

5 3 Noie-Droi-e c u r v e d i s p l a y i n g t h e l o c a t i o n s o l t h ^ r e s u l t s 

frorr. CSSP l O l 

5.4 l a i G f O v i i y v o r i o t i o n s due t o t h e s e i s m i c madei a i o n g t h e 

m o In CSSP 1 i n e 

l b ) G r a v i t y v a r i a t i o n s due t o t h e s e i s m i c model o l o n g 

t h e CSSP l i n e i n c o r p o r o t i ng t h e Cor I i s l e m i . r u s i o n 

• d e n t i t i e o b) L o v i n g ( 1 9 7 1 ) 102 

5.5 Aerorrognet i c onoma I y rrcp j u s t n o r t h o f C a r l i s l e 102 

5.6 G r o ^ f t v v a r i a t i o n s due t o t h e s e i s m i c r r o d e l w i t h o u t 

the Pn b o u n d a r y . 162 

5.7 G r a v i t y v o r i o t i o n s c o l c u l o t e d u s i n g t h e s e i s m i c rrode! 

w i t h t h e PmP and Pn b o u n d o r i e s r e p l a c e d by o s i n g l e 

i n t e r f a c e a l o n g t h e 7.9 km/s i s o v e i o c i t y l i n e . 102 

5.8 ( a ) Conrnon s t a t i o n s e c t i o n f o r s t a t i o n 32 d i s p l a y i n g t h e 

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

rrode I i I t us t r o t ed 

( b ) Roy d i a g r a m f o r s t o t i o n 32 f o r t h e N o r t h Seo s h o t s . The 

rr o d e l i s a 1-0 oppr o > i r r o t i o n t o t h e s t r u c t u r e b e n e o t h t h e 

N o r t h Sea. lOo 

5.9 ( a j Ccirrm3n s t o t i o n s e c t i o n f o r s t a t i o n 32 d i s p l a y i n g t h e 

t r o v e l t irr^eJ- c o l c u l o t e d f r o m r a y I r o c i n g t h r o u g h t h e 

rr o d e l i I l u s t r o t ed , 

l b ) S v n t h e t i c se i s r r o g r a m corrpu t e o u s i n g t h e r e f l e c t i v i t y 

rr-rthod f o r s t a t i o n 32 f o r t h e N o r t h Seo s h o i s . 109 

5-10 ( a ) Cormran s t a t i o n s e c t i o n f o r s t o t i o n 32 d i s p l a y i n g t h e 

i r o v e l t irries c o l c u l o t e d f r o m r o y t r o c i n g t h r o u g h o rrodet 

s k e t c h e d i n ( b ) . 

( b ) Roy d i o g r o f t i f o r s t a t i o n 32 f o r t h e I r i s h Seo s h o t s . The 

rro d e i i s a 1—0 oppro*" imot i o n t o t h e s t r u c t u r e b e n e o t h t h e 

I r i s h Seo. 169 

5-11 Comron s t o t i o n s e c t i o n s f o r t h e I r i s h Seo s n o t s c o r r e c t e d t o 

corrrron g a i n f o r : o ) S t o t i o n 2. b ) S t a t i o n 15. c ) S t o t i o n 32 l l Q 

5 12 ( o ) S y n t h e t i c s e i s m o g r o m computed u s i n g t h e r e f l e c t i v i t y 

m e thod f o r o t r a n s i t i o n o l Moho c o n s i s t i n g o f o l i n e a r 

ve toe i t y g r o d i e n t . 116 

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

f o r o t r o n s i t i o n o l Moho c o n s i s t i n g o f o l i n e a r v e l o c i t y 



g r o d i e n t w i t h t h i n low v e l o c i t y l a y e r s . 110 

5.14 S y n t h e t i c s e i s m o g r a m computed u s i n g t h e r e f l e c t i v i t y rrtethod 

l o r o t r o n s ' t i o n o l Moho c o n s i s t i n g o f on a b r u p t v e l o c i t y 

i n c r e o s e o t i t s t o p sur f a c e f romi 6.75 t o 7.9 km/s ond o 

s I i g h t ve l o c i t y g r o d i e n t d o w n t o i t s t x ) t tom s u r f o c e . 111 

5.15 S y n t h e t i c s e i s m o g r o m computed u s i n g t h e r e f l e c t i v i t y method 

( o r o t r o n s i t i o n o l W . i h o c o n s i s t i n g o f on o b r u p l v e l o c i t y 

i n c r e a s e a c r o s s i t s t o p s u r f o c e f r o m 6.75 t o 7.5 tm/s and 

0 g e n t l e v e l o c i t / g r o d i e n i down t o i t s t»ottom s u r f o c e . i l l 

5.16 F i n o l l a t e r a l l y v a r y i n g v e l o c i t y model used t o c o r r p u t e t h e 

2-0 s y n t h e t i c s e i s r r o g r o m G C o n t o u r s o r e i s o - v e l o c i t y l i n e s 

Coniovr i n t e r v a l i s 0.2 l-m/s 1 1 4 

5 . 1 7 ( a ) R g y p o t h s t h r o u g h t h e u p p e ; c r u s t c o n t > u t e d f o r s t o t i o n 8 

( b ) R o y p o t h s t h r o u g h t h e lower c r u s t c o n f u t e d f o r s t o t i o n 8 

(<:) R o y p o t h s o f nan r e f l e c t e d r o v s c o r r p u t e d ( o r s l o t i o n 8 

I d ) 2-D s y n t h e t i c s e i s r r o g r o m f o r s l o t i o n S l o r i h e I r i s h Seo 

s h o t s c o r r o u t e d u s m g S£(5S3 

( e ) O b s e r v e d seisrrogrom. f o r s i o t i o n 8 f o r t h e I r i s h Sea s h o t s 

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

( f ) O bserved s e i s m o g r a m f o r s t o t i o n 8 f o r t h e I r i s h Seo s h o t s 

w i t h a m p l i t u d e s e q u o l i s e d . 

( g ) 2-0 s y n t h e t i c s e i s m o g r a m f o r s t o t i o n 8 f o r t h e N o r t h Seo 

s h o t s c o r r p u t e d u s i n g SEIS83. 

( h ) O bserved s e i s m o g r a m f o r s t o t i o n 8 f o r t h e N o r t h Seo s h o t s 

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

( i ) O b s e r v e d se i s r r o g r a m i f o r s t a t i o n 8 f o r t h e N o r t h Seo s h o t s 

w i t h a m p l i t u d e s e q u a l i s e d . H o 

5.18 ( o ) R o y p o t h s t h r o u g h t h e upper c r u s t c o r r p u t e d f o r s t o t i o n 32 

( b ) R o y p o t h s t h r o u g h t h e l o w e r c r u s t computed f o r s t a t i o n 32 

( c ) R o y p o t h s o f non r e f l e c t e d r o y s computed for s l o t i o n 32 

( d ) 2-0 s y n t h e t i c s e i s m o g r o m f o r s t o t i o n 32 f o r t n e I r i s h Seo 

s h o t s cofTputed u s i n g SCiSS3. 

!e) O b s e r v e d seismogrom. f o r s t a t i o n 32 f o r t n e I r i s h Sea s h o t s 

w i t h o r r p l i t u d e s c o r r e c t e d t o camrron g o m 

( f ) O b s e r v e d s e i s m o g r o m f o t s t a t i o n 32 (or t n e I r i s h Seo s n o t s 

w i t h o m p l i t u d e s e q u a l i s e d . 

( g ) 2-0 s y n t h e t i c s e i s f r o g r o m f o r s t o t i o n 32 f o r t h e N o r i h Seo 

s h o t s cofTputed u s i n g SE1SS3. 

( h ) O b s e r v e d s e i s m o g r a m ( o t s t o t i o n 32 ( o r t h e f J o r t h Seo s h o t s 

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

( i ) O b s e r v e d s e i s f r o g r o m f o r s t a t i o n 32 f o r t h e N o r t h Seo s h o t s 

w i t h a m f i l i t u d e s e q u a l i s e d . 11 7 

5.19 ( o ) R o y p o t h s t h r o u g h t h e up p e r c r u s t computed f o r s t a t i o n 50 

( b ) R a y p o t h s t h r o u g h t h e lower c r u s t computed ( o r s t o t i o n 50 

{r) R o y p o t h s o f non r e f l e c t e d r o y s computed f o r s t a t i o n 50 

( d ) 2-0 s y n t h e t i c s e i s m o g r o m f o r s t o t i o n 50 f o r t h e I r i s h Seo 

s h o t s c o r r p u t e d u s i n g SE I S83 . 

( e ) O b s e r v e d s e i s f r o g r o m f o r s t o t i o n 50 f o r t h e I r i s h Seo s h o t s 

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

( f ) O b s e r v e d s e i s m o g r o m ( o r s t a t i o n 50 f o r t h e I r i s h Seo s h o t s 

w i t h o m p l i t u d e s e q u a l i s e d . 

( g ) 2-0 s y n t h e t i c s e i s r r o g r o m f o r s t a t i o n 50 f o r t h e N o r t h Sea 

s h o t s computed u s i n g SEIS83. 

( h ) O b s e r v e d s e i s m o g r a m ( o r s t a t i o n 50 f o r t h e N o r t h Sea s h o t s 



w i t h OfTplituCJes c o r r e c t e d t o conrrTon go i n. 

( i ) O b s e r v e d s e i s n r o g r o m ( o r s t o t i o n 50 ( o r t h e N o r t h Seo s h o t s 

w i t h o r r p i i t u d e s e q u o f i s e d . 117 

5.20 ( a ) Roypo t h s t h r o u g h t h e upper c r u s t c o r r p u t e d f o r s h o t Ml7 

( b ) R a v p o t h s t h r o u g h t h e i o * e r c r u s t c o r r p u l e d f o r s h o t Ml7 

( c ) R o / p o t h s o' non r e / ( e c t e d r o y s c o r r p y t e d tor s h o t MI? 

( d ) 2-D s y n t h e t i c seismogrorr. t o r s l o t i o n 50 ( o r s h o t MM 

s h o t s c o n p u t e d u s i n g S E I S S J 

( e ) O b s e r v e d s e i s f i o g r o m f o r s h o t Ml7 

w i t f i a r r p f i t u d e s e q u a l i r e d . 117 

5.21 ( o ) R o y p o t h s t h r o u g h t h e upper c r u s t c o r r p u t e d ( o r s h o t Nl 

(t ' ) Raypo^^»5 t h r o u g h t h e l o * e r c r u s t c o t r p u t e d f o r s h o t Nl 

( c ) 2-0 s y n t h e t i c seismogrorri f o r s t a t i o n 50 f o r shot Nl 

s h o t s c o r r p u t e d u s i n g S E ISS3 

I d J O bserved i e i srrogrorr. i o i s h o t Nl 

w i t h orrt. l i t u d e s e q u o i i r e d 117 

5.22 ( G ) R o y p o t h s t h r o u g h t h e upper c r u s t computed f o r s t o t i o n 32 

u s i n g o - . ' ^ - l o c i l v n o d e l A i t h o I i n e o r v e l o c i t v q r o d i e n t 

be-ween i n e Frrf' ond Pn t - o u n a o r i e s . 

( b ) 2-D s y n t h e t i c seisn-ogrom f o r s t o t i o n 32 f o r t h e I r i s h Sea 

s h o t s c o r r p u l e o u s i n g S£tSS3 118 

5.23 L o c o t i o n o f 5 1 R P S WINCH L mes i n t h e o r e o o f t h e n o r t h e r n I r i s h 

Seo wt t n I i n e d r a w i n g s o f t h e no i n r e f l e c t i o n s compi l e d by 

Brewer e t o l f 1 9 5 J J 119 

5.24 BiRPS WINCH LINE-HC- d^ep r e f l e c t i o n p r o f i l e w h i c h r o n o l o n g 

t h e C a l e d o n i o n S u t u r e S e i s m i c P r o j e c t L i n e between s h o t s 13 

ond 11. The two woy t r o v e ! t inres t o t h e PcP. PnP ond Pn 

b o u n d o r i e s f o u n d f r o m CSSP o r e drawn. N o t e t h e 

chonge i n h o r i z o n t o I s c o l e , 120 

5.25 ( o ) R e s u l t s o f BIRPS deep r e f l e c t i o n p r o t i l e WiNCH-SC. 

( b ) Reduced r e i r o c t i o n s e c t i o n a c r o s s t h e H e b r i d e o n C r o t o n 

( T o k e n f r o m A r r r c u r 1975) 

( c ) L o c o t i o n rrcp ( o r t h e s e i s m i c p r o f i l e s l 2 l 

5.26 ( o ) R e s u l t s o ( BIRPS deep r e f I e c t i o n p r o f i I e SWAT-4. 

( b ) Reduced r e ' r o c t i o n s e c t i o n ( r o m SW i r e i o n d t o Land's End. 

(Tol.en frorr. H o l d e r 1969) 

( c ) L o c a t i o n rrop l o r t h e s e i s m i c p r o f i l e s 122 

5.27 ( o ) R e s u l t s o i BIRPS deep r e f l e c t i o n p r o f i l e SWAT-6/7, 

( b j Reduced r e f r o c t i o n s e c t i o n west o f Lond's End 

(Tok e n f r o m H o l d e r 1959). 

( c ) L o c o t i o n mop f o r t h e s e i s m i c p r o f i l e s 122 

5.28 ( o ) R e s u l t s o ( BIRPS deep r e f l e c t i o n p r o f i l e SWAT-6/*^ 

( b ) Reduced r e t r a c t i o n s e c t i o n s o u t h o ( Lond's End. 

(Tok e n f r o m H o l d e r 1969). 

( c ) L o c a t i o n rrop f o r t h e s e i s m i c p r o f i l e s 122 

5.29 P r e l i m i n o r y r e s u l t s o ( LISPB t o k e n f r o m Bam(ord e t o l ( 1 9 7 6 ) . 123 

5.30 G r a v i t y v o r i o t i o n s due t h e c o r r b i n e d I r i s h ond m a i n l i n e CSSP 

r e f r a c t i o n r e s u I t s . 124 



5.31 G r a v i t y v a r i a t i o n s due t h e c o f r o m e d I r i s h and m o i n i i n e CSSP 

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

i n t e r f o c e o c r o s s I r e l a n d d e c r e o s e d by 5 km. l 2 4 

6.1 Comnon s t o t i o n s e c t i o n f o i s t a t i o n 36 ( o r t h e N o r t h Seo s h o t s 

t o show t h e t o r o e o m c ' l i t u d e S-wove a r r i v a l s . i 3 9 

LIST OF TABLES 

TABLE TITLE FOLLCV/ING PAGE 

1.1 Corrpress i o n o I wove v e l o c i t i e s i n r o c k s . 31 

2.1 R e v e r b e r a t i o n and b u b b l e pulsar f r e q u e n c i e s t o r t h e 

CSSP s h o t s ( t o k e n frorr. Green 1984). 45 

4.1 T r a v e l - t i m e r e g r e s s i o n r e s u l t s f o r s e l e c t e d s t o t i o n s and 

s h o t s f o r PcP. PrrP ond Pn a r r i v a l s . 86 

4.2 Sumrory o f t i r r t e - t e r m r e s u l t s f o r Pn. 

5, 1 P o r g m e t e r s used i n g r o v i t y rrode I I i n g . 



CHAPTER ONE 

INTRODUCTION. GEOLOGY AND GEOPHYSICS 

1.1 INTRODUCTION 

The Caledonian Suture Seismic Project (CSSP) aimed to 
obtain a b e t t e r understanding of the v a r i a t i o n s of c r u s t a l 
seismic v e l o c i t y w i t h depth using data c o l l e c t e d from a large 
r e f r a c t i o n experiment running from SW t o NE across Northern 
England than has h i t h e r t o been possible from s i m i l a r surveys 
i n the past. D i f f i c u l t i e s i n the i n t e r p r e t a t i o n of previous 
r e f r a c t i o n surveys such as LISPB (Bamford 1979) were 
encountered mainly due t o problems i n d i s t i n g u i s h i n g between 
the e f f e c t s of l a t e r a l as opposed to v e r t i c a l changes i n 
v e l o c i t y , as both may produce s i m i l a r e f f e c t s on r e f r a c t i o n 
seismograms. The unique c o n f i g u r a t i o n of the Caledonian 
Suture Seismic Project w i t h use of both closely spaced 
s t a t i o n s (mainly on land) and c l o s e l y spaced shots (mainly at 
sea) should enable l a t e r a l v a r i a t i o n s t o be resolved. I n 
a d d i t i o n the l i n e was also chosen to run along as near uniform 
c r u s t a l . s t r u c t u r e considered possible s t r i k i n g p a r a l l e l t o the 
Caledonian t r e n d (SW t o NE) and j u s t south of the i n f e r r e d 
surface trace of the lapetus Suture i n Northern England. The 
Caledonian Suture Seismic Project l i n e does not cross any 
known major geological d i s c o n t i n u i t i e s except f o r the i n f e r r e d 
t r a c e of the lapetus Suture under the I r i s h Sea. An extension 
of the approach used f o r the Caledonian Suture Seismic Project 
of shooting a series of along s t r i k e r e f r a c t i o n p r o f i l e s 
w i t h i n each Caledonian s t r u c t u r a l zone has been suggested by 



F i g u r e 1.1 L o c o t i o n o f CSSP p r o f i l e s h o w i n g LISPB l i n e ond t h e 
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Haworth (1981) t o i d e n t i f y the v a r i a t i o n s i n deep structu r e s 
not resolved by e x i s t i n g transverse l i n e s such as LISPB. 

The f i e l d w o r k and f u l l d e t a i l s of the data a c q u i s i t i o n are 
described " i n f u l l by Green (1984) : below i s a b r i e f 
d e s c r i p t i o n of the main features of the experiment and the 
main data sets t h a t are now held at Durham r e s u l t i n g from the 
survey. 

1.1.1 The Caledonian Suture Seismic Project 

The Caledonian Suture Seismic Project set out to 
i n v e s t i g a t e the deep c r u s t a l s t r u c t u r e under northern England 
by arranging the shots and s t a t i o n s i n a manner that could 
produce- the best wide-angle r e f l e c t i o n coverage avoiding the 
problems of shallow l a t e r a l v a r i a t i o n s encountered i n previous 
seismic surveys. Approximately 60 s t a t i o n s were deployed 
across northern England at 2 km i n t e r v a l s w i t h 57 shots i n the 
I r i s h and North Seas at 4 km spacing ( F i g . 1.1). A d d i t i o n a l 
data was obtained from two land shots, the use of airguns, the 
deployment of Cambridge U n i v e r s i t y Pull-Up Seabottom 
Seismometers (PUSS) and the establishment of "out-stations" i n 
northern England, the I s l e of Man and Southern Scotland. A 
l i n e l ength of 390 km was obtained. This was extended across 
I r e l a n d by the Dublin I n s t i t u t e f o r Advanced Studies i n 
c o l l a b o r a t i o n w i t h Karlsruhe U n i v e r s i t y (Jacob et a l 1985) t o 
provide a f u r t h e r 51 s t a t i o n s , 3 more shots i n the Shannon 
Estuary and a f u r t h e r 10 shots i n the I r i s h Sea t o produce a 
t o t a l l i n e l e n g t h from the Shannon Estuary t o the North Sea of 
755 km. 
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I n a d d i t i o n t o the data recorded by s t a t i o n s set up 
s p e c i f i c a l l y during the p r o j e c t by Durham, data has also been 
acquired from the UKAEA array at Eskdalemuir and the BGS 
nationwide network ( i n c l u d i n g the Lownet Array). The Durham 
data was d i g i t i z e d at Durham using the f a c i l i t i e s of the 
seismic processing l a b o r a t o r y (SPL) w h i l s t the UKAEA and BGS 
data were d i g i t i z e d at Edinburgh using the f a c i l i t i e s of the 
Global Seismology Unit of the BGS. 

Green (1984) has described the data a c q u i s i t i o n and 
fi e l d - w o r k , the d i g i t i z a t i o n of the data, the i n t e r p r e t a t i o n 
of the shallow c r u s t a l s t r u c t u r e under the Caledonian Suture 
Seismic Project l i n e and has presented simple preliminary 
models f o r the deeper s t r u c t u r e . This t h e s i s contains the 
main r e s u l t s obtained on the deep seismic s t r u c t u r e beneath 
the main Caledonian-Suture Seismic Project l i n e . The shallow 
seismic s t r u c t u r e i s i l l u s t r a t e d i n Fig 1.2c (Bott et a l 
1985). 

1.2 GEOLOGY OF CALEDONIDES OF THE BRITISH ISLES 

Green (1984) has given a d e t a i l e d d e s c r i p t i o n of the 
surface geology along the the Caledonian Suture Seismic 
Project p r o f i l e and immediate surrounding regions. This 
d e s c r i p t i o n w i l l not be repeated. Instead, taking i n t o 
account t h a t t h i s study i s concerned p r i m a r i l y w i t h the deep 
s t r u c t u r e , a summary of the Caledonian geology i s presented i n 
t h i s section which h i g h l i g h t s the cont r a s t i n g geology and 
s t r u c t u r a l h i s t o r y of the c r u s t a l b e l t s of the Caledonides. 
The lapetus Suture d i v i d e s these b e l t s i n t o the Northern 
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F i g u r e 1.2 ( a ) S p e c u l a t i v e c r o s s - s e c t i o n p e r p e n d i c u l a r l y c r o s s i n g 
t h e CSSP p r o f i l e f r o m t h e M i d l o n d V a l l e y t o t h e 
N o r t h e r n P e n n l n e s . M i d l a n d V a l l e y s t r u c t u r e t a k e n f r o m 
LISPB. B a m f o r d e t a l ( 1 9 7 9 ) . N o r t h e r n P e n n i n e s t r u c t u r e 
t a k e n f r o m B o t t e t a l ( 1 9 8 4 ) . 
G e o l o g i c a l i n t e r p r e t a t i o n o f t h e c r u s t a l s t r u c t u r e under 
t h e S o u t h e r n U p l a n d s t a k e n f r o m Needhom and K n i p e ( 1 9 8 6 ) 
S h a l l o w c r u s t a l s t r u c t u r e o l o n g t h e CSSP p r o f i l e . 
SP = Spadeadom 
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Caledonides which comprise the southern margin of Laurentia 
together w i t h accretions and the Southern Caledonides which 
comprise the northern margin of Cadomia. The exact l o c a t i o n 
of the suture cannot be pinpointed but i t s surface trace as 
shown i n Figs. 1.3 and 1.4 i s based on i n t e r p r e t a t i o n s of 
p a l a e o n t o l o g i c a l (Cocks and Fortey 1982), geological (Anderton 
et a l 1979) and geophysical evidence (Brewer et a l 1983, Banks 
et a l 1983). The Northern Caledonides consist of f i v e main 
b e l t s each about 40 t o 50 km wide which cross B r i t a i n and 
I r e l a n d from northeast t o southwest. They are the Hebridean 
Craton, the NW Highlands, the Grampian Highlands, the Midland 
Valley B e l t , and the Southern Uplands Belt. The Southern 
Galedonides comprise the Solway Line which consists of basins 
formed along the lapetus Suture, the Lake D i s t r i c t Belt of 
u p l i f t e d Lower Palaeozoic outcrops and the Southern Margin 
region. 

Anderton et a l (1979) give a u s e f u l summary of the 
s t r a t i g r a p h y of the B r i t i s h I s l e s and Glennie (1984) presents 
a recent succint summary of the most important events i n the 
g e o l o g i c a l e v o l u t i o n of NW Europe. Much of the geological and 
t e c t o n i c d e s c r i p t i o n f o l l o w i n g i s summarized from these 
sources supplemented by more recent reviews (Watson 1984 6? 
1985, Dewey and Shackleton 1984, Soper and Button 1984). 

1.2.1 The Hebridean Craton 

The oldest rocks i n the B r i t i s h I s l e s l i e w i t h i n the 
Lewisian Complex of the Hebridean Craton west of the Moine 
Thrust. These rooks have l o c a l l y suffered extensive reworking 
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i n the Laxfordian, G r e n v i l l i a n and Caledonian orogenies. The 
e a r l i e s t unreworked rocks are the Scourian Gneisses which 
formed during the Archaean and consist of a t h i c k series of 
coarsely banded a c i d i c t o intermediate gneisses interbanded 
w i t h metasediments, basic, u l t r a - b a s i c and a n o t h o s i t i c rocks. 
The Scourian su f f e r e d amphibolite t o g r a n u l i t e metamorphism 
(2900 t o 2700 Ma) during the Badcallian metamorphic event 
( H a r r i s 1983). The Scourian gneisses i n general have a 
chaotic appearance on small t o large scales but display a weak 
NW t o SE g r a i n . 

Subsequent t o these metamorphic events a s u i t e of NW to SE 
t r e n d i n g d o l e r i t e dykes w i t h t h o l e i i t i c composition ranging 
from a few centimetres t o over 100 m wide were intruded 
c u t t i n g across the o r i g i n a l Scourian metamorphic f a b r i c s . 
These dykes, together w i t h large' t r a c t s of Scourian gneisses 
and small volumes of sediments were deformed and metamorphised 
t o amphibolite f a c i e s during the Laxfordian metamorphic event 
(1900 t o 1700 Ma). I n t r u s i o n of g r a n i t e sheets and pegmatitic 
v e i n i n g c^urred w i t h i n the most deformed areas of the 
Laxfordian. This was followed by u p l i f t , cooling and erosion. 

The t h i c k unmetamorphosed c o n t i n e n t a l red c l a s t i c sediment 
sequences of the Stoer (--968 Ma) and Torridonian (-777 Ma) 
Groups were deposited i n NNE trending r i f t s (Stewart 1982). 
Cambro-Ordovician shallow shelf limestones and sandstones 
unconformably o v e r l i e the Torridonian i n d i c a t i n g a break i n 
the g e o l o g i c a l record from -^777 Ma tO''510 Ma. The Moine 
sediments i n the Northern Highlands"have been t h r u s t over the 
T o r r i d o n i a n and Hebridean Craton on the Moine Thrust. Butler 



and Coward (1984) proposed a t o t a l westward movement of 54 km 
f o r the Moine Thrust and small displacements on the Outer 
I s l e s Thrust. 

1.2.2 The NW Highlands 

The Northwest Highlands l i e between the Moine Thrust and 
the Great Glen F a u l t . They are formed of mainly Moine 
metasediments and are l o c a l l y i ntruded by Caledonian granites 
and associated migmatites. 

The Moine Series were deposited mainly as sands and muds 
w i t h great l a t e r a l persistence. They unconformably o v e r l i e 
the Lewisian basement of the NW Highlands. The deformation 
and metamorphism of these rocks and of the underlying Lewisian 
basement y i e l d s radiometric dates around 1024 Ma and 740 Ma 
(Barr et a l 1985). The f i r s t event i s i n t e r p r e t e d as the 
G r e n v i l l i a n orogeny. The l a t e r event at 740 Ma i s a t t r i b u t e d 
t o the Morarian metamorphism which produced the pegmatites 
v i s i b l e i n the Moines. 

1.2.3 The Grampian Highlands 

The Grampian Highlands are bounded t o the north by the 
Great Glen Fault and t o the south by the Highland Boundary 
Fault. Moine metasediments comparable t o those i n the NW 
Highlands are i n t e r f o l d e d w i t h the rocks of the Dalradian 
Supergroup which consist of a 20 km t h i c k p i l e of mainly 
diachronous interbedded q u a r t z i t e s , s l a t e s and schists which 
generally young t o the southeast, and were probably deposited 



i n a shallow s h e l f environment. 

By the l a t e Cambrian the deformation and metamorphism 
r e l a t e d t o the Grampian Orogeny had produced the f i r s t SW t o 
NE tr e n d i n g series of f o l d s and f a u l t s . The crust was 
i n i t i a l l y thickened and shortened by up to 70% wit h the 
formation of high pressure metamorphic assemblages. These 
were l a t e r o v e r p r i n t e d by the diachronous metamorphic events 
which followed 20 t o 35 Ma a f t e r the period of deepest b u r i a l . 
This peaked at 490 Ma i n the Dalradian and at 460 Ma f u r t h e r 
towards the northwest i n the Moines. There are two main 
s u i t e s of g r a n i t i c i n t r u s i o n s . The f i r s t s u i t e of syntectonic 
"Older Granites" were int r u d e d between 490 Ma and 440 Ma and 
were accompanied by extensive migmatisation. The Older 
Granites are i n t e r p r e t e d as products of regional anatexis 
r e l a t e d t o c r u s t a l heating during the Grampian Orogeny (Watson 
1984). The more voluminous and widespread "Newer Granites", 
formed between 435 Ma t o 400 Ma, postdate the regional 
Grampian metamorphic events. They are not found west of the 
Grampian erogenic f r o n t which i s marked by the Moine Thrust. 
This abrupt decline of the l a t e magmatic a c t i v i t y towards the 
stab l e f o r e l a n d may i n d i c a t e t h a t the p a r t i a l melting and 
subsequent r i s e of the magmas have been c o n t r o l l e d by 
tectonism above the melting zone r e l a t e d to the change from 
d u c t i l e t o b r i t t l e deformation caused by the cooling and 
unroofing of the main Grampian Orogen (Watson 1984). The 
Newer Granites appear not t o be d i r e c t l y r e l a t e d to the 
Grampian Orogeny. 
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The Great Glen and Highland Boundary Faults have suffered 
repeated movement since l a t e Caledonian times. The amount of 
s i n i s t r a l displacement along the Great Glen Fault i s i n 
dispute w i t h estimates varying from 2000 km (Van der Voo 1981) 
t o only 100 t o 200 km ( I r v i n g and Strong 1984). Brewer et a l 
(1983) showed t h a t the Flannan Thrust i d e n t i f i e d on the WINCH 
deep r e f l e c t i o n p r o f i l e s and i n t e r p r e t e d as a Caledonian 
t h r u s t i n the upper mantle i s o f f s e t across the Great Glen 
Fault by 100 t o 150 km. This and other recent r e s u l t s 
i n d i c a t e s t r i k e s l i p movements along the Great Glen Fault of 
only 100 t o 200 km during the Devonian and e a r l y 
Carboniferous. 

The Highland Boundary Fault also had a complicated h i s t o r y 
of movement. Soper and Button (1984) and Dewey and Shackleton 
(1984) suggested t h a t there may be s i n i s t r a l displacements on 
the Highland Boundary Fault i n a d d i t i o n to the w e l l documented 
v e r t i c a l movements. These movements included rapid u p l i f t t o 
the n o r t h during the f i n a l phase of the Caledonian Orogeny 
(415 t o 408 Ma) and movements during the Devonian and 
Carboniferous. Movements on the Highland Boundary Fault had 
ended by the l a t e Carboniferous (Watson 1985). 

Since the end of the Caledonian Orogeny, of which the 
Grampian Orogeny i s a p a r t , the Grampian Highlands have 
remained a stable u p l i f t e d block. Post Caledonian 
sedimentation i n the region was l i m i t e d to the basins which 
formed adjacent t o the Great Glen and Highland Boundary f a u l t 
zones. For example the Orcadian Basin i s f i l l e d by up t o 5 km 
of Old Red Sandstone deposits eroded from the u p l i f t e d 
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Grampian and NW Highlands. 

1.2.4 The Midland Vallev Belt 

The Midland Valley b e l t l i e s between the Highland Boundary 
and Southern Uplands Faults. No metamorphic basement i s 
exposed but studies of i n c l u s i o n s i n volcanic rocks (Upton et 
a l 1983) i n d i c a t e t h a t a high grade g r a n u l i t e facies 
f e l s p a t h i c basement underlies the Caledonides north of the 
lapetus Suture i n c l u d i n g the Midland Valley. Watson (1985) 
and Dewey and Shackleton (1984) i n t e r p r e t e d t h i s basement to 
be a southward c o n t i n u a t i o n of the G r e n v i l l i a n basement 
observed w i t h i n the Hebridean Craton. 

The e a r l y Ordovician Ballan t r a e O p h i o l i t e s u i t e of rocks 
are the e a r l i e s t rocks exposed i n the Midland Valley. This 
o p h i o l i t e i s s i m i l a r i n age t o the o p h i o l i t e s of the Highland 
Boundary Complex. Several S i l u r i a n i n l i e r s of non-marine 
e l a s t i c s derived from the south crop out j u s t east of the 
B a l l a n t r a e O p h i o l i t e . The e a r l i e r conglomerates comprise 
P l u t o n i c , volcanic and q u a r t z i t i c c l a s t s derived from a 
metamorphic basement t o the south i n t e r p r e t e d by H a l l et a l 
(1983) as the Pre-Caledonian basement underlying the Southern 
Uplands. The l a t e r conglomerates contain greywacke c l a s t s 
i n t e r p r e t e d by Leggett et a l (1983) t o be deposits of a 
fo r e a r c basin t o the north of the Southern Uplands 

acc r e t i o n a r y prism. 

The Midland Valley subsided during the Lower Devonian and 
was f i l l e d by f l u v i a l Old Red Sandstone deposits and by calc 
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a l k a l i n e volcanism. Thick lagoonal and d e l t a i c sediments from 
the u p l i f t e d areas t o the north of the Highland Boundary Fault 
were deposited during the Carboniferous. T h o l e i t i c dykes and 
s i l l s were i n t r u d e d at about 300 to 295 Ma. The dykes cut 
across the Caledonian trend i n an approximate east west 
d i r e c t i o n . The Highland Boundary Fault has no detectable 
Mesozoic or T e r t i a r y o f f s e t s and the Midland Valley Belt had a 
post-Palaeozoic h i s t o r y l i n k e d t o t h a t of the Grampian 
Highlands t o the north (Watson 1985). 

1.2.5 The Southern Uplands Belt 

The Southern Uplands Belt l i e s south of the Southern 
Uplands Fault and north of the lapetus Suture. I t consists of 
t h i c k sequences of imbricated and h i g h l y folded mid Ordovician 
t o l a t e S i l u r i a n deep water greywackes and shales. Early 
Ordovician basalts w i t h mudstones, cherts and g r a p t o l i t i c 
shales occur along zones of intense i m b r i c a t i o n on major 
reverse f a u l t s . These formations have been i n t e r p r e t e d as 
ocean f l o o r sediments accreted northwards onto the f r o n t of a 
l a t e Ordovician t o S i l u r i a n accretionary complex (Needham and 
Knipe 1986). Ordovician rocks up t o 5 km t h i c k dominate to 
the n o r t h of the complex and there i s a general younging t o 
the southeast where depo s i t i o n ended during the l a t e S i l u r i a n . 
L o c a l l y however the sediments young t o the north w i t h i n each 
imbricat e sequence. 

Early Devonian "Newer Granites" were intruded i n the 
western p a r t s of the Southern Uplands as the C r i f f e l , Loch 
Dee, Loch Doon and Cheviot plutons. Recent i s o t o p i c work by 
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H a l l i d a y ( 1 9 8 4 ) h i g h l i g h t s t h e low c o n c e n t r a t i o n s of i n h e r i t e d 

z i r c o n s i n t h e g r a n i t e p l u t o n s s o u t h of, i n comparison t o 

t h o s e n o r t h of, t h e S outhern Uplands F a u l t . I n a d d i t i o n , the 

c o m p o s i t i o n s of x e n o l i t h s found i n Upper P a l a e o z o i c and 

M e sozoic v o l c a n i c r o c k s i n d i c a t e t h a t s h a l l o w c r y s t a l l i n e 

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

N o r t h e r n B r i t a i n i n c l u d i n g the Midland V a l l e y and Southern 

Uplands. A n o r t h o s i t i c x e n o l i t h s found from the Southern 

Uplands i m p l y a h i g h a n o r t h o s i t i c c o m p o s i t i o n i n the basement 

of t h e S o u t h e r n Uplands. 

E a r l y Devonian c a l c a l k a l i n e v o l c a n i c s s u rround the outcrop 

of t h e l a t e C a l e d o n i a n C h e v i o t g r a n i t e . Up t o 600 m of 

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

c o n g l o m e r a t e s were d e p o s i t e d onto t h e topography of the 

u p l i f t e d and eroded S i l u r i a n . The Devonian ended w i t h the 

e x t r u s i o n of t h e B i r r e n s w a r k - K e l s o l a v a s along the s o u t h e r n 

edge of t h e S o u t h e r n Uplands B e l t . 

1.2.6 The Solway L i n e 

The Solway L i n e marks the approximate p o s i t i o n of the 

l a p e t u s S u t u r e a c r o s s t h e I r i s h Sea and N o r t h e r n England. I t 

i s c h a r a c t e r i z e d by an absence of g r a n i t e s i n c o n t r a s t t o the 

a d j a c e n t b e l t s t o t h e n o r t h and s o u t h and by the l i n e of 

C a r b o n i f e r o u s and Mesozoic b a s i n s . A d e t a i l e d d e s c r i p t i o n of 

t h e g e ology of t h e b a s i n s and t r o u g h s has been g i v e n by Green 

( 1 9 8 4 ) . Only t h e main f e a t u r e s of t h e s u b s i d e n c e and 

d e p o s i t i o n a l h i s t o r y a r e d e s c r i b e d below. 
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D e p o s i t i o n d u r i n g t h e C a r b o n i f e r o u s along the Solway l i n e 

was dominated by d i f f e r e n t i a l s u b s i d e n c e of the Northumberland 

t r o u g h and t h e f o r m a t i o n of t he P e e l B a s i n . The s u b s i d e n c e i n 

t h e Northumberland Trough was i n i t i a t e d i n t h e e a r l y 

T o u r n a i s i a n and t h e r e s u l t i n g d e p o s i t i o n of sediments was 

p r e d o m i n a n t l y c y c l i c . S e d i m e n t a t i o n r a t e s kept pace w i t h 

s u b s i d e n c e so t h a t d e p o s i t i o n remained a t a p p r o x i m a t e l y s e a 

l e v e l t hroughout t h e C a r b o n i f e r o u s . By the l a t e V i s e a n t h e 

a d j a c e n t b l o c k s s u b s i d e d but d i f f e r e n t i a l s u b s i d e n c e 

c o n t i n u e d . D u r i n g t h e Namurian, d i f f e r e n t i a l s u b s i d e n c e 

c e a s e d and was r e p l a c e d by a broad r e g i o n a l s u b s i d e n c e of 

b a s i n s and b l o c k s a l i k e ( B o t t e t a l 1984, Leeder 1982). The 

e s t u a r i n e marine s e d i m e n t a t i o n of the D i n a n t i a n changed 

p r o g r e s s i v e l y towards t h e f r e s h w a t e r and b r a c k i s h d e l t a i c 

s e q u e n c e s of t h e W e s t p h a l i a n c o a l measures. 

At t h e end of the C a r b o n i f e r o u s t h e q u a r t z - d o l e r i t e Whin 

S i l l complex was emplaced accompanied by the i n t r u s i o n of a 

s e r i e s of e a s t west t r e n d i n g dykes. U p l i f t and e r o s i o n t h e n 

o c c u r r e d t o produce a renewed p e r i o d of s u b a e r i a l e r o s i o n 

s i m i l a r t o t h a t of t h e Devonian. 

P e r m o - T r i a s s e d i m e n t s a r e found on t he n o r t h e r n p e n i n s u l a 

of t h e I s l e of Man, i n the Solway and C a r l i s l e B a s i n s , i n 

s o u t h e r n S c o t l a n d and i n Durham. The Lower Permian was a time 

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

b r e c c i a s and i n t h e deeper p a r t s of t he b a s i n s p l a y a t y p e muds 

and s i l t s . I n t h e upper Permian w i d e s p r e a d t r a n s g r e s s i o n of 

t h e Z e c h s t e i n and B a k e v e l l i a Seas i n t h e North and I r i s h Sea 

a r e a s d e p o s i t e d e v a p o r i t e s w i t h , i n t he B a k e v e l l i a Sea, 
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i n t e r b e d d e d c o n t i n e n t a l c l a s t i c d e p o s i t s . These e v a p o r i t e 

d e p o s i t s were produced o n l y p a t c h i l y on t h e r a i s e d Mid-North 

Sea High. I n t h e T r i a s a more r e g i o n a l marine t r a n s g r e s s i o n 

d e p o s i t e d t h e w a t e r l a i n S t . Bees and K i r k l i n g t o n s a n d s t o n e s 

and t h e Stan w i x s h a l e s i n t h e C a r l i s l e B a s i n . 

A l i n e of P e r m o - T r i a s b a s i n s e x tends from n o r t h to south 

a c r o s s t h e N o r t h e r n C a l e d o n i d e s . These i n c l u d e the Minch, 

U l s t e r , Solway, C a r l i s l e and Manx F u r n e s s B a s i n s . The 

N o r t h e r n and Sout h e r n Permian B a s i n s i n the North Sea a r e a 

a l s o formed t o t he e a s t . Many of t h e s e b a s i n s formed by 

t e n s i o n a l r e a c t i v a t i o n of e a r l i e r C a l e d o n i a n t h r u s t s and 

f a u l t s ( Brewer e t a l 1983). 

F u r t h e r Mesozoic sediments along t h e CSSP p r o f i l e occur 

m a i n l y i n t h e N o r t h Sea r e g i o n . A pproximately 45m of s h a l l o w 

Upper J u r a s s i c marine sediments a r e o v e r l a i n by about 500 -

600 m of C r e t a c e o u s and 500 m of T e r t i a r y sediments on the Mid 

North Sea High b e n e a t h t h e e a s t e r n end of the CSSP l i n e . 

E x t e n s i v e e x t r u s i o n of b a s i c magmas c e n t r e d on NE I r e l a n d 

and w e s t e r n S c o t l a n d i n t h e e a r l y T e r t i a r y was accompanied by 

th e emplacement of p l u t o n i c complexes. NW t o SE t r e n d i n g 

dykes were i n t r u d e d from S c o t l a n d a c r o s s Northern England 

a l o n g p r e - e x i s t i n g c r u s t a l weaknesses e.g. t h e C l e v e l a n d Dyke 

( K i r t o n and Donate 1985). The f o r m a t i o n of the T e r t i a r y 

B a s i n s t o t h e west of S c o t l a n d and t he e a r l y T e r t i a r y 

v o l c a n i s m were r e l a t e d t o t h e opening of t he North A t l a n t i c . 
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1.2.7 The Lake D i s t r i c t B e l t 

The Lake D i s t r i c t B e l t j u s t s outh of the i n f e r r e d s u r f a c e 

t r a c e of t h e l a p e t u s S u t u r e i s d e f i n e d as the SW-NE to W-E 

l i n e i n c l u d i n g t h e u p l i f t e d a r e a s of the L e i n s t e r M a s s i f , the 

I s l e of Man, the Lake D i s t r i c t and the A l s t o n Block. 

The Lake D i s t r i c t i s composed of Lower P a l a e o z o i c sediments 

and v o l c a n i c i n t r u s i o n s of O r d o v i c i a n to Lower Devonian age. 

At i t s n o r t h e r n margin t h e Lower O r d o v i c i a n Skiddaw Group forms 

a 7.5 km t h i c k sequence of a l t e r n a t i n g g r a p t o l i t i c greywackes, 

s i l t s t o n e s , and mudstones which have been f o l d e d and 

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

s t a g e s of t h e C a l e d o n i a n Orogeny. They a r e o v e r l a i n 

unconformably by 4 km of Borrowdale V o l c a n i c s c o m p r i s i n g 

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

a n d e s i t i c v o l c a n i c s . 4.5 km of S i l u r i a n mudstone, s i l t s t o n e s 

and g r i t s o v e r l i e t h e v o l c a n i c s . 

The A l s t o n B l o c k basement c o n s i s t s of Lower P a l a e o z o i c 

r o c k s i n t r u d e d by t h e Weardale g r a n i t e . T h i s i s covered by a 

t h i n sequence of up t o 2 km of C a r b o n i f e r o u s sediments 

d e p o s i t e d d u r i n g t h e s u b s i d e n c e t h a t began i n the a r e a from 

t h e V i s e a n . The r o c k s o u t c r o p p i n g on the I s l e of Man a r e 

m a i n l y t h e Lower O r d o v i c i a n Manx Group c o m p r i s i n g 7.5 km of 

i n t e r b e d d e d greywackes, s i l t s t o n e s and mudstones probably 

d e p o s i t e d i n t h e same deep water b a s i n a s t h e Skiddaw Group i n 

t h e Lake D i s t r i c t . C a r b o n i f e r o u s and Permo-Trias sediments of 

t h e Solway B a s i n o u t c r o p i n t h e n o r t h e a s t . 
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The g r a n i t e s of t h e Lake D i s t r i c t y i e l d ages from 450 t o 

390 Ma ( O ' B r i e n e t a l 1985). The Weardale G r a n i t e which 

u n d e r l i e s t h e A l s t o n B l o c k g i v e s an age of 410 Ma (Dunham 

1974). These d a t e s a r e s i m i a r t o those of t he Newer G r a n i t e s 

of t h e Grampian H i g h l a n d s and Southern Uplands. O'Brien e t a l 

(1 9 8 5 ) c o n c l u d e d t h a t t h e s e g r a n i t e s have s u b - c r u s t a l o r i g i n s 

p r o b a b l y r e l a t e d t o a southward d i p p i n g s u b d u c t i o n zone and 

t h a t t h e Lake D i s t r i c t B a t h o l i t h has a s i m i l a r mode of 

emplacement t o t he C a l e d o n i a n Cairngorm g r a n i t e s . 

The Manx F u r n e s s B a s i n formed between the I s l e of Man and 

th e Lake D i s t r i c t i n t h e e a r l y Permian and had an e v o l u t i o n 

s i m i l a r t o t h e Permo-Trias Solway B a s i n d e s c r i b e d i n t h e 

p r e v i o u s s e c t i o n . 

1.2.8 The Sout h e r n Margin 

The o n l y r o c k s s i m i l a r i n c h a r a c t e r and age t o the L e w i s i a n 

o b s e r v e d s o u t h of t h e l a p e t u s S u t u r e i n t h e B r i t i s h I s l e s 

o u t c r o p w i t h i n t h e g n e i s s i c t e r r a i n of t h e R o s s l a r e Complex i n 

s o u t h e a s t I r e l a n d and d i s p l a y a d i f f e r e n t e v o l u t i o n a r y h i s t o r y 

p<̂ w t h e Pre-Cambrian t o t h e n o r t h . The only o t h e r comparable 

P r o t e r o z o i c basement t o t h e s o u t h of t he s u t u r e a r e exposed i n 

th e B a l t i c S h i e l d a r e a t o t h e e a s t . 

The Pre-Cambrian of t h e Southern C a l e d o n i d e s o u t c r o p s as 

i s o l a t e d i n l i e r s i n f i v e main a r e a s which r e p r e s e n t t h e 

v i s i b l e e x p o s u r e s of t h e Pre-Cambrian Craton of England and 

Wales ( G l e n n i e 1984). These a r e t h e Monian sediments i n 

An g l e s e y , t h e U r i c o n i a n and Longmyndian ou t c r o p s i n 
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S h r o p s h i r e , t h e M a l v e r n i a n and C h a r n i a n r o c k s of t h e Midlands. 

The l a t e P re-Cambrian d e f o r m a t i o n and metamorphism observed i n 

most of t h e i n l i e r s i s a t t r i b u t e d t o a C e l t i c Orogenic event 

which p r e c e e d e d t h e C a l e d o n i a n orogeny. 

A f t e r t h e C e l t i c Orogeny s e d i m e n t a t i o n d u r i n g t h e Lower 

P a l a e o z o i c was c o n t r o l l e d by t h e p r e s e n c e of t h e I r i s h Sea 

s h e l f , t h e Midlands P l a t f o r m and t he s u b s i d e n c e of t h e Welsh 

B a s i n . The Midland P l a t f o r m was f l o o d e d a t times due t o a 

slow p r o g r e s s i v e s u b s i d e n c e throughout the Lower P a l a e o z o i c 

and t h e e u s t a t i c r i s e s i n s e a l e v e l which o c c u r r e d i n t h e 

Lower Cambrian and L l a n d o v e r y . Up t o 1000 m of muds and s i l t s 

were d e p o s i t e d on t h e edges of t h e P l a t f o r m . 

The Welsh B a s i n had a c o m p l i c a t e d h i s t o r y of s u b s i d e n c e , 

s e d i m e n t a t i o n and s l i g h t u p l i f t . The sediments c o n s i s t m a i n l y 

of t u r b i d i t e s , b l a c k s h a l e s , muds and s i l t s i n t e r b e d d e d on t h e 

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

Tremadoc t o Wenlock v o l c a n i c l a v a s and t u f f s . The v o l c a n i c 

a c t i v i t y s h i f t e d from t h e Lake D i s t r i c t towards t h e southwest 

d u r i n g t h e O r d o v i c i a n and c e a s e d i n t h e Welsh B a s i n by Lower 

Caradoc t i m e s . 

1.3 TECTONIC MODELS OF THE CALEDONIDES OF THE BRITISH I S L E S 

The t i m i n g of t h e i n l b i a l opening of t h e l a p e t u s Ocean i s i n 

d i s p u t e . Anderton (1982) i n t e r p r e t e d t h e T a y v a l l i a c h 

V o l c a n i c s as magmatism a s s o c i a t e d w i t h t h e i n i t i a l r i f t i n g 

w hich accompanied t h e s e p a r a t i o n of t h e L a u r e n t i a n and B a l t i c 

S h i e l d a r e a s i n t h e l a t e Pre-Cambrian. However, Watson (1984) 
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c o n s i d e r e d t h a t t h e Moine and D a l r a d i a n were d e p o s i t e d i n an 

o c e a n i c e n v i r c ^ e n t and s u g g e s t e d t h e l a p e t u s Ocean e x i s t e d 

from m i d - P r o t e r o z o i c t i m e s . Cocks and F o r t e y (1982) have 

shown from p a l a e o n t o l o g i c a l e v i d e n c e t h a t the l a p e t u s Ocean 

and T o r n q u i s t Seas e x i s t e d d u r i n g the Cambrian. The T o r n q u i s t 

Sea c l o s e d i n t h e l a t e O r d o v i c i a n f o l l o w e d by the c l o s u r e of 

t h e l a p e t u s Ocean i n t h e l a t e S i l u r i a n ( F i g . 1.5). The 

r e s u l t i n g c o n t i n e n t a l c o l l i s i o n s produced low grade 

metamorphism and d e f o r m a t i o n (Watson 1984). 

The main o b s e r v a t i o n s t h a t must be e x p l a i n e d by any 

t e c t o n i c models proposed f o r t h e f o r m a t i o n of the C a l e d o n i d e s 

a r e : 

1. The d i a c h r o n o u s d e p o s i t i o n of t h e Moine and D a l r a d i a n 

n o r t h of t h e H i g h l a n d Boundary F a u l t . 

2. The n o r t h w e s t w a r d p r o g r e s s i o n of the s t r u c t u r a l and 

metamorphic e v e n t s d u r i n g the Grampian Orogeny i n t h e 

e a r l y O r d o v i c i a n . 

3. The change t o b r i t t l e d e f o r m a t i o n and p r o g r e s s i v e westward 

p r o p a g a t i o n of the C a l e d o n i a n t h r u s t s ending w i t h the 

Moine and Outer I s l e s T h r u s t s i n t h e west. 

4. The emplacement of a wide v a r i e t y of O r d o v i c i a n and 

S i l u r i a n r o c k s a l o n g t h e H i g h l a n d Boundary F a u l t . 

5. The f o r m a t i o n of t h e Southern Uplands a c c r e t i o n a r y prism. 

6. The t r e n d from e a r l y O r d o v i c i a n t h o l e i i t i c t o m a i n l y 

c a l c - a l k a l i n e magmatism i n the Lake D i s t r i c t on t he 

n o r t h e r n edge of Cadomia. 

7. The emplacement of t h e l a t e g r a n i t e s d u r i n g the l a t e 

O r d o v i c i a n and e a r l y Devonian from t h e Lake D i s t r i c t t o 

t h e Grampian H i g h l a n d s and the l a c k of i n h e r i t e d z i r c o n s 
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s o u t h of t h e S o u t h e r n Uplands F a u l t . The emplacement of 

t h e s e g r a n i t e s i n t h e NW H i g h l a n d s , t h e Grampian 

H i g h l a n d s , t h e S o u t h e r n Uplands and the Lake D i s t r i c t 

b e l t s but not i n t h e Midland V a l l e y or t he Solway L i n e 

b e l t s . 

8. The p r e s e n c e of a n o r t h w e s t d i p p i n g lower c r u s t under t h e 

S o u t h e r n Uplands i n t e r p r e t e d from both deep s e i s m i c 

e v i d e n c e ( B r e w e r e t a l 1983) and magnetic v a r i a t i o n 

a n o m a l i e s (Banks e t a l 1983). 

9. The a b s e n c e of any o c e a n i c c r u s t under the e n t i r e B r i t i s h 

I s l e s C a l e d o n i a n Orogen e^^pt f o r o u t c r o p s of s m a l l 

o p h i o l i t i c complexes a l o n g the G r e a t Glen, Highland 

Boundary and S o u t h e r n Uplands F a u l t s . 

E a r l y p l a t e t e c t o n i c models ( F i g s . 1.6 a t o e S" g) 

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

margin of Gondwanaland t o c r e a t e the i s l a n d a r c type magmatism 

of t h e Lake D i s t r i c t . T h i s l a t e r gave way to northwestward 

s u b d u c t i o n under t h e s o u t h e r n margin of L a u r e n t i a t o produce 

t h e S o u t h e r n Uplands a c c r e t i o n a r y prism. The Grampian Orogeny 

was a t t r i b u t e d t o northwestwards s u b d u c t i o n under the 

L a u r e n t i a n margin f o l l o w e d by c o n t i n e n t a l c o l l i s i o n i n t h e 

l a t e S i l u r i a n . However, t h e e a r l y O r d o v i c i a n ages found f o r 

t h e Grampian Orogeny a r e too e a r l y t o be r e l a t e d d i r e c t l y t o 

t h e f i n a l c l o s u r e of t h e l a p e t u s Ocean. 

Wright e t a l ( 1 9 7 6 ) proposed t h a t t h e Grampian Orogeny was 

t h e r e s u l t of t h e c o l l i s i o n of L a u r e n t i a w i t h an i s l a n d a r c 

l y i n g t o t h e s o u t h of t h e s u b d u c t i o n zone a t t h e L a u r e n t i a n 

c o n t i n e n t a l margin ( F i g . 1 . 6 f ) . Both t h i s model and the 
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o t h e r s d i s c u s s e d above r e q u i r e o c e a n i c c r u s t beneath the 

M i d l a n d V a l l e y and Southern Uplands, f o r which t h e r e i s no 

g e o p h y s i c a l or g e o l o g i c a l e v i d e n c e . 

Watson and Dunning ( 1 9 7 9 ) suggested a v a r i a t i o n of t h e 

model of Wright ( 1 9 7 6 ) by p r o p o s i n g t h e impingement of a 

m i c r o - c o n t i n e n t r e p r e s e n t e d by t h e Midland V a l l e y and Southern 

U plands onto t h e s o u t h e r n edge of the L a u r e n t i a n landmass t o 

produce the Grampian Orogeny. The s u b d u c t i o n a t the Highland 

Boundary F a u l t zone which brought the two landmasses t o g e t h e r 

c e a s e d and s u b d u c t i o n began to occur to the south of the 

m i c r o - c o n t i n e n t t o form the Southern Uplands a c c r e t i o n a r y 

p r i s m ( F i g . 1.6h). However, r e c e n t work has h i g h l i g h t e d 

d e x t r a l and s i n i s t r a l s t r i k e s l i p movements w i t h i n the 

C a l e d o n i a n b e l t ( P h i l l i p s e t a l 1976, Soper and Hutton 1984, 

Dewey and S h a c k l e t o n 1984). I t i s c l e a r t h a t models i n v o l v i n g 

o n l y movement p e r p e n d i c u l a r t o the s t r i k e a r e g r o s s 

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

The C a l e d o n i a n O r o g e n i c b e l t runs from n o r t h to south 

between G r e e n l a n d and Norway and a p p r o x i m a t e l y southwest t o 

n o r t h e a s t from Newfoundland t o t h e B r i t i s h I s l e s . T h i s change 

i n d i r e c t i o n r e q u i r e s s i n i s t r a l s t r i k e s l i p between L a u r e n t i a 

and B a l t i c a ( F i g . 1.7, Soper and Hutton 1984). S i m i l a r l y 

d e x t r a l s t r i k e s l i p would o c c u r between L a u r e n t i a and Cadomia 

( F i g . 1.7, P h i l l i p s e t a l 1976). Recent models i n c o r p o r a t e a 

c o m b i n a t i o n of o b l i q u e s u b d u c t i o n , c o l l i s i o n and s t r i k e s l i p 

f a u l t movements w i t h i n t h e C a l e d o n i a n Orogenic B e l t . The 

s e n s e of t h e s e s t r i k e s l i p movements i s i n d i s p u t e ( P h i l l i p s 

e t a l 1976, Dewey and S h a c k l e t o n 1984, Soper and Hutton 1984). 

- 19 -



c l o s e d s u t u r e 
? 
1 

LLANDOVERY 
430 Ma 

F i g u r e 1.5 Three p l a t e fnodeI f o r t h e c l o s u r e of t h e l o p e t u s Ocean 
p r o p o s e d by Sopet and Hut t o n ( 1 9 8 4 ) 
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(a) after Dewey (1969). 
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S i n i s t r a l s t r i k e s l i p p r o b a b l y predominated immediately a f t e r 

t h e c l o s u r e of t h e l a p e t u s S u t u r e d u r i n g the e a r l y Devonian 

but d e x t r a l s t r i k e s l i p movements may have o c c u r r e d along the 

l a p e t u s S u t u r e d u r i n g O r d o v i c i a n t o S i l u r i a n s u b d u c t i o n under 

t h e S o u t h e r n Uplands. 

Dewey and S h a c k l e t o n ( 1 9 8 4 ) proposed t h a t the Grampian 

Orogeny r e s u l t e d from t h e c o n v e r s i o n of a mid-oceanic r i d g e 

f r a c t u r e system i n t o a s u b d u c t i o n zone and consequent 

o b d u c t i o n of a g i a n t o p h i o l i t i c nappe onto the L a u r e n t i a n 

margin ( F i g . 1 . 6 i ) . The r e s u l t i n g c r u s t a l t h i c k e n i n g , 

d e f o r m a t i o n and metamorphism might account f o r the e a r l y 

O r d o v i c i a n orogeny which took p l a c e long b e f o r e c o n t i n e n t a l 

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

To summarize, t h e C a l e d o n i a n Orogenio B e l t probably 

s u f f e r e d c o m p l i c a t e d s t r i k e s l i p movements which were p o s s i b l y 

d e x t r a l d u r i n g t h e c l o s u r e of t he l a p e t u s Ocean but 

s u b s e q u e n t l y became s i n i s t r a l . The t i m i n g of the Grampian 

Orogeny w e l l b e f o r e c o n t i n e n t a l c o l l i s i o n i n the l a t e S i l u r i a n 

can be e x p l a i n e d by t h e c o l l i s i o n of m i c r o - c o n t i n e n t s onto the 

L a u r e n t i a n margin or by o b d u c t i o n of o p h i o l i t i c nappes. The 

l a p e t u s Ocean c l o s e d between t h e Lake D i s t r i c t and t he 

So u t h e r n Uplands. Northward and southward s u b d u c t i o n had 

o c c u r r e d a l o n g t h e l i n e of t h e l a p e t u s s u t u r e . The l a t e 

g r a n i t e s may be r e l a t e d t o t h e p a r t i a l m e l t i n g of the remnant 

subducted s l a b s (Watson 1984). 

These C a l e d o n i a n f e a t u r e s have been r e a c t i v a t e d s i n c e the 

e a r l y Devonian f i r s t by t e n s i o n r e l a t e d t o H e r c y n i a n 
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F i g u r e 1.7 ( a ) S c h e m a t i c c a r t o o n s of t h e t e c t o n i c e v o l u t i o n of t h e 
B r i t i s h l3\es. HoicicaUslo^. 

( b ) Two p l a t e model o f t h e c l o s u r e of t h e l a p e t u s Ocean 
p r o p o s e d by L e g g e t t e t a l ( 1 9 8 3 ) . 



s u b d u c t i o n ( B o t t e t a l 1984) and compression caused by 

c o n t i n e n t a l c o l l i s i o n and c l o s u r e of t h e R h e i c Ocean ( G l e n n i e 

1984). Subsequent doming and v o l c a n i s m i n the North Sea and 

f o r m a t i o n of numerous Permo-Trias b a s i n s i n NW Europe was 

p r o b a b l y produced e i t h e r by p a r t i a l m e l t i n g of the H e r c y n i a n 

s u b d u c t e d s l a b under t h e B r i t i s h I s l e s 'or r e l a t e d t o h e a t i n g 

e v e n t s which e v e n t u a l l y l e d t o t h e r i f t i n g and opening of the 

mid A t l a n t i c by t h e l a t e J u r a s s i c . Other h e a t i n g e v e n t s 

o c c u r r e d i n t h e l a t e J u r a s s i c and e a r l y T e r t i a r y r e l a t e d t o 

th e f o r m a t i o n of t h e R o c k a l l Trough and the opening of t h e 

No r t h e r n A t l a n t i c r e s p e c t i v e l y . E a s t west t e n s i o n 

predominated a l t h o u g h c o m p r e s s i o n o c c u r r e d a t the end of the 

C r e t a c e o u s d u r i n g t h e A l p i n e Orogeny. 

1.4 SEISMIC STRUCTURE OF THE CALEDONIDES OF THE BRITISH 

I S L E S 

The L I S P B r e f r a c t i o n s u r v e y and BIRPS WINCH deep r e f l e c t i o n 

s u r v e y have been t h e l a r g e s t and most d e t a i l e d experiments 

t h a t have c r o s s e d t h e C a l e d o n i d e s i n t h e B r i t i s h I s l e s . The 

L I S P B l i n e c r o s s e s t h e C a l e d o n i a n S u t u r e S e i s m i c P r o j e c t 

p r o f i l e a t about s t a t i o n 25 near Spadeadam on t he 

Northumberland/Cumbria bo r d e r . The WINCH l i n e c r o s s e s a t 

a p p r o x i m a t e l y shot M22 i n t h e I r i s h Sea and a s h o r t segment 

r a n a l o n g t h e C a l e d o n i a n S u t u r e S e i s m i c P r o j e c t p r o f i l e . The 

o t h e r i m p o r t a n t s u r v e y s a r e summarized i n F i g s . 1.8 and 1.9. 
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1.4.1 R e f r a c t i o n S u r v e y s 

The L i t h o s p h e r i c S e i s m i c P r o f i l e i n B r i t a i n ( L I S P B ) of 1974 

( F i g . 1 . 1 0 ) i n d i c a t e d c o n t r a s t i n g c r u s t a l s t r u c t u r e s beneath 

t h e C a l e d o n i d e s of N o r t h e r n B r i t a i n and beneath t h e r e g i o n 

s o u t h of t h e Sout h e r n Uplands F a u l t (Bamford e t a l 1976, 1977. 

1978 & 1979, F a b e r and Bamford 1979, 1981). To the no r t h , the 

upper c r u s t i s c h a r a c t e r i s e d by v e l o c i t i e s of 6.1 to 6.2 km/s 

i n t e r p r e t e d a s C a l e d o n i a n b e l t metamorphics of the Moine and 

D a l r a d i a n . The u n d e r l y i n g middle c r u s t a t depths of 10 t o 

20 km y i e l d s v e l o c i t i e s between 6.4 and 6.5 km/s which a r e 

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 basement (Smith and 

B o t t 1979, H a l l 1978). The v e l o c i t y of the lower c r u s t i s 

about 7.0 km/s. The Moho deepens from 24 km under Northern 

S c o t l a n d t o 34 km under t h e Midland V a l l e y . The sub Moho 

v e l o c i t y i s c o n s t a n t a t 8.0 km/s. 

To t h e sou t h of t h e Sout h e r n Uplands F a u l t t h e LISPB 

r e s u l t s a r e a t v a r i a n c e w i t h t h e r e s u l t s of oth e r s u r v e y s i n 

t h e a r e a (Swinburne 1975, B o t t e t a l 1984 & 1985, Green 1984 

and H a l l e t a l 1983). The upper c r u s t a s suggested by LISPB 

c o n s i s t s of a maximum of 15 km of Lower P a l a e o z o i c r o c k s of 

v e l o c i t i e s 5.8 t o 6.0 km/s be n e a t h a t h i n l o c a l veneer of 

Upper P a l a e o z o i c and Mesozoic sediments. U n d e r l y i n g t h e Lower 

P a l a e o z o i c a l a y e r of v e l o c i t y 6.28 km/s, s i g n i f i c a n t l y lower 

t h a n t h e 6.4 km/s l a y e r found t o the n o r t h , i s i n t e r p r e t e d a s 

P r e - C a l e d o n i a n basement s i m i l a r t o the P e n t e v r i a n basement of 

B r i t t a n y (Bamford 1977). The LISPB s t r u c t u r e of t h e lower 

c r u s t and Moho s o u t h of t h e Southern Uplands F a u l t i s 

o t h e r w i s e u n c e r t a i n b e c a u s e of the absence of prominent 
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F i g 1. 

Refl-ic4ion UntS 

N A S P 

HHSP 

L o c a t i o n of s e i s m i c s u r v e y s performed i n the B r i t i s h 
I s l e S o A & C = Agger a n d C a r p e n t e r ( 1 9 6 4 ) , CP = 
C o l l e t t e e t a l o (1967,1970), LISPB = Bamford e t a l . 
(1976, 1977 & 1 9 7 8 ) , CMRE = Bamford (1971,1972), 
Bamford and B l u n d e l l (1970), B & P = Blundell and Parks 
( 1 9 6 9 ) , H 6 B = H o l d e r and B o t t ( 1 9 7 1 ) , S'BURN = 
Swinburn (1975), HMSP = Armour (1978), NASP = Bott e t 
a l o (1974,1976), Smith and Bott (1975) (p-«.rn ̂r,̂ /i,/?̂ «̂ j 

Cmi>), SUSP = Wail ek^L 
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a r r i v a l s . 

The NERL l i n e ( B o t t e t a l 1984, F i g . 1.2a) r a n n o r t h t o 

s o u t h e a s t of t h e L I S P B l i n e and used t h e LIS P B s h o t s . T h i s 

i n d i c a t e d an upper c r u s t a l v e l o c i t y of 5.88 km/s which a g r e e s 

w i t h t h e L I S P B r e s u l t s . I n c o n t r a s t t o the LISPB r e s u l t s , 

good Moho r e f l e c t i o n s were obse r v e d which i n d i c a t e d a sh a r p 

Moho a t a c o n s t a n t depth of 27 km under Northern England w i t h 

an u n d e r l y i n g sub-Moho v e l o c i t y of 8.05 km/s. A lower c r u s t a l 

v e l o c i t y of 6.5 km/s was found below a mid c r u s t a l i n t e r f a c e 

a t 12 km depth. Two e a r l i e r s u r v e y s ( F i g . 1.8) y i e l d e d upper 

c r u s t a l v e l o c i t i e s of 6.14 km/s i n the sou t h e r n I r i s h Sea 

( B l u n d e l l and P a r k s 1969) and 6.12 km/s i n the n o r t h e r n I r i s h 

Sea (Agger and C a r p e n t e r 1964). N e i t h e r i n d i c a t e d a 

m i d - c r u s t a l i n t e r f a c e a l t h o u g h B l u n d e l l and Parks (1969) found 

a l a y e r of v e l o c i t y 7.3 km/s a t 25 km depth beneath t h e 

s o u t h e r n I r i s h Sea. Agger and C a r p e n t e r (1964) quoted an 

u n r e v e r s e d sub-Moho v e l o c i t y of 7.99 km/s under t h e n o r t h e r n 

I r i s h Sea. 

An i n t e r p r e t a t i o n of t h e s h a l l o w s t r u c t u r e u n d e r l y i n g t h e 

C a l e d o n i a n S u t u r e S e i s m i c P r o j e c t ( B o t t e t a l 1985) ( F i g . 

1.2c) i n d i c a t e d Upper P a l a e o z o i c and Mesozoic sequences 

u n d e r l a i n by Lower P a l a e o z o i c r o c k s of v e l o c i t i e s between 5.5 

and 5.7 km/s a t depths of 0.5 t o 3.0 km. A s e i s m i c basement 

w i t h a v e l o c i t y of 6.15 km/s a t 4 km depth u n d e r l i e s the 

e n t i r e l i n e e x c e p t i n t h e n o r t h e a s t where i t remained 

u n d e t e c t e d . T h i s h a s been i n t e r p r e t e d a s P r e - C a l e d o n i a n 

metamorphic basement a t s h a l l o w depth south of, or u n d e r l y i n g , 

t h e l a p e t u s S u t u r e ( B o t t e t a l 1985). The p r e l i m i n a r y r e s u l t s 
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i n d i c a t e d a mid c r u s t of v e l o c i t y 6.5 km/s a t about 18 t o 20 

km under t h e Northumberand Trough and North Sea. T h i s was not 

r e c o g n i s e d under t h e I r i s h Sea. The r e s u l t s under the e n t i r e 

l i n e y i e l d e d a u n i f o r m c r u s t a l t h i c k n e s s of 30 km w i t h an 

a v e r a g e c r u s t a l v e l o c i t y of 6.3 t o 6.4 km/s. T h i s 

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

i n t e r p r e t a t i o n s of t h e c r u s t beneath t h e Spadeadam r e g i o n 

where t h e two l i n e s c r o s s ( F i g . 1.2 and F i g . 1.10a). 

The SUSP r e f r a c t i o n e xperiment ( H a l l e t a l 1983) r a n along 

s t r i k e WSW t o ENE a c r o s s t h e n o r t h e r n p a r t of the Southern 

Uplands. A s h a l l o w n e a r s u r f a c e r e f r a c t o r w i t h a h i g h 

v e l o c i t y of 6.0 km/s was i d e n t i f i e d . T h i s i s i n c o n t r a s t to 

t h e n o r t h / s o u t h L I S P B experiment which found a v e l o c i t y of 

5.88 km/s b e n e a t h t h e S o u t h e r n Uplands. The SUSP r e s u l t s were 

combined w i t h a r e - i n t e r p r e t a t i o n of t he L I S P B r e f r a c t i o n d a t a 

f o r t h e Southern Uplands. Three main b e l t s 15 to 20 km wide 

of h i g h v e l o c i t y ( 6 . 0 km/s) which s t r i k e p a r a l l e l to the 

C a l e d o n i a n t r e n d (SW t o NE) were proposed s e p a r a t e d by a r e a s 

of lower v e l o c i t y ( 5 . 6 km/s). These anomalous r i d g e s which 

have no magnetic s i g n a t u r e a r e i n t e r p r e t e d as metamorphic 

r o c k s of g r a n o d i o r i t i c t o d i o r i t i c c o m p o s i t i o n . 

These c o n f l i c t i n g g e o p h y s i c a l r e s u l t s , t a k e n w i t h the 

g e o l o g i c a l o b s e r v a t i o n s , d e s c r i b e d e a r l i e r i n d i c a t e a 

c o m p l i c a t e d and not f u l l y u n d e r s t o o d c r u s t between the Midland 

V a l l e y and the Lake D i s t r i c t . Such l a t e r a l and v e r t i c a l 

h e t e r o g e n e i t i e s c a n n o t be r e s o l v e d by s u r v e y s such a s L I S P B 

which c r o s s t h e main s t r i k e of t h e C a l e d o n i a n s t r u c t u r e s . 

Needham and Knipe ( 1 9 8 6 ) r e c e n t l y attempted t o r e c o n c i l e the 
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d i f f e r i n g r e s u l t s by p r o p o s i n g t h a t t h e Southern Uplands 

a c c r e t i o n a r y p r i s m h a s been obducted to t h e n o r t h onto the 

P r e - C a l e d o n i a n basement of t h e Midland V a l l e y and has been 

u n d e r t h r u s t by t h e P r e - C a l e d o n i a n basement of t he Southern 

C a l e d o n i d e s i d e n t i f i e d from the s h a l l o w r e s u l t s of the 

C a l e d o n i a n S u t u r e S e i s m i c P r o j e c t ( B o t t e t a l 1985) ( F i g . 

1. 2 ) . However, t h e s h a l l o w b l o c k - l i k e s t r u c t u r e s found by 

H a l l e t a l (1 9 8 3 ) b e n e a t h t h e Southern Uplands have s t i l l not 

been a d e q u a t e l y e x p l a i n e d by any t e c t o n i c model. 

The e x t e n s i o n of t h e C a l e d o n i a n S u t u r e S e i s m i c P r o j e c t 

a c r o s s I r e l a n d ( J a c o b e t a l 1985, F i g . 1.11) i d e n t i f i e d 

basement a t 3.0 t o 4.0 km depth w i t h v e l o c i t y i n c r e a s i n g from 

6.0 - 6.3 km/s be n e a t h southwest I r e l a n d t o 6.3 - 6.5 km/s 

ben e a t h n o r t h e a s t I r e l a n d . T h i s basement has been i n t e r p r e t e d 

a s P r e c a m b r i a n metamorphics o v e r l a i n by lower O r d o v i c i a n 

v o l c a n i c s and C a r b o n i f e r o u s sediments (Brown and W i l l i a m s 

1 9 8 5 ) . Two l e n s - s h a p e d low v e l o c i t y zones a r e i n f e r r e d under 

t h e s o u t h w e s t e r n and n o r t h e a s t e r n ends of t h e l i n e . These 

s e p a r a t e t h e upper c r u s t from a m i d - c r u s t w i t h a uniform 

v e l o c i t y of 6.4 km/s. A m i d - c r u s t a l i n t e r f a c e i s i d e n t i f i e d 

a t about 20 km depth beneath which t h e lower c r u s t has an 

av e r a g e v e l o c i t y of about 6.8 km/s. The Moho i s deduced from 

t h e w i d e - a n g l e r e f l e c t i o n s . Beneath the c e n t r e of t h e p r o f i l e 

t h e Moho r e a c h e s a maximium depth of 32 km s h a l l o w i n g towards 

t h e southwest and n o r t h e a s t . The Moho beneath t h e southwest 

end of t h e l i n e i s a s h a r p i n t e r f a c e but i t p r o g r e s s i v e l y 

g r a d e s i n t o a 3 t o 4 km t h i c k t r a n s i t i o n zone towards the 

n o r t h e a s t e r n end. The i n f e r r e d top of t h i s Moho g r a d i e n t zone 

l i e s a t a depth of about 28 km under t h e w e s t e r n edge of the 
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I r i s h Sea. No r e s u l t s from a n a l y s i s of Pn have been r e p o r t e d . 

These r e s u l t s a r e u n c o r r e c t e d f o r t h e s h a l l o w sediment d e l a y s 

and p r o b a b l y r e p r e s e n t t h e c r u s t a l s t r u c t u r e j u s t t o t he n o r t h 

of t h e i n f e r r e d s u r f a c e t r a c e of t h e l a p e t u s S u t u r e ( F i g . 

1.11). 

The e x i s t e n c e of a low v e l o c i t y l a y e r beneath southwest 

I r e l a n d h a s a l s o been r e p o r t e d by Bamford (1972) but few o t h e r 

examples of low v e l o c i t y zones have been i d e n t i f i e d i n the 

B r i t i s h I s l e s . The n a t u r e of t h e r e f r a c t i o n method makes the 

p o s i t i v e i d e n t i f i c a t i o n of such a l a y e r d i f f i c u l t . P r esence 

or absence of a low v e l o c i t y l a y e r may be m a i n l y a matter of 

p e r s o n a l t a s t e ( H e a l e y 1971, J a c o b e t a l 1985 gf Ansorge e t a l 

1982). 

A l a r g e r e f r a c t i o n e x p e r i m e n t , s i m i l a r t o LISPB, c r o s s e d 

t h e westward e x t e n s i o n of t h e C a l e d o n i a n Orogen of the 

Newfoundland A p p a l a c h i a n s ( F i g . 1.10b). The r e s u l t s show 

l i t t l e r e s e m b l a n c e t o t h o s e of L I S P B (Haworth 1981). The near 

s u r f a c e v e l o c i t i e s v a r y from 4.7 km/s i n t h e s o u t h e a s t to 6.0 

km/s i n t h e n o r t h e a s t . I n p a r t i c u l a r t h e h i g h v e l o c i t i e s of 

7.4-7.7 km/s a t s h a l l o w d e p t h s b e n e a t h the Dunnage and Avalon 

Zones a r e c o r r e l a t e d w i t h t h e s u b s u r f a c e e x t e n s i o n s of the 

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

s u r f a c e . The upper c r u s t y i e l d s v e l o c i t i e s between 6.1 t o 6.4 

km/s. A lower c r u s t a l l a y e r a t about 25 km depth w i t h a 

v e l o c i t y of about 7.1-7.4 km/s d e f i n e s a l e n s - s h a p e d f e a t u r e 

below t h e c e n t r e of t h e orogen. The sub-Moho v e l o c i t y 

i n c r e a s e s from 8.1 km/s under t h e Humber Zone, which i s the 

e q u i v a l e n t of t h e C a l e d o n i d e s n o r t h of t h e H i g h l a n d Boundary 

- 26 -



F a u l t , t o 8.5 km/s under t h e c e n t r e of t h e orogen and 

d e c r e a s e s t o 8.0 km/s s o u t h e a s t w a r d s under t h e Avalon Zone, 

which c o r r e s p o n d s t o t h e Sout h e r n C a l e d o n i d e s of t h e B r i t i s h 

I s l e s . The depth t o t h e Moho d e c r e a s e s from 44 km t o 30 km 

southwards a c r o s s t h e Humber Zone, then i n c r e a s e s t o over 45 

km be n e a t h t h e c e n t r e of t h e orogen and d e c r e a s e s f u r t h e r 

s o u t h b e n e a t h t h e Av a l o n Zone t o 24 km i n t h e s o u t h e a s t . 

1.4.2 Deep R e f l e c t i o n S u r v e y s 

The most i m p o r t a n t C a l e d o n i a n s t r u c t u r e s observed on the 

WINCH deep r e f l e c t i o n s e c t i o n s a r e the Outer I s l e s T h r u s t , the 

G r e a t G l e n F a u l t , t h e l a p e t u s S u t u r e and t h e South I r i s h Sea 

Lineament ( F i g . 1.12) (Brewer e t a l 1983). The l a p e t u s Suture 

i s i d e n t i f i e d a s a northwards d i p p i n g i n t e r f a c e which forms 

th e t o p s u r f a c e of a wedge of r e f l e c t i v e lower c r u s t 

u n d e r l y i n g t h e s o u t h e r n p a r t of t h e westward e x t e n s i o n of the 

So u t h e r n Uplands. The whole c r u s t i s t r a n s p a r e n t under the 

r e s t of t h e So u t h e r n Uplands B e l t . North of t h e Southern 

Uplands F a u l t some lower c r u s t a l r e f l e c t i o n s a r e observed 

a l t h o u g h t h e s e a r e not as prominent as t h o s e f u r t h e r t o the 

sout h . A p o s s i b l e change i n the n a t u r e of the deep c r u s t 

a c r o s s t h e s u t u r e may be i n d i c a t e d (Needham and Knipe 1986). 

The l a p e t u s S u t u r e i s i d e n t i f i e d only i n t h e lower c r u s t , but 

i t p r o b a b l y s u r f a c e s i n t h e v i c i n i t y of t h e P e e l B a s i n . 

S e dimentary b a s i n s s u c h a s the P e e l B a s i n a r e the most 

c l e a r l y imaged s h a l l o w s t r u c t u r e s on WINCH. Most of t h e s e 

appear t o l i e i n t h e hanging w a l l s of t h r u s t s produced by the 

t e n s i o n a l r e a c t i v a t i o n of e a r l i e r c o m p r e s s i o n a l f e a t u r e s such 
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a s t h e l a p e t u s S u t u r e and t he Outer I s l e s T h r u s t (Brewer e t a l 

198 3 ) . The v a r i a t i o n s i n t h e n a t u r e of t h e r e f l e c t i v e lower 

c r u s t , o b s e r v e d on a l l BIRPS p r o f i l e s so f a r , show l i t t l e 

c o r r e l a t i o n w i t h t h e s u r f a c e geology except i n the v i c i n i t y of 

th e l a p e t u s S u t u r e . The c h a r a c t e r of the Moho i s h i g h l y 

v a r i a b l e . I t has been i n t e r p r e t e d as the bottom of the 

r e f l e c t i v e lower c r u s t under t h e WINCH p r o f i l e a c r o s s the 

I r i s h Sea but under t h e C a l e d o n i a n F o r e l a n d i t appears as a 

narrow band of s t r o n g and f a i r l y c o n t i n u o u s r e f l e c t o r s ( F i g . 

1.12) (Brewer e t al _ 1983). The g r a v i t y v a r i a t i o n s due to the 

Moho observ e d on t h e BIRPS WINCH and SWAT deep r e f l e c t i o n 

p r o f i l e s do not c o r r e l a t e w i t h the observed g r a v i t y along the 

l i n e s . G o l d f i n c h ( 1 9 8 5 ) concluded t h a t the Moho as 

r e p r e s e n t e d by t h e base of t h e r e f l e c t i v e lower c r u s t does not 

r e p r e s e n t an abrupt d e n s i t y c o n t r a s t . 

The BIRPS North E n g l a n d Coast (NEC) l i n e was shot i n Sept 

1985 and c r o s s e s t h e C a l e d o n i a n S u t u r e S e i s m i c P r o j e c t l i n e a t 

about shot N8 i n t h e North Sea and ru n s northwards over the 

e a s t w a r d e x t e n s i o n of t h e Southern Uplands ( F i g . 1.8). A 

northward d i p p i n g f e a t u r e observed i n t h e lower c r u s t n orth of 

th e C a l e d o n i a n S u t u r e S e i s m i c P r o j e c t l i n e 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 t h e l a p e t u s S u t u r e ( p e r s . i n s p e c t . , Klemperer 

p e r s . comm.). I t s p o s i t i o n i s f u r t h e r s o u t h t h a n proposed by 

Banks e t a l (19 8 3 ) from magnetic v a r i a t i o n anomalies and by 

most g e o l o g i c a l i n t e r p r e t a t i o n s . The Moho c o n s i s t s of a 

narrow band of prominent r e f l e c t i o n s between 10.5 to 11.0 s. 

Ther e does not appear t o be a w e l l developed r e f l e c t i v e 

m i d c r u s t t o t h e s o u t h of t h e s u t u r e . To t h e no r t h numerous 

d i f f r a c t i o n s and c o m p l i c a t e d r e f l e c t i o n s a r e observed between 
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6.0 t o 10.5 s. These o b s e r v a t i o n s were made from a b r u t e 

s t a c k of t h e NEC p r o f i l e and a r e p r e l i m i n a r y . They a r e not 

p u b l i s h a b l e w i t h o u t t h e p e r m i s s i o n of BIRPS. 

1.5 NATURE OF THE DEEP CRUST 

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

t y p i c a l l y u s e s s i g n a l w a v e l e n g t h s of about a k i l o m e t r e . The 

BIRPS r e f l e c t i o n s u r v e y s use f r e q u e n c i e s of 10 t o 40 Hz which 

f o r a v e l o c i t y of 6.0 km/s and a fr e q u e n c y of 20 Hz g i v e s 

s i g n a l w a v e l e n g t h s of about 300 m and a h o r i z o n t a l F r e s n e l 

zone of a p p r o x i m a t e l y 3.5 km (Matthews and Cheadle 1986). The 

r e s u l t i n g l i m i t s t o t h e v e r t i c a l and h o r i z o n t a l r e s o l v i n g 

power of both methods l i m i t s the p o s s i b i l i t y of o b t a i n i n g 

s h o r t w avelength d e t a i l s of the deep c o n t i n e n t a l c r u s t 

( S m i t h s o n and Decker 1974, Smithson and Brown 1977). The 

r e f l e c t i o n method i s used t o d e t e c t l a t e r a l v a r i a t i o n s and 

r e f l e c t i o n i n t e r f a c e s whereas t h e r e f r a c t i o n method can y i e l d 

v e l o c i t y v a r i a t i o n w i t h depth w i t h i n uniform b l o c k s of c r u s t 

of s u f f i c i e n t s i z e . However, to o b t a i n w e l l c o n s t r a i n e d 

v e l o c i t y s t r u c t u r e s down t o the Moho f o r c r u s t 30 km t h i c k 

l a t e r a l l y u n i f o r m r e g i o n s a t l e a s t 130 km lo n g a r e r e q u i r e d to 

o b t a i n r e l i a b l e Pn a r r i v a l s . 

1.5.1 C o m p r e s s i o n a l V e l o c i t i e s and Rock Co m p o s i t i o n s 

I n t e r p r e t a t i o n of v e l o c i t i e s o b t a i n e d from r e f r a c t i o n 

e x p e r i m e n t s i n terms of ro c k c o m p o s i t i o n s i s p r o b l e m a t i c a l . 

The c o m p r e s s i o n a l v e l o c i t i e s of m i n e r a l s show an i n c r e a s e from 

5.5 km/s f o r pure q u a r t z through i n c r e a s i n g l y m a f i c m i n e r a l s 
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s u c h as amphiboles. pyroxenes and o l i v i n e s to over 8.8 km i 

f o r g a r n e t ( C h r i s t e n s e n 1982). The v e l o c i t y of a p a r t i c u l a r 

c o m p o s i t i o n depends on t h e weighted mean of the c o n s t i t u e n t 

m i n e r a l s . I n g e n e r a l the more ma f i c t h e composition of a rock 

t h e h i g h e r i t s v e l o c i t y . Temperature, p r e s s u r e , p o r o s i t y , 

p e r m e a b i l i l t y , f a b r i c and t h e pr e s e n c e and nat u r e of f l u i d 

f i l l e d f r a c t u r e s and c r a c k s a l s o have important e f f e c t s on t h e 

v e l o c i t y of a r o c k ( P r a t t e t a l 1977). 

T a b l e 1.1 g i v e s a few examples of t y p i c a l v e l o c i t i e s f o r 

r o c k s of v a r y i n g c o m p o s i t i o n . Rocks from the upper c r u s t w i t h 

v e l o c i t i e s of 5.8 t o 6.3 km/s a r e g e n e r a l l y regarded as e i t h e r 

low grade metasediments, a c i d i c to i n t e r m e d i a t e igneous r o c k s , 

or q u a r t z o - f e l s p a t h i c g n e i s s e s ( H a l l 1978). V e l o c i t i e s of 6.4 

t o 6.5 km/s down t o depths of 20 km i n NW S c o t l a n d have been 

i n t e r p r e t e d a s L e w i s i a n ' g r a n u l i t e s ( S mith and Bott 1975). 

L a b o r a t o r y measurements a t room temperature of the v e l o c i t y of 

g r a n u l i t e s from t h e S e i l a n d P r o v i n c e i n Norway y i e l d v a l u e s 

between 6.41 and 6.97 km/s a t 6 kb which o c c u r s a t 20 km depth 

( C h r o s t o n and Evans 1983). The mean v e l o c i t y i s 6.7 KHI/S 

which would d e c r e a s e t o 6.5 km/s at the average temperature 

e x p e c t e d a t 20 km depth. Such a v e l o c i t y i s t y p i c a l l y 

o b s e r v e d i n t h e lower c r u s t i n r e f r a c t i o n s u r v e y s ( M u e l l e r 

1977). I n t e r m e d i a t e g r a n u l i t e s and pyroxene g r a n u l i t e s have 

v e l o c i t i e s of 6.6 t o 7.0 km/s and >7.0 km/s r e s p e c t i v e l y a t 6 

kb (20 km d e p t h ) . A m p h i b o l i t e s g e n e r a l l y have h i g h v e l o c i t i e s 

>7.0 km/s and d u n i t e s have v e l o c i t i e s g r e a t e r than 7.7 km^s 

( P r e s s 1966). 
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T A B L E 1 . 1 

COVIP RES SIGNAL WAVE V E L O C I T I E S IN ROCKS 
( s e e a l s o Ta b 1e 5.1) 

Ma t e r i a 1 Dens i t y Ve l o c i t y (km/ s ) 
( g/cnf) 100 MPa 4 00 MPa 1000 Mpa 

g r e ywa eke 2 . 692 5 . 84 - 6 . 20 
s l a t e 2 .734 5 . 79 - 6 . 22 
g r a n i t e 2 .643 6. 13 6 . 29 6 .45 
g r a n o d i o r i te 2 . 705 6. 27 6 . 3 0 6 56 
g r a n i t i c g n e i s s - - 6 . 30 
q u a r t z d i o r i t e 2 . 852 6 . 44 - 6 7 1 
d i 0 r i t e - - 6 .59 
a c i d g r a n u l i t e s - - 6 . 49 
d i o r i t i c g r a n u l i t e - - 6 .55 
p y r o x e n e g r a n u l i t e - - 6 . 86 
g a r n e t g r a n u l i t e - - 7 . 73 
atorHiOsiieS - - 6 •80 n • 1^0 

amph i bo 1 i t e 3 . 120 7 . 1 7 - 7 . 35 
g a b b r o and n o r i t e 2.988 7 . 02 - 7 . 24 
dun i t e 3 . 277 7 . 87 - 8 . 15 
e c I o g i t e 3.383 7 . 52 - 7 .87 

400 MPa Ta ke n f r om Ch r 0 s t e n ( p e r s . c ortin) 
100 & 1000 MPa T a k e n f r o m Bot t ( 1982 ) 



1.5.2 The Lower C r u s t 

The n a t u r e of t h e Lower C r u s t i s c o n t r o v e r s i a l . I t i s 

obs e r v e d t o be e l e c t r i c a l l y c o n d u c t i v e i n many a r e a s (Hutton 

e t a l 1980, Banks e t a l 1983) and t o be r e p r e s e n t e d by a zone 

of numerous d i s c o n t i n u o u s r e f l e c t i o n s between 15 to 30 km 

depth on many dee'p r e f l e c t i o n p r o f i l e s i n the UK and abroad. 

T y p i c a l v e l o c i t i e s a t such depths c a l c u l a t e d from r e f r a c t i o n 

s u r v e y s l i e between 6.4 and 6.8 km/s. T h i s i n d i c a t e s an 

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

v a r i a t i o n s from a c i d i c t o i n t e r m e d i a t e g n e i s s e s to 

a m p h i b o l i t e s i f wet. The p r e s e n c e of a f r e e f l u i d phase i n 

th e lower c r u s t h a s been s u g g e s t e d t o e x p l a i n t h e h i g h 

e l e c t r i c a l c o n d u c t i v i t y but Y a r d l e y (1985) i n d i c a t e d t h a t such 

a f r e e f l u i d phase would r e a c t r a p i d l y w i t h the surrounding 

"dry" g r a n u l i t e r o c k s t o produce a m p h i b o l i t e s . He concluded 

t h a t f r e e f l u i d p hases cannot e x i s t i n a g r a n u l i t i c lower 

c r u s t . 

The r e f l e c t i v e l ower c r u s t has been observed i n A u s t r a l i a 

( F i n l a y s o n e t a l 1984), i n t h e B a s i n and Range of North 

America (Brown e t a l 1986), i n t he V a r i s c i d e s of France ( B o i s 

e t a l 1986) and i n SW Germany ( B o r t f e l d e t a l 1985) as w e l l as 

i n t h e B r i t i s h I s l e s . S e v e r a l g e o l o g i c a l e x p l a n a t i o n s have 

been proposed: 

1. C o m p o s i t i o n a l l a y e r i n g which can be due to metamorphic 

banding ( M u e l l e r 1977 , Hale and Thompson 1982) or 

u n d e r p l a t i n g by b a s i c magmatic a c t i v i t y (McKenzie 1983). 

The r e f l e c t i v e lower c r u s t i s ob s e r v e d under t h e Hebridean 

C r a t o n where L e w i s i a n basement r o c k s l i e a t s h a l l o w depth. 
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T h e s e r o c k s were formed a t t e m p e r a t u r e s and p r e s s u r e s 

e x p e c t e d i n t h e lower c r u s t . They a r e i n t e r p r e t e d t o l i e 

up t o 20 km beneath t h e C a l e d o n i a n f o r e l a n d ( Smith and 

B o t t 1 9 7 5 ) . A r e f l e c t i v e lower c r u s t i s o b s e r v e d beneath 

t h e C a l e d o n i a n f o r e l a n d ( F i g . 1.12). There i s no 

c o m p o s i t i o n a l banding observed i n the r o c k s a t the s u r f a c e 

w h i c h c o u l d produce t h e s e r e f l e c t i o n s . Other c a u s e s o t h e r 

t h a n c o m p o s i t i o n a l banding a r e i n d i c a t e d ( B l u n d e l l and 

Raynaud 1986). 

2. D e f o r m a t i o n f o l i a t i o n caused by d u c t i l e s t r e t c h i n g ( B o t t 

e t a l 1984, B l u n d e l l and Raynaud 1986). B o t t e t a l (1984) 

proposed t h a t t e n s i o n may p r e f e r e n t i a l l y s t r e t c h t h e lower 

c r u s t by d u c t i l e s h e a r i n g to c r e a t e a h o r i z o n t a l f o l i a t i o n 

w h i c h might produce the observed r e f l e c t i o n s . Such 

t e n s i o n a l s t r e s s e s o c c u r r e d i n NW Europe d u r i n g the 

H e r c y n i a n Orogeny and d u r i n g the r i f t phase p r e c e d i n g the 

opening of t h e A t l a n t i c i n the Mesozoic ( B l u n d e l l and 

Raynaud 1986). 

3. A n i s o t r o p i c e f f e c t s c a u s e d by the p r e f e r r e d o r i e n t a t i o n of 

a n i s o t r o p i c m i n e r a l s such as o l i v i n e ( H a l l 1985). 

A n i s o t r o p i c e f f e c t s have o c c a s i o n a l l y been observed w i t h i n 

t h e c o n t i n e n t a l c r u s t and have been found i n the upper 

mantle b e n e a t h SW Germany ( B o r t f e l d e t a l 1985). They a r e 

commonly ob s e r v e d i n the o c e a n i c l i t h o s p h e r e (Crampin 

1 9 8 4 ) . 

4. The p r e s e n c e of s h e a r zones or f l u i d f i l l e d c r a c k s and 

f r a c t u r e s . 

5. B l u n d e l l and Raynauld (1986) showed t h a t an apparent 

r e f l e c t i v e lower c r u s t can be c a u s e d by o f f l i n e 

r e f l e c t i o n s from o n l y a few u n d u l a t i n g r e f l e c t i v e 
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s u r f a c e s . 

The n a t u r e of t h e lower c r u s t h a s been i n t e r p r e t e d , from t h e 

c o m p o s i t i o n of x e n o l i t h s found i n v o l c a n i c v e n t s and l a v a s , t o 

be a c o m p l i c a t e d m i x t u r e of g r a n u l i t e s and a m p h i b o l i t e s (Upton 

e t a l 1 9 8 3 ) . These r e p r e s e n t t h e c o m p o s i t i o n of the c r u s t and 

mant l e a t t h e time of t h e Upper P a l a e o z o i c v o l c a n i s m and not 

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

t h e p r e s e n t s t a t e of t h e c r u s t . The d e t a i l e d c o m p o s i t i o n and 

n a t u r e of t h e deep c r u s t a r e i n d i s p u t e . 

1.5.3 The Upper Mantle 

The topmost mantle g e n e r a l l y has a uniform v e l o c i t y beneath 

B r i t a i n w i t h i n the range 7.8 t o 8.1 km/s. Lower and h i g h e r 

v a l u e s a r e observ e d e l s e w h e r e ( G a j e w s k i and P r o d e ^ l 1985. 

F i n l a y s o n e t a l 1984). B a r t o n e t a l (1984) have shown t h a t 

b e n e a t h t h e C e n t r a l North Sea t he Moho as i n t e r p r e t e d from 

r e f r a c t i o n and r e f l e c t i o n i s i d e n t i c a l . Berkenheimer (1969) 

h a s proposed t h a t the I v r e a body i n Northern I t a l y which i s 

composed of a complex sequence of l e n t i c u l a r b a s i c and 

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

i n t o t h e upper mantle. The BIRPS p r o f i l e s show t h a t the Moho 

c o n s i s t s of a band of r e f l e c t i o n s i n some a r e a s such as 

be 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 . However i n oth e r a r e a s such 

as t h e n o r t h e r n I r i s h Sea t he Moho r e p r e s e n t s t h e base t o t h e 

r e f l e c t i v e lower c r u s t and no prominent r e f l e c t i o n s a r e 

ob s e r v e d . These changes i n the r e f l e c t i v e c h a r a c t e r of t h e 

Moho p r o b a b l y r e p r e s e n t v a r i a t i o n s i n t h e n a t u r e of t h e 

t r a n s i t i o n a t the base of t h e c r u s t from r o c k s w i t h 

p r e d o m i n a n t l y lower c r u s t a l c o m p o s i t i o n s to th o s e w i t h mainly 

- 33 -



an upper mantle composition (Brewer et a l 1983). 

1.6 AIMS OF THE CALEDONIAN SUTURE SEISMIC PROJECT 

Geological and geophysical observations i n d i c a t e that the 
cr u s t and upper mantle across the Caledonides are 
heterogeneous. The r e s u l t s of one along stdke r e f r a c t i o n 
experiment such as the Caledonian Suture Seismic Project can 
only provide d e t a i l s of broad v a r i a t i o n s and are u n l i k e l y to 
prove or disprove d e t a i l e d t e c t o n i c models. A series of along 
s t r i k e r e f r a c t i o n p r o f i l e s such as the Caledonian Suture 
Seismic Project w i t h i n each Caledonian Belt i s probably the 
best method t o obtain comparable d e t a i l s of the v e l o c i t y 
s t r u c t u r e s across the Caledonides of the B r i t i s h I s l e s . 

The primary aim of the Caledonian Suture Seismic Project 
was t o determine the v e l o c i t y s t r u c t u r e of the mid and lower 
cr u s t along the lapetus Suture. Within t h i s broad aim i t was 
hoped t o answer some of the f o l l o w i n g questions: 
1. I s the mid crust absent i n the I r i s h Sea? Are the 

pr e l i m i n a r y i n t e r p r e t a t i o n s made by Green (1984) of 
l a t e r a l changes i n the mid and lower crust between the 
I r i s h Sea and North Sea regions observed when a l l the 
sections are studied? I f so where does the l a t e r a l change 
occur? 

2. I s the sub-Moho v e l o c i t y constant? Or as suggested by 
Green (1984) i s i t higher under the I r i s h Sea? Where does 
the l a t e r a l change occur? 

3. How does the v e l o c i t y depth p r o f i l e s calculated under the 
North and I r i s h Seas compare with the WINCH and NEC BIRPS 
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l i n e s ? 
4. Does the seismic model f i t the g r a v i t y v a r i a t i o n s along 

the l i n e ? 
5. How do the r e s u l t s of the Caledonian Suture Seismic 

Project compare w i t h those of Jacob et a l (1985) across 
Ireland? 

6. Can the l a t e r a l l y varying r e s u l t s be i n t e r p r e t e d i n terms 
of the p o s i t i o n of the lapetus Suture? 
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CHAPTER TWO 

DATA PROCESSING TECHNIQUES 

The Caledonian Suture Seismic Project has produced an 
unprecedented amount of high q u a l i t y r e f r a c t i o n data due t o 
the i n n o v a t i v e arrangement of both cl o s e l y spaced shots and 
s t a t i o n s . I n t h i s chapter the main features of the 
experimental design w i l l be discussed;/the p r a c t i c a l problems 
encountered during the processing and the methods used t o 
d i s p l a y the data set which e x p l o i t the unique c o n f i g u r a t i o n of 
the Caledonian Suture Seismic Project. The programmes 
developed t o process and dis p l a y the data w i l l also be 
described. 

2.1 DATA 

The c o n f i g u r a t i o n of the Caledonian Suture Seismic Project 
described i n the i n t r o d u c t i o n and i n Green (1984) enables the 
data t o be presented i n four d i f f e r e n t types of seismic 
r e f r a c t i o n sections (Fig.2.1). These are: 
1. Common s t a t i o n sections. This type of section displays 

a l l the shots recorded by a p a r t i c u l a r s t a t i o n and 
h i g h l i g h t s any v a r i a t i o n s under the shots. A common 
s t a t i o n s ection w i l l be r e f e r r e d to as CST60N which i s an 
abbr e v i a t i o n f o r the common s t a t i o n section of s t a t i o n 60 
f o r the North Sea shots N1-N29. 

2. Common shot sections. This type of section displays a l l 
the s t a t i o n s which received a p a r t i c u l a r shot and 
h i g h l i g h t s any v a r i a t i o n s under the s t a t i o n s . A common 
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shot s e c t i o n w i l l be r e f e r r e d t o as CSH/N20 which i s an 
ab b r e v i a t i o n f o r the common shot section of shot N20 f o r 
the mainline s t a t i o n s 1-60. 

3. Common mid-point sections. This type of section displays 
a l l the traces given by (ST,SH) (where ST represents the 
s t a t i o n and SH the shot) which have a common mid-point. 
The closest s t a t i o n / s h o t p a i r defines the common mid-point 
and a l l the stat i o n / s h o t p a i r s (ST.SH) which have a 
midpoint which l i e s w i t h i n +/- 1 km of the mid-point of 
the closest s t a t i o n / s h o t p a i r are p l o t t e d on the same 
common mid-point section e.g. the common mid-point defined 
by the trace (60,Nl) i s 262.56 km from M25B and the trace 
(46,N8) has a common mid-point p o s i t i o n of 262.59 km and 
as t h i s l i e s w i t h i n +/- 1 km t h i s trace w i l l be p l o t t e d on 
the section f o r CMP60/N1. Using t h i s method to locate 
traces w i t h the same common mid-point avoids any 
assumptions about the s t a t i o n s having a spacing of exactly 
2 km and the shots of 4 km. The +/- 1 km window i s the 
smallest possible given the 2 km s t a t i o n spacing and the 
need t o have enough_traces to produce a useful section. 
This means t h a t s l i g h t e r r o r s w i l l be introduced as the 
traces associated w i t h a p a r t i c u l a r common mid-point 
se c t i o n w i l l not a l l possess exactly the same common 
mid-point. 

4. Common distance sections. This type of section displays 
a l l the traces (ST,SH) which have o f f s e t s w i t h i n +/- 1 km 
of the distance chosen. Fig. 2.2 i s a frequency diagram 
of the Caledonian Suture Seismic Project s t a t i o n to shot 
o f f s e t s . I t can be seen t h a t there are peaks at c e r t a i n 
of the distances and t h a t there i s a general high between 
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50 km ftii(i 250 km. This i s expected given t h a t most 
s t a t i o n s l i e close t o the planned 2 km spacing and most 
shots the planned 4 km spacing and t h a t the st a t i o n s l i e 
centred between the I r i s h Sea and North Sea shots. Only 
selected common distance sections have been p l o t t e d and 
those chosen are annotated on the frequency diagram. A 
common distance section i s r e f e r r e d t o as CDS/98.84 which 
i s an abbr e v i a t i o n f o r the common distance section f o r the 
traces w i t h s t a t i o n / s h o t o f f s e t s of 98.84 +/- 1 km. 

A l l four types of section have been used (Appendices A, B 
and C): the common shot and common s t a t i o n sections were used 
predomina|t|^ to pick the t r a v e l times; the common mid-point 
sections were used mainly i n the i n t e r p r e t a t i o n of the 
wide-angle r e f l e c t i o n s from the mid-crust (PcP) and from the 
Moho (PmP) w h i l s t the common distance sections provided a 
means of assessing the extent of l a t e r a l v a r i a t i o n s , although, 
due t o the few traces a v a i l a b l e t o each common distance and 
the lack of s u f f i c i e n t density of traces, greater use of these 
sections i n i n t e r p r e t a t i n g the data was l i m i t e d i n i t s 
usefulness. 

2.1.1 The Information Matrices 

As work proceeded i n p l o t t i n g the data i t became clear t h a t 
i t was going t o be important t o minimise the amount of 
i n f o r m a t i o n on d e t a i l s of the experiment t h a t had to be input 
from the t e r m i n a l , not only t o save time, but also to minimise 
the o p p o r t u n i t i e s f o r e r r o r . For example i t took s i x months 
t o p l o t a l l the data i n the form of common shot and common 
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s t a t i o n sections f o r the f i r s t time. A s u i t e of programmes 
has been w r i t t e n t o hold permanently much of the routine 
Caledonian Suture Seismic Project information on NUMAC i n the 
form of in f o r m a t i o n matrices w i t h each l o c a t i o n representing a 
p a r t i c u l a r t r a c e . (see Section 2.5.4 and Appendix © f o r a 
complete d e s c r i p t i o n of the matrices). 

I n i t i a l l y these matrices were used to hold the rou t i n e 
p r o j e c t i n f o r m a t i o n such as the l o c a t i o n of a p a r t i c u l a r trace 
amid the 26 tapes held on NUMAC or the s t a t i o n t o shot 
distances but as pic k i n g of the a r r i v a l times of the various 
phases proceeded (upto 3500 picks) a method of di s p l a y i n g a l l 
the data at once was needed to give an overview and also t o 
check f o r e r r o r s . This was accomplished by p l o t t i n g a t r a v e l 
time f o r a p a r t i c u l a r phase and s h o t / s t a t i o n p a i r (ST,SH) at 
lo c a t i o n s w i t h co-ordinates given by the respective distances 
of the s t a t i o n ST and shot SH from M25B along the edges of a 
mat r i x (as i l l u s t r a t e d i n Fig. 2.3). A l l the t r a v e l times f o r 
a p a r t i c u l a r phase can then be presented i n one diagram by 
reducing these t r a v e l times t o a p a r t i c u l a r v e l o c i t y using the 
distances held i n the distance matrix and the t r a v e l times i n 
the t r a v e l time matrix and contouring the r e s u l t s . The 
amplitudes of each a r r i v a l can also be presented on s i m i l a r 
contoured p l o t s . 

These matrices, once contoured g r a p h i c a l l y , display the 
main features of the data f o r each phase and present together 
i n one diagram the four types of section described e a r l i e r . 
Fig. 2. 3a,displays how each type of section appears i n the 
matrices. Fig. 2.3b i l l u s t r a t e s how these matrices can be 

- 39 -



I/) 

(5 

I / ) 

o> 
c o — 6 (A o — (/) o >— x> 

*- O — o 1 a CL 
— 0) m (0 (/) 0) ̂  .— 0) (/) > — T5 
o 

o O *̂  a> 

C 
<U a> C7» 

* *- (0 »- c 
o o • — 0) --
r — in a> — 
cr >- — c 
• - (/> 

• — L. ^ o 3 
1- o w O O 
— o O «̂  — >*-
D 0) — ^ X 
— - — —' ^ 

O c 
6 Z O o o 
o E o 

(0 0) C —' 
O —' E O D 
•— -— --
-o ^ ^ o 1 o 
JZ — «> (0 o »- c 

X — > — o 
a> --•- o TD •-
^ t- Ok to o 0) u 

o 
< e a < *- w 

o 

C D 

^^^^ 

< 

I / ) 

I—I 

00 
L T I 
C - 4 

X̂>> 
X ><' ^ 
' X X ^ 

KX X X 
\ y.. 

X v X v , x ^ 

^ \ , X ^ \ ^ y 

\ ' \ \ ^ \ • \ \ • 
\ • \ \ , ' 

>v \ ' N. 

x. \ ^ \ 

1= 

CD 

E 

I I 

l H 
I I I I 

2 : UO 
e U J 1 
o 

•4— 
2 : 
1—1 

s
o

 

y 
/ 

/ 

I I 

I / ) 

t. L U 

o zz. 
1 

\— Q _ 

L/ ) 
L J 



considered conceptually as the Caledonian Suture Seismic 
Pr o j e c t l i n e bent t o a ri g h t - a n g l e so th a t the shots and 
s t a t i o n s correspond t o t h e i r p o s i t i o n i n the matrices. I t i s 
the s p a t i a l separation of st a t i o n s and shots i n the Caledonian 
Suture Seismic Project th a t causes there t o be a simple 
r e l a t i o n s h i p between the four d i f f e r e n t types of section and 
the matrices. The common distance and common mid-point l i n e s 
i n the matrices are drawn by using the equations : 

XSHM25 = XSTM25 -f XCDS (2.1) 
XSHM25 = -XSTM25 + 2 x XCMP (2.2) 

where 
XSHM25 - distance from M25B to the shot SH 
XSTM25 - distance from M25B t o the s t a t i o n ST 
XCDS - the common distance required 
XCMP -. the distance of the common midpoint 

from M25B 
The common mid-point l i n e s run at right-angles to the common 
distance l i n e s as XSTM25 i s m u l t i p l i e d by (-1) i n the 
equation f o r the common mid-point case and (+1) i n the common 
distance equation. 

2.2 TAPE HANDLING 

2.2.1 The Caledonian Suture Seismic Project Tapes 

26 Caledonian Suture Seismic Project d i g i t a l data tapes are 
held i n the operators room at Durham. 22 of these contain the 
o r i g i n a l d i g i t i z e d traces i n the Durham Self-Defining Tape 
Format (DSDTF) and the traces can be read from tape t o disc 
using the two programmes TR-INPUT and TR-CSP. TR-INPUT reads 
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the m a t r i x f i l e TR-TAPES, which contains the tapename and f i l e 
number f o r every t r a c e on the DSDTF tapes, and, produces as 
output two f i l e s : a source f i l e which w i l l mount the relevant 
tapes and run TR-CSP, and an input f i l e f o r TR-CSP which 
contains the d e t a i l s of the traces t o copy from tape. 

TR-CSP reads the required traces o f f tape and corrects the 
re l e v e n t traces f o r the tape-head misalignment of the playback 
tapedecks used i n the d i g i t i z i n g process compared to the 
recording tapedecks used i n the f i e l d ( f u l l d e t a i l s are given 
by Green 1984). The corre c t i o n s are read from a f i l e c a l l e d 
TT-TCORRECT which must be av a i l a b l e to run TR-CSP. Each trace 
i s copied t o two l i n e s on disc: the f i r s t contains the 
r e l e v t o t header i n f o r m a t i o n needed to p l o t the trace w h i l s t 
the second contains the actual trace values i n unformatted 
b i n a r y format. 

2.2.2 C a l c u l a t i o n of Distances 

The s t a t i o n / s h o t distances are calculated by TR-CSP using 
the r o u t i n e DISTAZ which calculates the distances t o an 
accuracy of 1 part i n lo' using the l a t i t u d e s and longitudes i n 
the DSDTF header block and the formula of Robbins (1962). The 
distances f o r the common distance sections have t o be changed 
from the s t a t i o n / s h o t o f f s e t s t o the distance of the common 
mid-point of each trace from M25B. This i s performed by the 
programme CDIST which reads the header l i n e f o r each trace 
copied t o disc and a l t e r s the distance calculated by DISTAZ to 
the corresponding common mid-point distance. The common 
mid-point distance i s calculated e a s i l y from the distances of 

- 41 -



the shots and s t a t i o n s from M25B which are a l l held i n the 
distance m a t r ix XMAT-M25B. 

2.2.3 The *FS Tapes 

The task of s o r t i n g the DSDTF tapes i n t o separate common 
s t a t i o n and common shot sections and a s e l e c t i o n of common 
distance and common mid-point sections has been completed. A 
number of e r r o r s were uncovered i n l a t i t u d e s and longitudes on 
the o r i g i n a l tapes and these have been corrected on the t i d i e d 
data stored on the remaining 4 tapes (one f o r each type of 
s e c t i o n ) . These tapes are accessed using the system 
t a p e - u t i l i t y programme *FS (Appendix E>). Each f i l e on the 'FS 
tapes contains one section and the f i l e s are named on the 
tapes i n the same format as described i n section 2.1 e.g. f i l e 
CST60N contains the data of common s t a t i o n 60 f o r the North 
Sea shots. 

2.2.4 Edinburgh Data 

A programme TR-IGS has been w r i t t e n to demultiplex, decode 
the time and copy from tape t o disc the data d i g i t i z e d at the 
BGS f a c i l i t y i n Edinburgh. Each trace i s copied t o disc i n 
the same format as t h a t produced by TR-CSP so t h a t the 
sections can be p l o t t e d using the pr o j e c t p l o t t i n g programme 
CSSPLOT. TR-IGS was used to taperead the section i n Fig. 2.4 
but i t i s recommended t h a t the time decoding routines are made 
more robust before any large-scale processing i s attempted on 
t h i s data. Problems were encountered e s p e c i a l l y where the 
time-code was poor. 
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s l o t l o n R 5 f o i t h e I r i s h s e c s h o t s . 



2.3 PLOTTING 

The programme CSSPLOT p l o t s the data read from tape e i t h e r 
by TR-CSP ,by TR-IGS or obtained from the *FS tapes. The 
programme can be run from the t e r m i n a l and w i l l request the 
user f o r i n p u t . Options are provided f o r : 

1. F i l t e r i n g 
2. Demultiplexing the bubble pulse or any given p e r i o d i c i t y 

i n the data 
3. P l o t t i n g the picked t r a v e l - t i m e s held i n the t r a v e l time 

matrices 
4. P l o t t i n g the trace amplitudes e i t h e r corrected t o common 

gain, equalised or uncorrected. 

2.4 FILTERING AND DECONVOLUTION OF THE BUBBLE PULSE 

Green (1984) showed t h a t the frequency c h a r a c t e r i s t i c s of 
the sections depend mainly on the frequency v a r i a t i o n at the 
shots due t o the depth of detonation and the size of the 
explosives used. I t i s now clear t h a t a l l the d i f f e r e n t 
phases d i s p l a y a ghost a r r i v a l which appears on the sections 
at the period given by the formula of Burkhardt and Rees 
(1975) f o r the bubble o s c i l l a t i o n . Attempts were made t o 
remove these by using the methods of p r e d i c t i v e deconvolution 
developed f o r r e f l e c t i o n seismology (Robinson 1980) and the 
r e s u l t s are presented and discussed below. 
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2.4.1 P r e d i c t i v e Deconvolution 

P r e d i c t i v e deconvolution i s a standard technique used i n 
r e f l e c t i o n seismology f o r the removal of m u l t i p l e 
r e v e r berations from the seismogram where they overlap w i t h 
l a t e r primaries. With a knowledge of the shape of the 
a u t o c o r r e l a t i o n f u n c t i o n of the source wavelet i t i s possible 
t o design a f i l t e r t o p r e d i c t the p o s i t i o n of the mu l t i p l e s i n 
the seismogram and remove them leaving only the f i r s t 
occurrence of the waveform. The main problem with the method 
i s t o estimate the a u t o c o r r e l a t i o n of the waveform. I n 
r e f l e c t i o n seismology the assumption i s made that a reasonable 
estimate can be obtained from the au t o c o r r e l a t i o n f u n c t i o n of 
each complete trace on the seismogram: 

x ( t ) = s ( t ) * r ( t ) + n ( t ) 

where x - seismogram trace 
s - source wavelet 
n - noise 
r - impulse response of the Earth 

assumed t o be white,random and s t a t i o n a r y 
Provided r ( t ) i s a spike series and the source wavelet i s 
minimum delay an e f f e c t i v e p r e d i c t i o n error f i l t e r can be 
designed from the normal equations, and provided the m u l t i p l e 
shape i s the same as the primary, there i s no a l t e r a t i o n t o 
the seismogram except m u l t i p l e suppression. The f i l t e r i s of 
the form: 

P = (1,0,0,0 ,0,-Pl.-P2.-P3 ,-PN) 
t i a 

a = p e r i o d i c i t y i n sample numbers 
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Summers ( 1 9 8 2 ) h a s d i s c u s s e d t h e a p p l i c a b i l i t y of p r e d i c t i v e 

d e c o n v o l u t i o n t o t h e enhancement of a r r i v a l s on poor q u a l i t y 

r e f r a c t i o n seismograms and c o n c l u d e d t h a t such an approach 

f a i l s due t o t h e as s u m p t i o n s i n h e r e n t i n the method. A 

r e f r a c t i o n seismogram, u n l i k e a r e f l e c t i o n seismogram, 

r e p r e s e n t s t h e a d d i t i o n of s e v e r a l d i f f e r e n t s i g n a l s t o 

c o l o u r e d n o i s e and not t o t h e c o n v o l u t i o n of a minimum d e l a y 

w a v e l e t w i t h a w h i t e random s t a t i o n a r y impulse response. 

The s u p p r e s s i o n of t h e bubble p u l s e i n the C a l e d o n i a n 

S u t u r e S e i s m i c P r o j e c t f o r t h e f i r s t a r r i v a l s Pg and Pn s h o u l d 

be p o s s i b l e as both a r e contaminated only w i t h n o i s e . The 

bandwidth of the a r r i v a l s on the C a l e d o n i a n Suture S e i s m i c 

P r o j e c t d a t a i s from 4-12 Hz and commonly the t r a c e s appear 

a l m o s t monochromatic w i t h f r e q u e n c i e s c e n t r e d on 4-5Hz (Green 

1984). Attempts were made t o deconvolve the bubble p u l s e on 

CSH/N2 f o r s e l e c t e d s t a t i o n s and F i g s . 2.5 - 2.13 d i s p l a y t h e 

r e s u l t s of v a r y i n g t h e f i l t e r p arameters. A number of p o i n t s 

can be made: 

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

window, which i n c l u d e s o n l y the primary and the f i r s t 

bubble p u l s e of Pg. the bubble p u l s e s of both PmP and Pg 

a r e removed ( F i g s . 2.5 - 2 . 7 ) . T h i s i l l u s t r n t e s t h a t t o 

th e p r e d i c t i o n e r r o r f i l t e r the PmP and Pg waveforms a r e 

s i m i l a r which i s not e x p e c t e d from wave t h e o r y : t h i s 

e f f e c t must be due t o the l i m i t e d bandwidth of the d a t a . 

The f i l t e r a l s o a p p e a r s t o a c t as an i n v e r s e over the p a r t 

of t h e t r a c e w i t h i n a narrow a u t o c o r r e l a t i o n window. An 

a u t o c o r r e l a t i o n window which c o v e r s the complete time 

window over which r e v e r b e r a t i o n s a r e to be removed was 

45 



UNFILTERED TIME(SECS) RED TO 6.0 KM/5EC EQUALIZED 

2-5 (a,) 

~^^f^^^-A/ 1 

F i g u r e ( 2 5) Common shot s e c t i o n N2 t o r s e l e c t e d s t a t i o n s 
F i l t e r e d - o m p l i t u d e s e q u a l i z e d - v r e d = 6 . 0 
( o l No d e c o n v o I u t i o n a p p l i e d 
( b ) P r e d i c t e d d e c o n v o I u t i o n p e r f o r m e d 
A u t o c o r r e l a t i o n window = 0 3 - 1.62 s (132 samples) 
F i l t e r l e n g t h = 132 samples 
P r e d i c t i o n gop = 32 samples 
B u b b l e ^i*jl6C f.notL = 0.31 S 
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UNFILIERED TIME(SECS) RED TO 6.0 KM/SEC EQUALIZED 

I -

F i g u r e ( 2 . 6 ) Common shot s e c t i o n N2 f o r s e l e c t e d s t o t i c n s 
F i l t e r e d - a m p l i t u d e s e q u o l i z e d - v r e d = 6 0 
P r e d i c t e d d e c o n v o l u t i o n p e r f o r m e d 
A u t o c o r r e I o t i o n window = 0.3 - 2.0 s (170 som p l e s ) 
F i l t e r l e n g t h = 132 somples 
P r e d i c t i o n gop - 32 samples 
B u b b l e puUt ptn^ - 0.31 5 



UNFILTERED TIME(SECS) RED TO 6.0 KM/SEC EQUALIZED 

F i g u r e ( 2 . 7 ) Common s h o t s e c t i o n N2 f o r s e l e c t e d s t a t i o n s 
F i l t e r e d - a m p l i t u d e s e q u a l i z e d - v r e d = 6 . 0 
P r e d i c t e d d e c o n v o l u t i o n p e r f o r m e d 
A u t o c o r r e I o t i o n H i n d o o = 0.3 - 4.3 s ( 4 0 0 samples) 
F i l t e r l e n g t h = 132 samples 
P r e d i c t i o n gop . = 32 samples 
B u b b l e ^tO^e. ^ftad. = 0.31 ^ 



found t o produce t h e most s a t i s f a c t o r y r e s u l t s ( F i g . 2 . 7 ) . 

2. I f t h e a u t o c o r r e l a t i o n window i n c l u d e s only PmP and not Pg 

t h e r e s u l t i n g f i l t e r removes t h e bubble p u l s e on Pg and 

PmP but does not appear t o s u p p r e s s the r e v e r b e r a t i o n s as 

e f f i c i e n t l y a s t h e f i l t e r d e s i g n e d w i t h a window which 

i n c l u d e s both p h a s e s . The PmP phase i s contaminated w i t h 

r e v e r b e r a t i o n s from Pg and so any f i l t e r d e s i g n e d from PmP 

would not be e x p e c t e d t o be as e f f i c i e n t as one d e s i g n e d 

on t h e Pg phase. 

3. I t was found t h a t t h e f i l t e r l e n g t h and a d d i t i o n of s m a l l 

p e r c e n t a g e s of w h i t e n o i s e had l i t t l e e f f e c t . I f the 

wrong bubble p u l s e f r e q u e n c y was used to c a l c u l a t e the 

p r e d i c t i v e gap i n t h e f i l t e r some s u p p r e s s i o n of t h e 

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

was u n p r e d i c t a b l e e l s e w h e r e on the t r a c e s . 

4. F i g . 2.8 i l l u s t r a t e s t h e e f f e c t of a p r e d i c t i o n f i l t e r 

w hich was d e s i g n e d u s i n g t h e t r a c e f o r s t a t i o n 32 and 

a p p l y i n g t h e same f i l t e r t o the other t r a c e s . E f f i c i e n t 

removal of t h e bubble p u l s e s o c c u r r e d only on s t a t i o n s 

n e a r t o 32 which must i n d i c a t e a changing waveform due t o 

e i t h e r wave t h e o r y , a t t e n u a t i o n or l o c a l s u r f a c e e f f e c t s 

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

5. F i g . 2.9 i l l u s t r a t e s t h a t t h e method works only f o r t r a c e s 

where e i t h e r PmP or Pg have a m p l i t u d e s w e l l above t h e 

n o i s e . 

U s i n g t h e p a r a m e t e r s found t o be most e f f i c i e n t on CSH/N2 t o 

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

number of d i f f e r e n t s h o t s . F i g s . 2.10 - 2.11 show t h a t t h e 

bubble p u l s e s a r e removed f o r CSH/N6 and CSH/N5 which both 

have d i f f e r e n t bubble p u l s e f r e q u e n c i e s than shot N2. I n the 
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FILTERED 2.0 12.0 TIME(SECS) RED TO 6.0 KM/SEC EQUALIZED 

L^^—/v^^/^—-A/—^/^——^x^^v--v/V—.-v/y^•v/^-^/^/\/\/^A-..^'—^.———-— --

F i g u r e ( 2 . 8 ) Common s h o t s e c t i o n N2 f o r s e l e c t e d s t o t i o n s 
F i l t e r e d - a m p l i t u d e s e q u o l i z e d - v r e d = 6 . 0 
P r e d i c t e d d e c o n v o l u t i o n p e r f o r m e d 
F i l t e r d e s i g n e d on s t a t i o n 32 o n l y 
A u t o c o r r e l a t i o n window = 0.3 - 4.3 s ( 4 0 0 s o m p i e s ) 
F i l t e r l e n g t h = 132 somples 
P r e d i c t i o n gap = 32 samples 
B u b b l e pi»tt« ̂ u M t = 0 . 3 1 5 



FILTERED 2.0 12.0 TIME(SECS) RED TO 6.0 KM/SEC EQUALIZED 

V̂ -̂ y\/V̂ AÂ AA-
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F i g u r e ( 2 . 9 ) Common sho' t t c l l o n N2 f o r c o m p l e t e s e c t i o n 
F i l t e r e a - a m p l i t u d e s e q u o l i z e d -- v r e d = 6 . 0 
(G) No d e c o n v o I u t i o n p e r f o r m e d 
( b ) Pre r e d i c t e d d e c o n v o I u t i o n p e r f o r m e d 
A u t o c o r r e I o t i o n window = 
A u t o c o r r e l a t i o n window = 
F i l t e r l e n g t h = 
Pr e d i c t i on gap . = 
Bu b b l e p*>-l$t. ̂ r*^ 

0.3 -
0 - 4 
132 
32 
0 31 

3 s ( 4 0 0 s o m p l e s ) 

samp I e s 
samp I e s 



Z-^ i h ) FILTERED 2.0 12.0 TIME(SECS) RED TO 6.0 KM/SEC EQUALIZED 

\,•'^-~•^,y.y\/•^~^y.r\M-^\/\/^^'-^^ — 

- V 



ZIO (^j FILTERED 2.0 12.0 TIKECSECS) RED TO 6.0 KM/SEC EQUALIZED 

F i g u r e ( 2 . 1 0 ) Common s h o t s e c t i o n N5 
F i l t e r e d - a m p l i t u d e s e q u a l i z e d - v r e d = 6 . 0 

No d e c o n v o I u t i o n p e r f o r m e d 
P r e d i c t e d d e c o n v o I u t i o n p e r f o r m e d 

A u t o c o r r e l a t i o n window = 0.3 - 4.3 s (400 samples) 
F i l t e r l e n g t h = 132 samples 
P r e d i c t i o n gap = 32 samples 
B u b b l e pteJsS. p^rMwd. = 0 . 2 6 S 
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-̂—--'v-̂ vŷ —~-̂ -'̂ ~̂ ~̂/V/V/Xr\X̂ '-̂ '\yV/̂ '̂ - '— V 
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North Sea f o r shots N9-N29 no Pg phase i s observed (Green 
1984) and so the f i l t e r i s designed over a window which 
includes only PcP and PmP f o r CSH/N20. Fig. 2.12 i l l u s t r a t e s 
t h a t the PmP phase has been removed where i t has an a r r i v a l 
time a f t e r PcP which approximately equals the predicted gap 
used i n the f i l t e r . Fig. 2.13 shows that the suppression of 
the bubble pulse f o r Pn i s also possible using a p r e d i c t i o n 
e r r o r f i l t e r on CSH/M17. 

Barrodale et a l (1984) have shown tha t the bubble pulse 
wavelets are not minimum delay and suggest an a l t e r n a t i v e 
method of esti m a t i n g the bubble pulse wavelets using the 11 
alg o r i t h m r a t h e r than the usual method i n v o l v i n g the minimum 
phase assumption. The method used to deconvolve the 
Caledonian Suture Seismic Project sections does s a t i s f a c t o r i l y 
remove the bubble pulse reverberations but routine 
deconvolution was not performed due t o the observation t h a t 
where an a r r i v a l l i e s at about the predicted time of the 
bubble pulse behind another a r r i v a l i t i s suppressed and 
removed. This means t h a t i n cases where the a r r i v a l times of 
one phase are s i m i l a r t o a l a t e r phase the method of predicted 
deconvolution w i l l not separate the phases and so w i l l not a i d 
p i c k i n g : instead the l a t e r a r r i v a l i s suppressed. 
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2.5 TRAVEL-TIMES 

The e r r o r s i n the l o c a t i o n of the s t a t i o n s and shots are 
+/- lOm and +/- 100m r e s p e c t i v e l y and the shot timing e r r o r s 
are estimated t o be about +/- 20 ms (Green 1984). Combining 
a l l these e r r o r s a minimum e r r o r f o r any t r a v e l - t i m e measured 
w i l l be about 40-60 ms. The pi c k i n g e r r o r s f o r the second 
a r r i v a l s and the Moho r e f r a c t o r (Pn) are estimated to be at 
le a s t 100 ms and can be as high as 250 ms although because of 
the s u b j e c t i v e nature of the pi c k i n g process i t i s d i f f i c u l t 
t o q u a n t i f y these e r r o r s p r e c i s e l y . 

2.5.1 C o r r e l a t i o n of Observed A r r i v a l s 

Giese (1976) discussed the problems encountered i n the 
p i c k i n g process i n r e f r a c t i o n work and concluded that a phase 
must 
1. have amplitudes greater than the background noise 
2. have apparent v e l o c i t i e s t h a t are w i t h i n reasonable l i m i t s 
3. be observable over a reasonable distance range 
Ansorge et a l (1982) concluded from a comparative study of the 
d i f f e r e n t models obtained by d i f f e r e n t workers from the same 
data set during the workshop of the Commission on Controlled 
Source Seismology at Karlsruhe i n 1977 tha t 
1. Most workers i d e n t i f i e d the same main phases and as a 

r e s u l t the main features of a l l the r e s u l t i n g models 
showed broad agreement i n depths to and v e l o c i t i e s of the 
main i n t e r f a c e s . 

2. Differences i n the models were on the whole due t o 
d i f f e r i n g i n t e r p r e t a t i o n s given to low amplitude and 
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l a t e r a l l y discontinuous phases which decayed r a p i d l y over 
short distances i n t o the background noise. 

3. Low v e l o c i t y l a y e r s i n some models were required because 
v e l o c i t y gradients where none existed had been introduced 
and so lower v e l o c i t i e s were needed underneath these 
gradients t o obtain consistent t r a v e l - t i m e s . 

4. Synthetic seismograms were found t o be useful i n 
d i s t i n g u i s h i n g between some of the models. 

Three main recommendations were made: 
1. Better c r i t e r i a were needed f o r more objective and 

r e l i a b l e c o r r e l a t i o n of phases. 
2. Improved q u a l i t y and higher density data wi t h t r u e 

amplitude recovery were needed. 
3. I n v e r s i o n methods f o r l a t e r a l l y varying media needed t o be 

developed. 
Jacob et a l (1985) also h i g h l i g h t e d the problems of 
c o r r e l a t i n g a r r i v a l s on r e f r a c t i o n seismograms and noted th a t 
any f i n a l models depend on the subjective bias of the 
seismologist during the i n i t i a l p i c k i n g of the phases 
observed. Finlayson et a l (1984) have emphasized tha t p i c k i n g 
the second a r r i v a l s on r e f r a c t i o n seismograms i s d i f f i c u l t due 
to the complex nature of the wavetrain which must to a large 
degree be a t t r i b u t a b l e t o s c a t t e r i n g from l o c a l near surface 
inhomogeneities. I t i s the approach described by Finlayson et 
a l (1984) t h a t has been adopted t o c o r r e l a t e the phases 
observed on the Caledonian Suture Seismic Project r e f r a c t i o n 
sections. 
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2.5.2 C o r r e l a t i o n of the Phases Observed from The Caledonian 
Suture Seismic Project 

During the c o r r e l a t i o n of the a r r i v a l s observed on the 
Caledonian Suture Seismic Project sections the main aim was t o 
i d e n t i f y only those phases which were seen c o n s i s t e n t l y on 
adjacent common s t a t i o n and adjacent common shot sections. 
There are many bursts of energy and pickable a r r i v a l s v i s i b l e 
on the sections but most of these appear on only a few 
sections. Because of the large amount of data i t was 
considered at t h i s stage t o leave these ambiguous phases and 
to concentrate on the four most e a s i l y i d e n t i f i a b l e and 
consistent a r r i v a l s . These are: 
1. The basement r e f r a c t o r Pg. (Green 1984) 
2. The wide-angle r e f l e c t i o n s from the mid-crust PcP which 

were also observed i n the NERL experiment i n the same area 
by Swinburn (1975). 

3. The wide-angle r e f l e c t i o n s from the Moho (PmP) which are 
commonly observed on r e f r a c t i o n seismograms as the a r r i v a l 
w i t h the l a r g e s t amplitude. 

4. The Moho r e f r a c t o r (Pn). 

2.5.3 Travel-time Picking 

The pic k i n g of the a r r i v a l times of the 4 phases was made 
as o b j e c t i v e as possible by using both common s t a t i o n and 
common shot sections and c o n t i n u a l l y r e p i c k i n g and r e p l o t t i n g 
the sections w i t h the t r a v e l - t i m e picks displayed u n t i l a 
consistent t r a v e l - t i m e data set was obtained. On qui t e a few 
sections the pre^^nce of the bubble pulse aided picking 
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w h i l s t on others where the bubble pulse of an e a r l i e r a r r i v a l 
i n t e r f e r e d w i t h the f i r s t a r r i v a l of a l a t e r phase i t was 
found d i f f i c u l t t o make any pick f o r the l a t e r a r r i v a l w i t h 
any allowable accuracy. 

The t r a v e l - t i m e s were picked i n i t i a l l y using the PERQ 
d i g i t i z i n g f a c i l t y on NUMAC and t h e r e a f t e r any a l t e r a t i o n s 
were measured from paper playouts p l o t t e d at a scale of 4.4 
cms/s. The programme TMATCOPY was used t o w r i t e the 
t r a v e l - t i m e s picked i n t o the t r a v e l - t i m e matrices. TMATCOPY 
accepts raw data from the PERQ or tra v e l - t i m e s i n seconds or 
t r a v e l - t i m e c o r r e c t i o n s measured o f f the seismograms i n u n i t s 
of distance and w i l l prompt the user f o r any input required. 
The programme TMATREAD reads the tr a v e l - t i m e s i n the 
t r a v e l - t i m e matrices and outputs them t o a f i l e as a l i s t and 
again prompts the user f o r any input required. 

2.5.4 The Travel-time Matrices 

One t r a v e l - t i m e matrix was created f o r each phase and these 
are c a l l e d TMAT-PG. TMAT-PCP, TMAT-PMP and TMAT-PN f o r phases 
Pg, PcP, PmP and Pn re s p e c t i v e l y . Each t r a v e l - t i m e matrix 
consists of three l i n e s of header information and 110 l i n e s of 
formatted t r a v e l - t i m e and t r a v e l - t i m e e r r o r data. The f i r s t 
l i n e contains the phase name i n the f i r s t four l o c a t i o n s (A4) 
and a t i t l e w h i l s t the second and t h i r d l i n e s consist of l i s t s 
of the s t a t i o n s and shots r e s p e c t i v e l y . A t o t a l of 110 
s t a t i o n s and shots can be dealt w i t h by the programmes which 
use the matrices. The t r a v e l - t i m e f o r a p a r t i c u l a r trace and 
phase i s then stored i n the matrix corresponding t o th a t phase 
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at the l o c a t i o n s i n the matrix given by the p o s i t i o n of the 
s t a t i o n and shot i n the l i s t s i n the second two l i n e s of the 
matrix. For example i f s t a t i o n ST i s the second s t a t i o n 
l i s t e d on the second l i n e and the shot SH i s the t h i r d shot 
l i s t e d on the t h i r d l i n e then the t r a v e l - t i m e and er r o r f o r 
t h i s trace (ST,SH) w i l l be i n p u t t e d to the second l i n e and 
t h i r d t r a v e l - t i m e column i n the mainbody of the matrix. Each 
" l o c a t i o n " has the format 2F10.3 : which contains the 
t r a v e l - t i m e pick and i t s e r r o r r e s p e c t i v e l y so that the 
t r a v e l - t i m e and e r r o r f o r trace (ST,SH) would be put i n t o the 
l o c a t i o n on the second l i n e given by (40X.2F10.3,2140X). 

The *̂ SURFACE2 contouring package a v a i l a b l e on NUMAC was 
used t o p l o t the t r a v e l - t i m e matrices. The subroutine MATCOR 
i n programme TTCORR arranges the t r a v e l - t i m e data i n the 
format required f o r the *SURFACE2 package by reading the 
t r a v e l - t i m e s from the t r a v e l - t i m e matrices. TTCORR also 
c o r r e c t s f o r the known shallow s t r u c t u r e down t o a datum using 
the apparent surface v e l o c i t i e s c a l c u l a t e d as described i n 
Section 3.4.1. 

2.6 AMPLITUDES 

Once the t r a v e l - t i m e s of the 4 phases had been picked the 
amplitudes of the wave envelopes associated w i t h each a r r i v a l 
could have been measured o f f the common s t a t i o n sections 
corrected t o common gain which could then have been inputt e d 
t o amplitude matrices, one f o r each phase, and, p l o t t e d i n the 
form of contour diagrams. However i t was found t h a t even 
though the p l o t t i n g programme CSSPLOT corre c t s the trace 
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F i g u r e ( 2 . 1 4 ) Common s h o l s e c t i o n N14 o m p l i t u d e s 
c o r r e c t e d t o common g o i n 
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a m p l i t u d e s t h o t o r e t o o l o w . 
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amplitudes t o a common gain unexpected v a r i a t i o n s were found 
t o occur between the amplitudes of adjacent s t a t i o n s on a 
common shot s e c t i o n p l o t t e d w i t h the amplitudes corrected t o 
common gain e.g. Fig. 2.14 . There d i d not appear t o be any 
simple e r r o r i n the f i e l d procedures t h a t could have accounted 
f o r these anomalies. One p o s s i b i l i t y considered was the 
i n c o r r e c t s e t t i n g of the ampmods but the co r r e c t i n g of the 
anomalous amplitudes by f a c t o r s of 2 d i d not remove the 
problem as the c o r r e c t i o n t o the higher amplitude s t a t i o n s 
v a r i e d w i t h distance t o the shots. I t was found a f t e r the 
experiment t h a t some seismometers had bent spokes (Green 
pers.comm.) which may have a f f e c t e d both the amplitude and 
frequency responses of the seismometers. Other causes could 
be v a r i a t i o n s i n ground t o seismometer coupling or the e f f e c t s 
of near surface features such as the Whin S i l l which may focus 
the incoming seismic energy q u i t e markedly. 

I t i s concluded t h a t t h i s r a p i d v a r i a t i o n i n amplitudes i s 
due t o e i t h e r shallow near surface e f f e c t s or unknown 
in s t r u m e n t a t i o n e r r o r s and th a t the production of amplitude 
matrices would not provide more information than a v a i l a b l e on 
the common s t a t i o n sections corrected to common gain. 

2.7 SUMMARY 

During the i n t e r p r e t a t i o n of any experimental data the 
l i m i t a t i o n s and advantages o f f e r e d by the p a r t i c u l a r 
experimental design must be taken i n t o account as must the 
si^equent parameters used t o process and display the data. I n 
t h i s chapter most of the problems encountered have been 
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o u t l i n e d t h a t a f f e c t the i n t e r p r e t a t i o n process. I n summary 
these are : 
1. The v a r i a t i o n i n depth of detonation of the explosive 

shots has . produced varying source amplitudes and 
frequencies; 
(a) Only those shots f i r e d at a depth of 90m were f i r e d at 

the optimum depth f o r the weight of charge used 
(150kg). I t i s these shots which have produced the 
la r g e s t amplitudes on the sections e.g. shots N4-N10 
i n the North Sea f o r common s t a t i o n sections corrected 
to common gain (Appendix A). 

(b) The bubble pulse o s c i l l a t i o n s of the shots are also 
c l e a r l y v i s i b l e on the seismograms and must be taken 
i n t o account during the c o r r e l a t i o n of the phases 
e s p e c i a l l y where two have s i m i l a r a r r i v a l times. 

(b) The r a p i d v a r i a t i o n i n amplitudes between adjacent 
s t a t i o n s on CSH sections can only be a t t r i b u t e d to near 
surface focussing e f f e c t s or unknown instrumentational 
problems. 

Taking i n t o account the large-scale nature of the 
experiment and the p r a c t i c a l problems of running over 60 
seismic s t a t i o n s and s e t t i n g o f f 66 larg e explosive shots at 
sea, two recommendations can be made f o r f u t u r e p r o j e c t s : 
1. Each seismometer and ampmod at a s t a t i o n should be 

c a l i b r a t e d and test e d before and a f t e r f i e l d use. Any 
amplitude v a r i a t i o n s between traces f o r a common shot 
se c t i o n which have been corrected t o common gain can then 
be a t t r i b u t e d t o geological e f f e c t s or coupling problems 
of the seismometer t o the ground once the p o s s i b i l i t i e s of 
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malfunction of the ampmods or seismometers have been 
eliminated. 

2. The weight of explosives used should be varied as the 
depth of detonation v a r i e s so t h a t each shot i s set o f f at 
approximately i t s optimum depth. The optimum depth 
equations are given by Burkhardt and Rees (1975) and Jacob 
(1975). 

These recommendations are the minimum required i f synthetic 
seismogram modelling of t r u e amplitudes on common shot 
sections i s to be meaningful 
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CHAPTER THREE 

INTERPRETATION METHODS 

There are three main stages i n the i n t e r p r e t a t i o n of 
r e f r a c t i o n data: these are: 
1. F i r s t the main a r r i v a l s observed on the reduced sections 

must be i d e n t i f i e d and the phases f i n a l l y selected timed. 
These t r a v e l - t i m e s must then be displayed i n s u i t a b l e 
ways. I n i t i a l p r e l i m i n a r y models are obtained by f i t t i n g 
the t r a v e l - t i m e s along common shot and common s t a t i o n 
d i r e c t i o n s i n the matrices t o the simple r e f r a c t i o n and 
r e f l e c t i o n equations using the l i n e a r least square method. 
These equations are : 

T = X / V + a. + a • (3.1) 
J 

T^= X̂ / Vav^+ 4 X H^/Vav^ (3.2) 
(T^ = X̂  / Vav^+ 2:^ 

where T - observed t r a v e l - t i m e 
X - s t a t i o n shot o f f s e t 
V - v e l o c i t y of the r e f r a c t e d phase 
a - delay time under the shot 
a - delay time under the s t a t i o n 
Vav - average v e l o c i t y above H at the 

midpoint between the s t a t i o n 
and shot. 

H - Depth at the midpoint between 
the s t a t i o n and shot 
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The e f f e c t s of the shallow s t r u c t u r e can be assessed 
from these r e s u l t s . The t r a v e l - t i m e s can also be 
corrected f o r the known shallow s t r u c t u r e above the 
basement t o reveal the v a r i a t i o n s due t o any deeper 
s t r u c t u r e s . 

2. The second stage e n t a i l s the processing of the 
t r a v e l - t i m e s using the time-term technique on the 
r e f r a c t e d phases and r e l a t e d methods on the wide-angle 
r e f l e c t i o n s t o produce pr e l i m i n a r y models of the deeper 
s t r u c t u r e corrected f o r the known shallow struc t u r e s above 
basement. Both these methods require c e r t a i n assumptions 
to be made about the data and seismic structures. 
Problems may occur where these assumptions are i n v a l i d : 
these problems are discussed more f u l l y i n the praq^eding 
sections. 

3. The f i n a l stage e n t a i l s the co n s t r u c t i o n of a model which 
includes the r e s u l t s from the f i r s t two stages and any 
other relev@,nt geophysical i n f o r m a t i o n a v a i l a b l e . This 
model can then be test e d and r e f i n e d using the techniques 
of r a y - t r a c i n g and sy n t h e t i c seismogram modelling u n t i l 
the s y n t h e t i c sections produced d i s p l a y the broad 
amplitude and t r a v e l - t i m e features observed on the 
experimental sections. 

The problems encountered i n the i n i t i a l phase c o r r e l a t i o n s 
have been described i n Section 2.5.1; the methods described i n 
t h i s chapter w i l l assume a data set which includes a l l 
re l e v i i n t reduced sections corrected t o common gain and a l l the 
t r a v e l - t i m e s of the phases c o r r e l a t e d . 
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3.1 INTERPRETATION OF THE TRAVEL-TIME MATRICES 

The contoured p l o t s of the t r a v e l - t i m e matrices (Section 
2.5.4) d i s p l a y the main v a r i a t i o n s along the common shot, 
common s t a t i o n , common mid-point and common distance 
d i r e c t i o n s and can be used as an ai d to i n t e r p r e t a t i o n . Thus 
f o r a h o r i z o n t a l planar s t r u c t u r e w i t h no l a t e r a l v e l o c i t y 
changes the t r a v e l - t i m e contours would be p a r a l l e l t o the 
common distance l i n e s . However, i f the contours cross the 
common distance l i n e s then l a t e r a l changes i n v e l o c i t y and/or 
v a r i a t i o n s i n the depth s t r u c t u r e are ind i c a t e d . 

3.1.1 Reduction of the Travel-time Matrices 

The matrices which d i s p l a y the wide-angle r e f l e c t i o n s can 
be reduced to a v e l o c i t y which represents the average v e l o c i t y 
of the crust squared as given by the r e f l e c t i o n equation 3.1: 
the reduced t r a v e l - t i m e s squared are given by the equation: 

T(reduced) = T^ - ( X / Vav f (3.3) 
This i s analogous t o the reduction of the t r a v e l - t i m e s of a 
r e f r a c t e d phase by the equation: 

T(reduced) = T - ( X / V ) (3.4) 
The values of H and Vav i n the r e f l e c t i o n equation 3.2 give 
the depth to and average v e l o c i t y above the midpoint between 
the s t a t i o n shot p a i r . The values of â -, a^-and V i n the 
r e f r a c t i o n equation 3.1 correspond to the delay times at the 
s t a t i o n and shot r e s p e c t i v e l y and the v e l o c i t y of the 
r e f r a c t o r . The matrices f o r r e f r a c t e d and r e f l e c t e d phases 
must t h e r e f o r e be considered separately. 
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3.1.2 Travel-time Matrices f o r Wide-angle Reflections 

The v a r i a t i o n s of the tr a v e l - t i m e s f o r wide-angle 
r e f l e c t i o n s along the common distance l i n e s on a t r a v e l - t i m e 
matrix (reduced t o a reasonable average v e l o c i t y and corrected 
f o r known shallow s t r u c t u r e s ) are r e l a t e d to the l a t e r a l 
v a r i a t i o n of the seismic s t r u c t u r e across the range of common 
mid-point p o s i t i o n s covered by the data. Any v a r i a t i o n s i n 
the t r a v e l - t i m e s due t o str u c t u r e s above the r e f l e c t i n g region 
also show up as t r a v e l - t i m e v a r i a t i o n s on the matrix but would 
be associated w i t h p a r t i c u l a r shot or s t a t i o n ranges. This 
e f f e c t , i f observed on a matrix already corrected f o r shallow 
s t r u c t u r e , may i n d i c a t e the prescence of unknown near surface 
s t r u c t u r e s . The i n t e r p r e t a t i o n of any v a r i a t i o n s over the 
range of shots or s t a t i o n s where these anomalies are observed 
must be t r e a t e d w i t h caution. 

The e f f e c t s of any st r u c t u r e s deduced f o r the mid-crust on 
the t r a v e l - t i m e s observed on a matrix d i s p l a y i n g the 
wide-angle r e f l e c t i o n s from the Moho are s i m i l a r t o the 
e f f e c t s of any unknown shallow s t r u c t u r e s . I f the coverage of 
PcP i s not as extensive as tha t f o r PmP, some e f f e c t s observed 
i n the PmP matrix t h a t could be inte^pret^^^^^^d as being due t o 
shallow s t r u c t u r e s may also be a t t r i b u t a b l e t o v a r i a t i o n s i n 
the mid-crust (Fig.3.1). 
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( a ) E f f e c t o f v a r y i n g s h a l l o w s t r u c t u r e on t h e t r a v e l - t i m e 

m a t r i x f o r ony "deep" phase (PcP. PmP. Pn) 
( b ) E f f e c t o f a r i s e i n a r e f l e c t i n g i n t e r f a c e on t h e 

t r a v e l - t i m e m a t r i x f o r t h e c o r r e s p o n d i n g r e f l e c t i o n (PcP,PmP) 
( c ) E f f e c t o f a r i s e i n a r e f r o c t o r on t h e t r a v e l - t i m e 

m a t r i x f o r t h e c o r r e s p o n d i n g r e f r a c t o r ( P n ) . 



3.1.3 Travel-time Matrices f o r Refractions 

I t i s more d i f f i c u l t i n the case of a matrix d i s p l a y i n g the 
t r a v e l - t i m e s f o r a r e f r a c t e d phase t o d i s t i n g u i s h between the 
e f f e c t s of v a r i a t i o n s i n the t r a v e l - t i m e s due to structu r e s i n 
the r e f r a c t o r as opposed to those due t o unknown shallow 
s t r u c t u r e s ; both show up over p a r t i c u l a r ranges of shots, or 
s t a t i o n s . However the e f f e c t s of shallow struc t u r e s are 
displayed on a l l matrices f o r any type of phase at the same 
range of shots or s t a t i o n s , and so, provided there i s an 
overlap i n the coverage between phases i t should be possible 
to recognise the e f f e c t s of any shallow s t r u c t u r e s where they 
occur. 

By scanning along common shot or common s t a t i o n d i r e c t i o n s 
on a matrix d i s p l a y i n g travel-tim'es of a r e f r a c t e d phase e.g. 
Pn the gross v a r i a t i o n s i n the delay times can be estimated. 
For example Fig. 3.1 i l l u s t r a t e s how a steep slope i n the Moho 
would show up on the t r a v e l - t i m e matrix f o r the phase Pn. I f 
the crust were homogeneous and planar the t r a v e l - t i m e matrices 
f o r Pn (reduced t o the Pn v e l o c i t y ) and the wide-angle 
r e f l e c t i o n s (reduced t o the relevent average v e l o c i t y squared) 
would have no contours displayed assuming zero observational 
e r r o r s . 
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3.2 TRAVEL-TIME REGRESSION 

Preliminary models of the seismic s t r u c t u r e can be obtained 
by f i t t i n g the two equations 3.1 and 3.2 t o the wide-angle 
r e f l e c t i o n s and r e f r a c t i o n s r e s p e c t i v e l y along common s t a t i o n 
and common shot d i r e c t i o n s i n the matrices. The programme 
TT-REG performs t h i s task. The e f f e c t s of varying coverage 
along common shot, common s t a t i o n and common mid-point 
d i r e c t i o n s on a matrix i n r e l a t i o n to the known shallow 
s t r u c t u r a l delays can produce r a p i d v a r i a t i o n s of the apparent 
v e l o c i t i e s and then^ore the depths to the i n t e r f a c e s . These 
anomalous areas where coverage i s not good can be located and 
i n the i n t e r p r e t a t i o n of the r e s u l t s obtained using the 
methods described i n the f o l l o w i n g sections care can be taken 
t o ensure t h a t any anomalous r e s u l t s are not due to problems 
of data coverage w i t h respect t o the known shallow s t r u c t u r e . 

3.3 THE TIME-TERM METHOD 

The time-term method was formulated by Scheidegger and 
Willmore (1957) and has been widely used i n the i n t e r p r e t a t i o n 
of r e f r a c t i o n data (Bamford 1973 & 1976, Berry and West 1966). 
The t r a v e l - t i m e equation of a head wave can be represented by 
the equation 3.2 which can be a l t e r e d t o the form presented by 
Berry and West (1966): 
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t.j = D. / V + a. + aj + (3.5) 

where D^j - i s the distance between the normals 
to the r e f r a c t o r from the s t a t i o n i 
and shot j . 

V̂- - i s the v e l o c i t y of the r e f r a c t o r 
a^ - i s the delay time of the s t a t i o n 
dy- - i s the delay time of the shot 

The delay time represents the time 
taken f o r the r e f r a c t e d wave t o 
pass through the lower v e l o c i t y cover. 

d-. - i s the r e s i d u a l time not "explained" 
y 

by the equation due t o measurement 
e r r o r s or non-ideal behaviour of the 
r e f r a c t o r . 

For n s i t e s (shots or s t a t i o n s ) there are a maximum of 
n ( n - l ) observations. I f there are a minimum of ( n + l ) 
observations (m) the (n+1) unknowns can be found by solving 
the m r e s u l t i n g equations using the method of le a s t squares. 
The computational methods are d ^ r i b e d by Swinburn (1975) and 
Summers (1982); the o r i g i n a l time-term programme was changed 
t o read the t r a v e l - t i m e s from the t r a v e l - t i m e matrices and the 
erroneous e r r o r s h i g h l i g h t e d by Green (1984) were removed from 
the c a l c u l a t i o n s . The c a p a b i l i t y t o select p a r t i c u l a r ranges 
of shots and s t a t i o n s t o perform the c a l c u l a t i o n s was also 
provided. One feat u r e of the matrix s o l u t i o n t o the m 
equations t h a t has not been de a l t w i t h by Swinburn , Summers 
or Green needs t o be described i f the time-term progranjb i s to 
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s 
be understood and the short d ^ r i p t i o n of the matrix s o l u t i o n 
presented by Swinburn (1975) i s repeated here i n order to 
e x p l a i n how the time-term programmes work. 

The m observational equations can be w r i t t e n i n matrix 
n o t a t i o n as: 

[ A ] [ a ] = [T] - [X]/v + [d] 

where [A] - i s the m x n c o e f f i c i e n t matrix 
[a] - i s the column matrix (n x 1) of 

the s i t e delay times 
[T] - i s the column matrix (m x 1) of 

the observed t r a v e l - t i m e s 
V - i s the scalar v e l o c i t y of the 

r e f r a c t o r 

Using standard l e a s t squares techniques by s p l i t t i n g the 
m a trix [a] i n t o two by the equation: 

a. = e . - f . / v (3.6) 

the two equations below are obtained which are independent of 
the scalar v. 

[ A ] [ e ] = [T] 
[ A ] [ f ] = [ X ] 

The l e a s t squares s o l u t i o n s f o r e and f are then given by 
[e] = [A'^A]"' [A'][T] 
[ f ] = [A'^A]'' [ A ^ ] [ X ] 

D e f i n i n g 
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y - -

the r e s i d u a l s are given by 

the equation f o r the l e a s t squares v e l o c i t y v can then be 
obtained by d i f f e r e n t i a t i n g w i t h respect to v the formula f o r 

The c o e f f i c i e n t matrix [A] contains mainly zeroes except 
f o r two ones i n each row at the l o c a t i o n s f o r the p a r t i c u l a r 
shot and s t a t i o n ( i , j ) . This property can be exploited to 
formulate the square symmetric matrix [A^] d i r e c t l y from the 
input without the need f o r matrix algebra. The t o t a l number 
of times s t a t i o n i and shot j are l i n k e d by a t r a v e l - t i m e can 
be counted and input t o the l o c a t i o n [ A ^ ] ( i , j ) and [ A ^ ] ( j , i ) . 
The t o t a l times a s i t e d ) i s used can also be input d i r e c t l y 
t o the l o c a t i o n [ / v A ] ( i , i ) so t h a t the diagonal i n [A'A] 
represents the number of times any s i t e i s used. 

3.3.1 The Assumptions i n the Time-term Method 

The assumptions used by Berry and West (1966) i n d e r i v i n g 
the time-term equation are 
1. the v e l o c i t y of the r e f r a c t i n g i n t e r f a c e i s nearly 

constant 
2. the range of d i p of the r e f r a c t o r i s s l i g h t (+/- 10 

degrees) 
3. the curvature of the r e f r a c t o r i s s l i g h t 
4. the v e l o c i t y above the r e f r a c t o r beneath any s i t e i s a 
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f u n c t i o n of only the depth t o the r e f r a c t o r . 

Bamford(1973) showed t h a t i t e r a t i o n of the f i r s t s o l u t i o n 
t o o btain b e t t e r estimates of D using the ca l c u l a t e d r e f r a c t o r 
topography, rather than using the s t a t i o n shot o f f s e t X, could 
improve the s o l u t i o n where assumption 2 i s not thought to be 
v a l i d . Swinburn (1975) found t h a t i t e r a t i o n d i d not improve 
the time-term s o l u t i o n s f o r the NERL experiment and that the 
i t e r a t i o n process became unstable when badly constrained or 
poor data was used. Whitcombe and Maguire(1979) showed that 
f o r i t e r a t i o n to be stable the s t r u c t u r e of the overburden 
must be accurately known. 

Whitcombe and Rodgers (1981) and Whitcombe and Maguire 
(1979) have summarised the l i m i t a t i o n s of the time-term method 
due t o the above four basic assumptions. I n summary these 
l i m i t a t i o n s are: 
1. N o n - i t e r a t i v e t r a v e l - t i m e s o l u t i o n s y i e l d overestimates of 

the r e f r a c t o r v e l o c i t y over a n t i c l i n a l s t r u c t u r e s and 
underestimates over s y n c l i n a l s t r u c t u r e s . 

2. Synclines and v e l o c i t y gradients below the r e f r a c t o r 
produce equivalent estimates: any s o l u t i o n s probably l i e 
between the two extremes. 

3. The r e l a t i v e l e ngth of the p r o f i l e t o any s t r u c t u r a l 
wavelengths of the r e f r a c t o r may a f f e c t the solutions 
obtained and s t i l l not show any signs of lack of f i t . The 
e f f e c t s vary depending on the s t a t i o n spacing, the p r o f i l e 
l e n g t h and the s t r u c t u r a l wavelengths of the r e f r a c t o r : 
a. I f the s t r u c t u r a l wavelengths are greater than the 

survey length then any lack of f i t may not show up 

- 65 -



even i f the s o l u t i o n i s almost t o t a l l y i n c o r r e c t . 
b. I f the s t r u c t u r a l wavelengths are less than the survey 

length but greater than the c r i t i c a l distance any lack 
of f i t of the s o l u t i o n w i l l be c o r r e l a t e d w i t h the 
s t r u c t u r a l amplitudes of the r e f r a c t o r surface. 

c. I f the s t r u c t u r a l wavelength i s less than the c r i t i c a l 
distance but greater than the s t a t i o n spacing no lack 
of f i t w i l l be observable even though the r e f r a c t o r 
topography i s probably d i s t o r t e d . 

d. I f the s t r u c t u r a l wavelength i s less than the s t a t i o n 
spacing the m i s f i t of the s o l u t i o n w i l l appear as 
noise i n the r e s i d u a l s . 

4. N o n - i t e r a t i v e time-term r e s u l t s can produce apparent 
anisotropies due t o undulating r e f r a c t o r topography 
(assumption 2). Even though the f i t appears to be good 
the s o l u t i o n i s non-unique. 

Barton and Wood (1984) and many workers i n the past have 
found a large s c a t t e r i n the r e s u l t s f o r the s t r u c t u r e of the 
Moho when using the time-term method to i n t e r p r e t Pn 
t r a v e l - t i m e s . This s c a t t e r i s due t o the varying near-surface 
e f f e c t s and also the problems associated w i t h the 
o v e r s i m p l i f i e d assumptions inherent i n the method. The 
s o l u t i o n time-terms can be corrected f o r the known shallow 
s t r u c t u r e using the formula given by Swinburn (1975) or given 
i n the programme TTERMC. The s o l u t i o n v e l o c i t y calculated by 
the time-term method i s a f f e c t e d by the shallow s t r u c t u r e 
e s p e c i a l l y i f there are any progressive delays varying 
l a t e r a l l y under the shots or s t a t i o n s . This e f f e c t can only 
be removed by c o r r e c t i n g the t r a v e l - t i m e s down to a datum 
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below the shallow s t r u c t u r e before using the time-term method. 
The r e s u l t i n g v e l o c i t y c a l c u l a t e d can not then be due to 
shallow s t r u c t u r a l v a r i a t i o n s although v a r i a t i o n s below the 
datum may s t i l l a f f e c t the s o l u t i o n v e l o c i t i e s . 

I n conclusion the r e s u l t s from any time-term analysis of 
r e f r a c t i o n s must be i n t e r p r e t ed w i t h care and not tr e a t e d as 
f i n a l . This i s important f o r the processing of the Pn phase 
on surveys such as the Caledonian Suture Seismic Project where 
there i s no t r u e r e v e r s a l on most of the r e f r a c t o r i n t e r f a c e . 

3.4 THE ANALYSIS OF WIDE-ANGLE REFLECTION TRAVEL-TIMES 

Wide-angle r e f l e c t i o n s from the base of the crust are 
usu a l l y the most prominent a r r i v a l s observed on r e f r a c t i o n 
seismograms and are seen more c o n s i s t e n t l y than the 
corresponding head wave Pn. Bamford (1978) formulated a 
technique f o r the analysis of wide-angle r e f l e c t i o n s using a 
method s i m i l a r t o the time-term approach f o r r e f r a c t i o n s by 
solvi n g the approximate T^/X*'relationship f o r r e f l e c t i o n s i n a 
homogeneous one layered Earth. The use of the T^X^equation i s 
a s i m p l i f i c a t i o n : t a k i n g any r e a l i s t i c but s t i l l simple 
s t r u c t u r e such as a m u l t i - l a y e r e d h o r i z o n t a l l y plane-layered 
s t r u c t u r e the equations become very complicated: the 
parametric equations f o r such a model are given by Robinson 
(1970) and can be w r i t t e n : 

X 
n 

(n,e^) = 2 s i n ( 0 ) ^ z- v• / Ŝ- (3.7) 
T ( n , 9 i ) = 2 v^ ̂  z. / (v. Ŝ- ) 

where S = C - ( v̂ . sinSy) ] 
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n - the subsurface i s composed 
of n homogeneous layers 

v̂ ; - the v e l o c i t y of i t h layer 
- the depth of the i t h layer 

9j, - the take o f f angle of the ray at the 
surface which r e f l e c t s at the bottom 
of the nth layer 

X(n,0^ ) - h o r i z o n t a l distance on the surface 
t r a v e l l e d by the ray 

T(n,9| ) - time taken by the ray to leave and 
r e t u r n t o the surface having been 
r e f l e c t e d from the bottomof the 
nth layer 

T and X can be r e l a t e d by a series expansion given by Bamford 
(1978) which contains complicated v e l o c i t y / l a y e r depth 
r e l a t i o n s h i p s and so cannot be solved f o r the terms r^and 

2 2-2. 
( 1 / v ) . I n the T / X equation these two terms are independent 
and so can be determined from a T/X^analysis. The e f f e c t s of 
dips, r e f r a c t i o n s and inhomogeneities i n the layers above a 
r e f l e ^ c t i o n zone can only be t r e a t e d by ray t r a c i n g (Cerveny 
1974). 

Bamford (1978) corrected the wide-angle t r a v e l - t i m e s down 
to a datum w i t h i n the layer immediately above the r e f l e c t i o n 
zone using the known p r e l i m i n a r y s t r u c t u r e above the datum. 
However, i t i s probably only r e a l i s t i c to correct f o r the 
known shallow s t r u c t u r e down t o a datum j u s t below the 
basement r e f r a c t o r ; c o r r e c t i o n s t o a deeper datum w i l l 
propagate e r r o r s (due t o inaccuracies i n the preliminary 
s t r u c t u r e between the deeper datum and the basement) i n t o the 
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c a l c u l a t e d r e f l e c t i n g i n t e r f a c e . 

3.4.1 Corrections t o a Datum 

Fig. 3.2 i l l u s t r a t e s the v a r i a b l e s used to correct to a 
datum below the varying shallow s t r u c t u r e taken from Green 
(1984). The equations f o r the t r a v e l - t i m e c o r r e c t i o n ( d t ) and 
the distance c o r r e c t i o n (dx) are: 

dt = h, [ l / ( v , cose, ) - l/(Vj_cose^) ] + h^/(v^ cose^ ) ] 
dx = h,(tane, - tanG^ ) + h^tanej_ (3.8) 

where 
h, = a^v, V, / ( v/ - v/)'^"" 

cos8, = (1 - v,^/c^ ) 
cose^ = (1 - vl/o^) 
tane. = V / ( c ^ - v^) 
tan82= v^/Cc^- v^^) 

where 
V j - v e l o c i t y of the sediment cover above the basement 

(Calculated from the r e s u l t s of Green (1984)) 
v^ - r e f r a c t o r v e l o c i t y of the basement (Green 1984) 
c - the apparent surface v e l o c i t y over the shot 

or s t a t i o n 
h, - depth t o the basement 
a^ - time-term f o r the basement (Green 1984) 
hei. - datum depth 
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The c o r r e c t i o n i s applied t o both the s t a t i o n s and the 
shots. The p o s i t i o n s of each shot and s t a t i o n r e l a t i v e t o 
M25B also change as w e l l as the o f f s e t s and tra v e l - t i m e s . 
This means t h a t on the t r a v e l - t i m e matrices the locations f o r 

r 
each t r a v e l - t i m e s h i f t s appropriately as the po s i t i o n s of the 
shots and s t a t i o n s s h i f t on the axes. The apparent surface 
v e l o c i t i e s are ca l c u l a t e d along common shot l i n e s f o r the 
s t a t i o n s and common s t a t i o n l i n e s f o r the shots. 

3.4.2 Inversion of the Wide-angle Travel-times 

To derive the equations needed t o solve equation 3.1 f o r 
the terms zr'^and 1/v^an approach s i m i l a r t o that used f o r the 
time-term method can be used. I f there are m t r a v e l - t i m e 
observations then the complete data set can be represented by 
the matrix equation 

[A][r^] = [T^ - [X^]/v^ 

where M - i s the number of common mid-points 
covered by the data 

[ 1 ^ - i s an M X m t r a v e l - t i m e matrix 
[}^] - i s an M X m distance matrix 
[C*] - i s an M X 1 matrix containing the 

two-way r e f l e c t i o n t r a v e l - t i m e s squared 
[ A ] - i s the M x m c o e f f i c i e n t matrix 

The c o e f f i c i e n t matrix consists of m rows each containing a 
si n g l e 1 at the l o c a t i o n corresponding t o the common mid-point 
r f o r the p a r t i c u l a r s h o t / s t a t i o n p a i r used t o measure the 

r _ 
t r a v e l - t i m e . The mal^x [ A * A ] i s a diagonal matrix where each 
value on the diagonal gives the number of trave l - t i m e s 
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observed N(r) f o r each mid-point r=l...M. The inverse of a 
matrix such as [A^A] i s a s i m i l a r diagonal matrix w i t h each 
value on the leading diagonal given by the inverse of the 
corresponding terms i n the o r i g i n a l matrix. Defining 

[ĉ ] = [a] - [ b ] / v ^ 
then 

[a] = [A^A][A^][T^ 

[b] = [A'AHA" ] [XI 

The m u l t i p l i c a t i o n of [A"''] w i t h [ I ^ gives the sum of a l l 
squared t r a v e l - t i m e s f o r each common mid-point so that f o r 
common mid-point r 

- (a/N(r)) 7. Trn 
b^ = ( 1 / N ( r ) ) ^ Xrn 

and 
= a,- b,/v^ 

S u b s t i t u t i o n i n t o the o r i g i n a l equation 
Trn = Xrn/v + a^- b /v + d 

d e f i n i n g 
Crn = Trn + â-

z 

Drn = Xrn - br 
then the sum of the re s i d u a l s I i s given by 

1 = ^ ^ ( Crn - Drn/v^) 
r v I n > ' 

This equation i s the same as t h a t f o r the time-term method and 
the l e a s t squares v e l o c i t y can be obtained using the equation 

V = /O ^ Drn / ̂  ^Crn.Drn 
and using t h i s v e l o c i t y the depth h can be found from the 
equation 

71 



h^ = 2r,v 
The equations f o r the s o l u t i o n u n c e r t a i n t i e s are s i m i l a r t o 
the formulae derived by Berry and West f o r the time-term 
method. The equations can be modified f o r l a t e r a l v e l o c i t y 
changes and f o r s l i g h t v e l o c i t y gradients above the r e f l e c t o r 
i n the same way as i s used f o r the time-term method. 

3.4.3 Assumptions of the Wide-angle R e f l e c t i o n Method 

The main assumptions i n the method are: 
1. the angle of incidence at the r e f l e c t o r i s much greater 

than the d i p of the r e f l e c t i n g i n t e r f a c e . Bamford (1978) 
ca l c u l a t e d t h a t provided the dips of the r e f l e c t o r are 
less than +/-10 degrees the c o r r e c t i o n f o r the dip does 
not have to be applied. 

2. the v e l o c i t y s t r u c t u r e above the r e f l e c t i n g region i s 
homogeneous. 

3. the st a t i o n / s h o t o f f s e t X i s a good estimate of the 
distance D between the normals t o the i n t e r f a c e from the 
s t a t i o n and shot. 

4. the mid-point between the s t a t i o n and shot i s a good 
estimate of the p o s i t i o n of the r e f l e c t i n g point on the 
i n t e r f a c e . 

The t h e o r e t i c a l f o l d f o r each common mid-point varies as 
i l l u s t r a t e d i n Fig.3.1. The actual f o l d w i l l be less than 
these values as any phase i s only observed over p a r t i c u l a r 
distance ranges. The a c t u a l f o l d f o r each mid-point can be 
estimated from the t r a v e l - t i m e matrices w i t h the data points 
displayed. 
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The main disadvantage of the method i s that i t 
p r e f e r e n t i a l l y weights the t r a v e l - t i m e observations made at 

z 
l a r g e o f f s e t s due t o the distance squared term X. These are 
commonly the t r a v e l - t i m e s w i t h the l a r g e s t picking errors and 
these e r r o r s w i l l be propagated i n t o the calculated v e l o c i t i e s 
and depths. To avoid t h i s problem the equation 3.1 could be 
solved using non-linear o p t i m i s a t i o n techniques to obtain 
s o l u t i o n s f o r the two terms r"̂  and 1/v^ 

3.5 MODELLING 

Modelling of the r e f r a c t i o n sections was c a r r i e d out using 
two s y n t h e t i c seismogram packages. SYNSEI uses the 
r e f l e c t i v i t y method formulated by Fuchs and Mueller (1971) as 
modified by Kennett (1975) t o take i n t o account shallow 
s t r u c t u r a l delays above the r e f l e c t i o n zone. SEIS83 i s based 
on generalized ray theory and was w r i t t e n by Cerveny and 
Psencik (1977). The programme RTOl was also used and i s 
described by Green (1984). 

3.5.1 SEIS83 

The package SEIS83 c a l c u l a t e s t r a v e l - t i m e s and amplitudes 
i n a l a t e r a l l y varying s t r u c t u r e and has the c a p a b i l i t y of 
dealing w i t h vanishing l a y e r s and sharp l a t e r a l structures 
such as f a u l t s (Cerveny 1985). The complete package was 
obtained from Cambridge U n i v e r s i t y and no major problems were 
encountered during i t s implementation onto the mainframe at 
Durham. The documentation attatched t o the package i s 
extensive and held i n the f i l e GPT9:SEI83.DOC: a d d i t i o n a l 
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documentation d e s c r i b i n g t h e i m p l e m e n t a t i o n a t Durham i s 

pr e s e n t e d i n Appendix D. A l l t h e programmes i n t h e package 

are s u f f i x e d by S83- and are h e l d on GPT9. 

There are f i v e main steps i n v o l v e d t o produce a s y n t h e t i c 

model: 

1. The i n i t i a l 2-d v e l o c i t y model i s smoothed u s i n g t h e 

programme SMOOTH 

2. The programme SEI83 uses t h e ou t p u t from SMOOTH t o g e t h e r 

w i t h t h e i n p u t of t h e i n t e r f a c e s and s t a t i o n / s h o t 

p o s i t i o n s t o c a l c u l a t e t r a v e l - t i m e s and amplitudes of the 

ray s requested. 

3. The t r a v e l - t i m e s and model can be p l o t t e d u s i n g t h e 

programme RAYPLOT. 

4. The s y n t h e t i c seismograms are c a l c u l a t e d u s i n g t h e output 

from SEIS83 and i n p u t of t h e source parameters by the 

programme SYNTPL which produces o u t p u t i n t h e format 

r e q u i r e d by t h e p r o j e c t p l o t t i n g programme CSSPLOT. 

The main l i m i t a t i o n s of t h e ray t h e o r y method used by SEIS83 

are 

1. For c r u s t a l s t u d i e s t h e r e i s a s h i f t of the s i n g u l a r 

( c r i t i c a l ) p o i n t s t o nearer o f f s e t s by 10 or more km 

(Cerveny 1977, Gajewski and Prodehl 1985) 

2. Only t h e rays r e q u e s t e d i n t h e i n p u t are c a l c u l a t e d so 

t h a t P-S co n v e r s i o n s and f u l l m u l t i p l e r e v e r b e r a t i o n s are 

not produced. 
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3.5.2 R e f l e c t i v i t y Method 

I n c o n t r a s t t o methods u s i n g r a y t h e o r y (which are 

time-domain t e c h n i q u e s ) t h e r e f l e c t i v i t y method c a l c u l a t e s t h e 

s y n t h e t i c seismograms i n t h e frequency domain: t h e i n t e g r a t i o n 

of t h e r e f l e c t i v i t y of a l a y e r e d medium i s c a r r i e d out i n the 

h o r i z o n t a l wavenumber ( a n g l e of i n c i d e n c e ) domain. 

M u l t i p l i c a t i o n of t h e r e f l e c t i v i t y m a t r i x w i t h t he source 

spectrum and i n v e r s e F o u r i e r t r a n s f o r m a t i o n y i e l d t he 

seismograms f o r t h e displacement components. The programme 

SYNSEI has been m o d i f i e d by Kennett (1975) t o p e r m i t d i f f e r e n t 

upper s u r f a c e s t r u c t u r e s above t h e r e f l e c t i o n zone at shots 

and r e c e i v e r s : o n l y e l a s t i c a t t e n u a t i o n and time s h i f t s are 

c a l c u l a t e d f o r these l a y e r s . The main l i m i t a t i o n s of the 

method are 

1. No l a t e r a l v a r i a t i o n s i n t h e r e f l e c t i o n zone are 

p e r m i t t e d . 

2. There i s a r e s t r i c t i o n t o r e a l angles so t h a t s u r f a c e 

waves are excluded. (Fuchs and M u e l l e r 1971). 

3.5.3 M o d e l l i n g o f t h e Caledonian Suture Seismic P r o j e c t Data 

The ray t h e o r y method must be used t o model inhomogeneous 

s t r u c t u r e s . The r e f l e c t i v i t y method should be used t o study 

i n more d e t a i l p a r t i c u l a r areas of t h e l a t e r a l l y v a r y i n g 

s t r u c t u r e deduced from SEIS83 m o d e l l i n g and t o check the 

p o s i t i o n s o f c r i t i c a l p o i n t s and frequency e f f e c t s . The 

r e f l e c t i v i t y method has been found t o take about 30 percent 

l o n g e r t h a n SEIS83 t o produce f i n a l s y n t h e t i c s e c t i o n s . 

Gajewski and Prodehl (1985) and B a r t o n and Wood (1984) have 
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suggested t h a t t h e s y n t h e t i c seismogram m o d e l l i n g of t h e 

a m p l i t u d e s on r e f r a c t i o n seismograms should not be expected t o 

y i e l d exact agreement as much of t h e v a r i a t i o n s observable i n 

th e a m p l i t u d e s depends on l o c a l near s u r f a c e e f f e c t s as much 

as on t h e deeper s t r u c t u r e . To a v o i d t h i s problem Gajewski 

and Prodehl (1985) have suggested t h a t t h e amplitude r a t i o s 

between Pg and PmP sho u l d be modelled. T h i s type of m o d e l l i n g 

has not y e t been t r i e d on t h e Caledonian Suture Seismic 

P r o j e c t d a t a but such an approach may a v o i d t h e problems of 

th e r a p i d v a r i a t i o n s i n a m p l i t u d e s observed on t h e common shot 

s e c t i o n s d e s c r i b e d i n s e c t i o n 2.6. 
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CHAPTER FOUR 

RESULTS 

4.1 INTRODUCTION 

T h i s chapter p r e s e n t s t h e r e s u l t s o b t a i n e d from t he 

i n t e r p r e t a t i o n of t h e t r a v e l - t i m e m a t r i c e s and from t h e 

f o r w a r d i n t e r p r e t a t i o n t e c h n i q u e s u s i n g t he time - t e r m and 

r e l a t e d methods d e s c r i b e d i n Chapter 3. 82 common s t a t i o n 

s e c t i o n s (Appendix A) and 58 common shot s e c t i o n s (Appendix B) 

were used t o p i c k t h e 3414 t r a v e l - t i m e s f o r a l l phases; 558 

f o r Pg, 698 f o r PcP, 1424 f o r PmP and 734 f o r Pn. A l l these 

t r a v e l - t i m e s are d i s p l a y e d on t h e s e c t i o n s i n Appendices A and 

B. Appendix C c o n t a i n s a l l t h e common d i s t a n c e and common 

m i d - p o i n t sections,' and a l s o , a r e p r e s e n t a t i v e s e l e c t i o n of 

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

t r a v e l - t i m e branches t o e q u a t i o n s 3.1 and 3.2 t o g e t h e r w i t h a 

set o f summary p l o t s of t h e complete r e g r e s s i o n a n a l y s i s f o r 

each phase. 

The d e s c r i p t i o n of t h e r e s u l t s f o l l o w s t h e order used i n 

Chapter 3. The v a r i a t i o n s i n t r a v e l - t i m e s observed i n the 

t r a v e l - t i m e m a t r i c e s are d e s c r i b e d and q u a l i t a t i v e 

i n t e r p r e t a t i o n s are made. The r e s u l t s from t h e wide-angle 

r e f l e c t i o n s are t h e n p r e s e n t e d f o l l o w e d by t h e ti m e - t e r m 

r e s u l t s . A f i n a l model i s deduced which best f i t s t h e 

t r a v e l - t i m e s o f t h e phases observed. This model i s used as a 

s t a r t i n g p o i n t i n t h e m o d e l l i n g stage of the i n t e r p r e t a t i o n 

process p r e s e n t e d i n Chapter 5. 
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4.2 INTERPRETATION OF THE TRAVEL-TIME MATRICES 

Each phase i s d e s c r i b e d i n t u r n f o r t h e I r i s h Sea and North 

Sea r e s p e c t i v e l y . A l l t h e m a t r i c e s d e s c r i b e d i n Section 3.1 

are p r e s e n t e d b o t h u n c o r r e c t e d and c o r r e c t e d f o r the known 

sh a l l o w s t r u c t u r e . Each c o r r e c t e d m a t r i x has an o v e r l a y ( F i g . 

4.1) onto which i s drawn r e p r e s e n t a t i v e common d i s t a n c e and 

common m i d - p o i n t l i n e s . The t r a v e l - t i m e v a r i a t i o n s can be 

observed on the s e c t i o n s i n Appendices A t o C as w e l l as on 

th e t r a v e l - t i m e m a t r i c e s . The p i c k i n g e r r o r s are estimated t o 

be b e t t e r than 0.1 s f o r f i r s t a r r i v a l s and a t l e a s t 

0.1 s f o r second a r r i v a l s . 

The t r a v e l - t i m e m a t r i c e s f o r t he phase Pg are d i s p l a y e d i n 

F i g . 4.2. The delays due t o t h e Solway Basin show up over t he 

shot range Ml t o M14 (102 t o 47 km from M25b). The delays due 

t o t h e C a r l i s l e Basin show up over t h e s t a t i o n range 1 t o 20 

(129 t o 170 km from M25B). These delays o v e r l a p i n the 

t r a v e l - t i m e m a t r i x f o r Pg i n t h e I r i s h Sea i n the bottom r i g h t 

hand c o r n e r ( F i g 4.2a). The disappearance of t h e phase Pg can 

be seen on F i g 4.2b a t about t h e p o s i t i o n of shot N i l i n t h e 

N o r t h Sea. Th i s phase has been t r e a t e d i n f u l l by Green 

(198 4 ) . 

4.2.1 The T r a v e l - t i m e M a t r i x f o r PcP f o r t he I r i s h Sea Shots 

T h i s phase i s d i f f i c u l t t o observe on the s e c t i o n s due t o 

t h e r e v e r b e r a t i o n s i n t h e Solway Basin but i s best seen on 

CST8 M about 0.3 seconds b e h i n d Pg f o r shots M10-M16 (Appendix 

A). The co n t o u r s i n F i g . 4.3a are p a r a l l e l t o the common 
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d i s t a n c e d i r e c t i o n which i n d i c a t e s no major l a t e r a l v a r i a t i o n s 

i n s t r u c t u r e . The t r a v e l - t i m e p i c k i n g e r r o r s f o r PcP i n the 

I r i s h Sea are 0.10 t o 0.25 s which g i v e e r r o r s from 4.0 t o 

10.0 s*" f o r t h e t r a v e l - t i m e s squared f o r a t r a v e l - t i m e of 

around 20.0 s. The contour i n t e r v a l used i n t h e m a t r i c e s 

d i s p l a y i n g t h e t r a v e l - t i m e s squared i s 2.50 s*"which l i e s 

w i t h i n t h e e r r o r range. To t h e degree of accuracy p o s s i b l e i t 

appears t h a t t h e PcP r e f l e c t i n g i n t e r f a c e must be i n t e r p r e t e d 

as n e a r l y h o r i z o n t a l . 

4.2.2 The T r a v e l - t i m e M a t r i x f o r PcP f o r t h e North Sea Shots 

The PcP phase i n t h e N o r t h Sea i s observed over common 

m i d - p o i n t p o s i t i o n s from 200 t o 365 km from M25B and a t 

s t a t i o n t o shot o f f s e t s from 30 t o 125 km. I t i s a f i r s t 

a r r i v a l f o r shots N9 t o N25 f o r most s t a t i o n s and so the 

t r a v e l - t i m e p i c k i n g e r r o r s are more a c c u r a t e than f o r PcP i n 

the- I r i s h Sea. The con t o u r i n t e r v a l used i s 0.1 s i n F i g . 

4.4a and 2.5 s'"in F i g s . 4.4b and 4.4c. Three main f e a t u r e s 

are observed on t h e t r a v e l j ^ m a t r i x f o r PcP ( F i g . 4.4b): 

1. The f e a t u r e l a b e l l e d A r e p r e s e n t s a decrease of the 

t r a v e l - t i m e s east of t h e common m i d - p o i n t p o s i t i o n 250 km. 

2. The f e a t u r e l a b e l l e d B on t h e m a t r i c e s d i s p l a y i n g t h e 

t r a v e l - t i m e s squared ( F i g . 4.4b) i s a delay over t h e shot 

range N20 t o N25 (whi c h l i e 348 and 371 km from M25B). 

3. The f e a t u r e l a b e l l e d C i s a r a p i d i n c r e a s e i n the 

t r a v e l - t i m e s from shot N14 t o N20 (whi c h l i e 322 t o 348 km 

from M25B). 

A l l t h r e e f e a t u r e s remain a f t e r c o r r e c t i n g f o r t h e known 

s h a l l o w sediment d e l a y s down t o a datum a t 6.0 km depth ( F i g . 
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4.4c). I t can be concluded t h a t : 

1. Feature A i s an abrupt decrease i n t r a v e l - t i m e s from t h e 

common m i d - p o i n t p o s i t i o n s of 250 t o 275 km caused by 

e i t h e r an i n c r e a s e i n t h e average c r u s t a l v e l o c i t y or a 

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

2. The area over which f e a t u r e B i s observed d i s p l a y s 

s c a t t e r e d t r a v e l - t i m e p o i n t s i n F i g . 4.4c which i n d i c a t e s 

t h a t t h e c o r r e c t i o n s f o r t h e known shallow s t r u c t u r e have 

been a p p l i e d adequately. T h i s f e a t u r e i s p o s s i b l y due t o 

unknown near s u r f a c e s t r u c t u r e s . The delays i n the 

t r a v e l - t i m e s occur over a shot range which c o i n c i d e s w i t h 

t h e p o s i t i o n of the o f f l i n e g r a n i t e i d e n t i f i e d by Donate 

e t a l (1982) from a g r a v i t y i n t e r p r e t a t i o n of the area. 

Green (1984) a l s o i d e n t i f i e d a lower v e l o c i t y under t he 

shots east of N i l . I t appears t h a t t h i s lower v e l o c i t y i s 

l i m i t e d t o t h e shot range N20 t o N25. 

3. Feature C i s caused by t h e deepening of the 5.6 km/s 

l a y e r i d e n t i f i e d by Green (1984) a t a common mid-point 

p o s i t i o n of about 310 km ( F i g . 1.2). The apparent 

v e l o c i t i e s above t h e f e a t u r e are h i g h e r on i t s western 

s i d e b u t lower on i t s e a s t e r n s i d e a t values l e s s than 

6.15 km/s ( t h e basement r e f r a c t o r v e l o c i t y ) . This means 

t h a t t h e square r o o t term i n t h e e q u a t i o n used t o c o r r e c t 

f o r t h e sh a l l o w sediment d e l a y s ( e q u a t i o n 3.8) becomes 

n e g a t i v e and t h e c o r r e c t i o n method breaks down. To av o i d 

t h i s problem t h e apparent v e l o c i t y i s set equal t o the 

basement v e l o c i t y p l u s a s m a l l increment of 0.1 km/s where 

i t i s l e s s t h a n t h e basement r e f r a c t o r v e l o c i t y . The g r i d 

p a t t e r n o f t h e p o s i t i o n s o f t h e t r a v e l - t i m e data p o i n t s 

d i s p l a y e d i n F i g . 4.4c around f e a t u r e C r e s u l t from u s i n g 
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t h e same ap p a r e n t v e l o c i t i e s e q u a l t o the r e f r a c t o r 

v e l o c i t y p l u s t h e i n c r e m e n t of 0.1 km/s. The p o s i t i o n s of 

th e s t a t i o n s and s h o t s a l l have s i m i l a r d i s t a n c e 

c o r r e c t i o n s a p p l i e d so t h a t the o r i g i n a l g r i d p a t t e r n 

o b s e r v e d i n F i g . 4.4b i s p r e s e r v e d i n F i g . 4.4c. F e a t u r e 

C i s not a d e q u a t e l y removed by the c o r r e c t i o n r o u t i n e s 

over t h e shot range N14 t o N20. 

4.2.3 The T r a v e l - t i m e M a t r i x f o r PmP i n the I r i s h Sea 

PmP f o r the I r i s h Sea s h o t s i s observed over the common 

mid-point p o s i t i o n s 60 t o 180 km and a t s t a t i o n to shot 

o f f s e t s from 75 t o 225 km ( F i g . 4 . 5 ) . The coverage from 

s t a t i o n 8 to 30 i s poor. The contour l i n e s do not run e x a c t l y 

p a r a l l e l to t h e common d i s t a n c e d i r e c t i o n i n F i g . 4.5a. For 

i n s t a n c e t h e t r a v e l - t i m e s along CDS/150.0 km d e c r e a s e from 

CMPeO'Ml t o CMP1/M25B by about 0.35 s. T h i s may i n d i c a t e a 

r i s e i n t h e Moho or an i n c r e a s e i n the average c r u s t a l 

v e l o c i t y towards t h e west. Two main f e a t u r e s a r e v i s i b l e i n 

F i g . 4.5b: 

1. The f e a t u r e l a b e l l e d A i s an abrupt e a s t w a r d i n c r e a s e i n 

th e t r a v e l - t i m e s which o c c u r s f o r a l l s t a t i o n s i n the 

v i c i n i t y of shot M14 (47 km from M25B). T h i s marks the 

w e s t e r n edge of t h e Solway B a s i n and the f e a t u r e i s 

e f f e c t i v e l y removed by c o r r e c t i n g f o r t he known s h a l l o w 

s t r u c t u r e ( F i g . 4 . 5 c ) . 

2. The f e a t u r e l a b e l l e d B i s a l o c a l i n c r e a s e i n t r a v e l - t i m e s 

o b s e r v e d f o r a r r i v a l s from s h o t s MIO t o M14 which l i e 47 

t o 65 km from M25B on t h e w e s t e r n s i d e of the Solway 

B a s i n . T h i s f e a t u r e i s a c c e n t u a t e d by a p p l y i n g the 
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F i g u r e ( 4 . 5 b ) T r a v e l - t i m e m a t r i x f o r t h e phase PmP i n t h e I r i s h Seo 
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c o r r e c t i o n f o r t h e s h a l l o w s t r u c t u r e ( F i g . 4 . 5 c ) . T h i s 

f e a t u r e i s a l s o o b s e r v e d on t h e c o r r e c t e d t r a v e l - t i m e 

m a t r i x f o r t h e phase Pn i n t h e I r i s h Sea f o r the same 

s h o t s ( F i g . 4 . 7 c ) . The PcP t r a v e l - t i m e s d i d not cover 

t h e s e shot r a n g e s a d e q u a t e l y but the PcP i n t e r f a c e has 

been i n t e r p r e t e d a s b e i n g f l a t i m p l y i n g t h a t the f e a t u r e B 

o r i g i n a t e s below t h e m i d - c r u s t a l i n t e r f a c e or i s due to an 

u n d e t e c t e d s t r u c t u r e on t h e m i d - c r u s t a l i n t e r f a c e or above 

i t . The t r a v e l - t i m e s were d i f f i c u l t to p i c k f o r sh o t s Ml 

to M14 because of t he i n t e r f e r e n c e of the two wide-angle 

r e f l e c t i o n p h a s e s PmP and PcP ( s e e p i c k s d i s p l a y e d on 

s e c t i o n s i n Appendices A and B ) . I n a d d i t i o n t h e 

a m p l i t u d e s of a l l t h e phas e s a r e reduced f o r s h o t s Mil t o 

M14 p o s s i b l y due t o s p u r i o u s i n t e r f e r e n c e and d e f o c u s s i n g 

e f f e c t s c a u s e d by t h e westwards s h a l l o w i n g of the Solway 

B a s i n (Appendix A ) . 

4.2.4 The T r a v e l - t i m e M a t r i x f o r PmP i n the North Sea 

PmP i n the North Sea i s ob s e r v e d over common mid-point 

p o s i t i o n s from 145 t o 375 km and a t s t a t i o n t o shot o f f s e t s 

from 60 t o 200 km. The problems e n c o u n t e r e d d u r i n g t h e 

c o r r e c t i o n f o r t h e known s h a l l o w s t r u c t u r e of the PcP phase i n 

th e North Sea over t h e r i s e i n t h e 5.6 km/s l a y e r ( S e c t i o n 

4.2.2) a r e not e n c o u n t e r e d f o r PmP because of t he h i g h e r 

a p p a r e n t v e l o c i t i e s which a r e a l l g r e a t e r than the basement 

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

the common d i s t a n c e l i n e s . The t r a v e l - t i m e s along t h e common 

d i s t a n c e d i r e c t i o n s d e c r e a s e from CMP60/N29 t o CMP60/N1 

i n d i c a t i n g e i t h e r a westwards r i s e i n t h e Moho or i n c r e a s e i n 
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,b) d a t a p o i n t s 
,c; o v e r l a y o f t h e common d i s t a n c e 

ond common s h o t l i n e 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 . Comparable d e l a y s t o t h a t 

o b s e r v e d f o r s h o t s N20 t o N25 f o r PcP ( l a b e l l e d B i n F i g . 

4.4c) a r e not c l e a r l y v i s i b l e i n F i g . 4.6c due to the g r e a t e r 

p i c k i n g e r r o r s i n t h e t r a v e l - t i m e s f o r PmP. 

The f e a t u r e l a b e l l e d A on F i g . 4.6c i s i n t e r p r e t a t e d as t h e 

e x p r e s s i o n of t h e s t e p i n t h e m i d - c r u s t deduced from PcP ( F i g . 

4 . 4 c ) . I t i s o b s e r v e d over t h e common mid-point range 250 t o 

225 km f o r PcP. F o r PmP i t appears a c r o s s the common 

mid-point p o s i t i o n s from 235 t o 260 km as a f l a t a r e a w i t h i n a 

g e n e r a l d e c r e a s e i n t h e t r a v e l - t i m e s a c r o s s the common 

mid-point p o s i t i o n s from 200 t o 350 km. Any s t r u c t u r e s i n a 

m i d - c r u s t a t a depth of about 15 km would appear, assuming a 

c r u s t a l t h i c k n e s s of 30 km, i n the t r a v e l - t i m e s f o r a PmP 

phase a t common mid-point p o s i t i o n s d i s p l a c e d l a t e r a l l y by 15 

km. T h i s c o r r e s p o n d s t o t h e 15 km o f f s e t observed between the 

e f f e c t of t h e s t e p i n t h e m i d - c r u s t i n t h e PmP m a t r i x compared 

to t h e PcP m a t r i x . 

4.2.5 The T r a v e l - t i m e M a t r i x f o r Pn i n the I r i s h Sea 

Pn i n t h e I r i s h Sea i s ob s e r v e d a t s t a t i o n to shot o f f s e t s 

from 125 t o 225 km. The coverage i s poor f o r s t a t i o n s 1 t o 

19. The t r a v e l - t i m e s a r e red u c e d t o a v e l o c i t y of 8.0 km/s i n 

F i g . 4.7a and 8.1 km/s i n F i g . 4.7b. The f e a t u r e l a b e l l e d A 

i n F i g . 4.7b i s t h e d e l a y a l s o observed on t h e PmP m a t r i x 

( F i g . 4 . 5 c ) over t h e sho t range MIO t o M14 and i s a t t r i b u t e d t o 

a d e l a y above t h e b a s e of t h e lower c r u s t . O t h e r w i s e the 

t r a v e l - t i m e c o n t o u r s a r e a p p r o x i m a t e l y p a r a l l e l to the common 

s t a t i o n d i r e c t i o n f o r most s t a t i o n s i n t h e Pn m a t r i x ( F i g . 
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f a ) r e d u c e d t o a v e l o c i t y o f 8.0 
( b ) d a t a p o i n t . = 
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4 . 7 b ) . T h i s i n d i c a t e s t h a t t h e d e l a y t i m e s f o r a l l t h e s h o t s 

a r e a p p r o x i m a t e l y t h e same. The d e l a y t i m e s under t h e 

s t a t i o n s d e c r e a s e from s t a t i o n 7 t o 49 on the m a t r i x c o r r e c t e d 

f o r t h e known s h a l l o w s t r u c t u r e ( F i g . 4.7b). 

4.2.6 The T r a v e l - t i m e M a t r i x f o r Pn i n the North Sea 

Pn i n t h e North Sea i s observed over a range of 

s t a t i o n / s h o t o f f s e t s from 125 t o 250 km. The coverage i s poor 

f o r s t a t i o n s 1 t o 29. The t r a v e l - t i m e s a r e reduced t o 

v e l o c i t i e s of 8.0 and 8.1 km/s i n F i g s . 4.8a and 4.8b 

r e s p e c t i v e l y . The d e l a y t i m e s appear t o be f l a t f o r s t a t i o n s 

23 t o 60 (177 t o 258 km from M25B) but i n c r e a s e from s t a t i o n 1 

t o s t a t i o n 23 (129 t o 177 km from M25B). The f e a t u r e l a b e l l e d 

A i n F i g . 4.8b i s i n an a r e a of poor t r a v e l - t i m e coverage from 

s t a t i o n s 20 t o 29. Pn has l a r g e r a m p l i t u d e s west of s t a t i o n 

19 compared t o Pn a r r i v a l s f o r t he same o f f s e t s observed a t 

s t a t i o n s e a s t of s t a t i o n 30. F o r example compare t h e r e l a t i v e 

a m p l i t u d e s of Pn on C S T l l N t o t h a t observed on CST30N i n 

Appendix A. The d a t a q u a l i t y i s good f o r t h e s e s t a t i o n s as 

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

s e c t i o n s i n Appendix A ) . The d e l a y t i m e s under the s h o t s 

appear t o be c o n s t a n t west of s t a t i o n 19 a l t h o u g h the co n t o u r s 

change d i r e c t i o n a c r o s s f e a t u r e A. They l i e p a r a l l e l t o 

common s t a t i o n d i r e c t i o n s from s t a t i o n s 1 t o 23 and t o common 

shot d i r e c t i o n s from s t a t i o n s 23 t o 60. A l a t e r a l change i s 

i n t e r p r e t e d , t h e e f f e c t of which i s observed a t the s u r f a c e 

from s t a t i o n s 20 t o 29 which c o r r e s p o n d s t o common mid-point 

p o s i t i o n s on t h e Moho from 200 t o 220 km. These common 

mid-p o i n t p o s i t i o n s l i e below s t a t i o n s 34 t o 43. 
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F i q u r e ( 4 . 8 a ) T r a v e l - t i m e m a t r i x f o r t h e phase Pn i n t h e N o r t h Sea 
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f a ) r e d u c e d t o o v e l o c i t y of 8.0 
( b ) d a t a p o i n t s 
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( a ) r e d u c e d t o a v e l o c i t y of 8 1 
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( c ) o v e r l a y o f t n e common d i s t o n c e 

and common s h o t l i n e s 
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4.3 WIDE-ANGLE REFLECTION RESULTS 

The w i d e - a n g l e r e f l e c t i o n method f o r m u l a t e d i n S e c t i o n 3.4 

was used t o o b t a i n depths and average v e l o c i t i e s from the PcP 

and PmP p h a s e s . By u s i n g common mid-point g a t h e r s the e f f e c t s 

of topography on t h e r e f l e c t i n g i n t e r f a c e a r e minimised. The 

unknown v a r i a t i o n s i n t h e s h a l l o w s t r u c t u r e s and the 

d i f f i c u l t i e s of c o r r e c t i n g f o r the known s h a l l o w s t r u c t u r e s 

where apparent s u r f a c e v e l o c i t i e s a r e l e s s than the basement 

v e l o c i t y w i l l a f f e c t t h e r e s u l t s of t he wide-angle r e f l e c t i o n 

a n a l y s e s . Where t h e s e e f f e c t s a r e observed i n the r e s u l t s 

t h e y must be removed b e f o r e p r o c e e d i n g t o the m o d e l l i n g s t a g e 

of t he i n t e r p r e t a t i o n p r o c e s s . 

The w i d e - a n g l e r e f l e c t i o n method a l s o assumes t h a t the 

w i d e - a n g l e r e f l e c t i o n s o b s e r v e d a r e r e t u r n e d from a "sharp 

i n t e r f a c e " . The w a v e l e n g t h s of s e i s m i c waves w i t h f r e q u e n c i e s 

of about 4 Hz a r e about 1 t o 2 km a t mid to lower c r u s t a l 

d e p t h s . A s h a r p i n t e r f a c e i s t h e r e f o r e any g r a d i e n t change i n 

v e l o c i t y which o c c u r s over a depth range of up to 1 to 2 km. 

T a b l e 4.1 d i s p l a y s t h e r e s u l t s of f i t t i n g the T^X^equation to 

the t r a v e l - t i m e b r a n c h e s of PcP and PmP at near and f a r 

o f f s e t s . An e s t i m a t e of t h e t h i c k n e s s of the g r a d i e n t zone i s 

g i v e n by the d i f f e r e n c e i n depths c a l c u l a t e d f o r near and f a r 

o f f s e t s l a b e l l e d DH i n T a b l e 4.1. The v a l u e s of DH a r e l e s s 

t h a n about 3 t o 4 km. I t can be c o n c l u d e d t h a t to w i t h i n the 

p r e c i s i o n of t h e c a l c u l a t i o n s t h e t r a v e l - t i m e branches f o r the 

w i d e - a n g l e r e f l e c t i o n s do not d i f f e r markedly from a s i m p l e 

h y p e r b o l i c c u r v e and t h e r e f o r e approximate r e f l e c t i o n s from a 

s h a r p i n t e r f a c e . A l s o t h e use of the W e i c h e r t - H e r g l o t z 
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T A B L E 4 . 1 

T r a v e l - t i m e r e g r e s s i o n r e s u l t s f o r s e l e c t e d s t a t i o n s and s h o t s : 
( a ) U s i n g t r a v c I - t imes a t n e a r and f a r o f f s e t s . DH i s t h e d i f f e r e n c e 

b e t w e e n t h e d e p t h s c a l c u l a t e d a t n e a r and f a r o f f s e t s . 
( b ) U s i n g a l l t r a v e 1 - t i m e s : dh i s t h e 9 5 % c o n f i d e n c e l i m i t on e a c h d e p t h . 

( a ) 
S I T E PmP PcP 

V 11 DH V H DH 

1.7 - - - -
1.2 - - -

-5.8 
3.5 - - . . . 

2.5 - - - . -
1.8 - - - -
3.7 - - . - . 
3.2 - - - -
3.4 - - . - -

0.1 - - - -

1 l A 6 . 36 6 . 40 26 . 0 27 . 7 
Ml 7 6 . 35 6 . 39 27 .9 29 . 1 
Ml 4 6 . 34 6 . 20 27 . 9 22 . 1 
M2 6 . 20 6 .42 27 . 2 30 . 7 
2 6 . 33 - 26 . 8 
15 6 . 34 6 .47 27 . 8 30 . 3 
31 6 .44 6 .50 30 . 9 32 . 7 
32 6 . 39 6. .52 29 .9 33 , . 6 
39 6. . 40 6. .50 30 . 7 33 , .9 
49 6. . 34 6 . .44 28 , .6 32. . 0 
J 
19 6 . , 30 6 . 29 28 . . 3 28 . . 4 
32 6 . 30 6. 29 29. 6 29 . , 7 
42 6. 40 6. 29 3 1 . 9 30. 8 
50 6 . 47 6. 27 27 . 9 31 . 0 
60 6 . 15 31 . 0 
N2 6. 47 3 1 . 5 
N9 6 . 20 6. 59 29 . 2 34 . 9 
N l 8 6 . 47 6. 50 34 . 7 35 . 3 
N29 6 . 59 6 . 37 40 . 8 3 3 . 7 

0 . 1 6 . 1 1 6 .06 20 . 6 19. , 2 - 1 . 4 
1 . 1 6 . 1 7 5 , . 90 20 . 2 12 . 0 -8 . 2 
3. . 1 5 .92 5 . . 92 13. . 7 15. 1 1 . 4 

5 , . 90 5 . .91 14 . .9 15 . 8 0 , . 9 
6 . . 1 3 6 . .03 21 . , 2 1 8 . 6 - 2 . . 6 

5 . . 7 5 . . 96 6. , 07 16. . 2 19. 4 3 . . 2 
0. 6 6 . .01 6. 1 1 16. 3 20. 9 4 . . 6 
7 . 1 6 . , 05 21 . 0 

( b ) 
PcP PmP Pn 

H dh V H dh V H dh 

I l A - 6 . 39 27 . 2 0 . 8 8 . 35 32 .6 2.2 
M I 7 6 . 09 19 . 9 1 . 4 6 . 38 28 . 4 0 . 3 8 . 55 32 . 8 2.6 
Ml 4 5 .98 16 . 8 0 . 4 6. . 30 27 . 0 0 . 5 7 . 84 28 . 7 4 . 0 
M2 6 . 34 25 .3 0. . 7 6 . . 4 1 30 .5 0 .5 8 . 40 3 1 . 4 7.7 
2 5 .91 15 . 2 3 . . 0 6. . 4 1 28 . 1 1 . 0 _ 

15 6 . 09 19 . 7 0. .9 6 . 44 29 . 3 0 . 7 7. 61 27 . . 9 57 . 
31 5 .91 15 .9 0. ,5 6. 47 31 . 8 0 .5 8. 27 32. .6 2.7 
32 6 . 47 31 . 7 0. .5 8. 41 33. . 4 3 . 3 
39 6. 48 32 . 8 0. . 8 8 . 42 33. 6 3.4 
49 6. 43 31 , 7 1. .3 8. 34 32. 2 4. 1 
5 6 . 29 29. ,0 1. . 0 7. 92 28 . ,5 2 . 2 
19 6 . 08 19 . .6 1 . 5 6. 28 28 . . 0 0. . 8 7. 90 29. 0 3.3 
32 6 . 09 20. 1 0. 4 6. 28 29. . 4 0. 3 7. 80 2 9 . 3 2.0 
42 5 . 98 16. , 2 1 . 3 6. 27 30. . 2 0 . 6 8 . 10 31 . 9 14 . 
50 5 . 90 14 . 1 1 . 5 6. 25 30. . 6 0 . 4 7. 68 2 9 . 1 12. 
60 5 .91 15. 5 0. 6 6. 17 31 . . 4 0. 5 - -
N2 6 . 1 1 20. 9 0. 3 6. 29 29 . 3 0. 5 - -
N9 6 .03 18 . 1 0. 8 6. 33 30. , 5 0 . 6 9. 45 3 7 . 6 12. 
N18 6. .02 16. 7 0. 6 6 . 47 34 . 7 0. 3 8. 06 3 3 . 4 6.3 
N29 6. .05 21 . 0 1 . 3 6. 44 36 . 9 1. 0 8 . 25 3 5 . 4 3.2 



i n v e r s i o n method would not y i e l d a b e t t e r v e l o c i t y depth model 

t h a n t h e T^X^method g i v e n t h e e f f e c t of the shallow sediment 

d e l a y s on t h e apparent s u r f a c e v e l o c i t i e s and the 

i n t e r p r e t a t i o n of t h e i n t e r f a c e s as g r a d i e n t zones l e s s than 

about 3 t o 4 km t h i c k . 

4.3.1 Wide-angle R e f l e c t i o n R e s u l t s f o r the PcP phase 

F i g . 4.9 i l l u s t r a t e s t h e wide-angle r e f l e c t i o n r e s u l t s f o r 

t h e PcP phase across t h e whole Caledonian Suture Seismic 

P r o j e c t l i n e . The t r a v e l - t i m e r e s i d u a l s mostly l i e w i t h i n 

+/-0.1 s which i s of t h e same order as the e s t i m a t e d p i c k i n g 

e r r o r s f o r t h i s phase. The c a l c u l a t e d l e a s t squares average 

v e l o c i t y f o r t h e upper c r u s t between t h e datum at 6.0 depth km 

and t h e m i d - c r u s t i s 6.16 km/s. Average v e l o c i t i e s of 6.163 

and 6.199 km/s are o b t a i n e d from t h e PcP t r a v e l - t i m e s f o r the 

separate N o r t h and I r i s h Sea r e g i o n s r e s p e c t i v e l y ( F i g s . 4.10 

and 4.11). The p i c k i n g e r r o r s are l a r g e r f o r the I r i s h Sea 

( S e c t i o n 4.2.1) th a n f o r t h e N o r t h Sea g i v i n g r i s e t o the 

l a r g e r e r r o r of 0.005 km/s f o r t h e I r i s h Sea v e l o c i t y i n 

comparison t o 0.001 km/s f o r t h e N o r t h Sea. 

The m i d - c r u s t a l g r a d i e n t i s i n t e r p r e t e d , from the r e s u l t s 

d i s p l a y e d i n F i g . 4.9, t o be a p p r o x i m a t e l y h o r i z o n t a l at a 

depth of 15.5 km w i t h a s m a l l s t e p from 15.5 t o 15.0 km at the 

common m i d - p o i n t p o s i t i o n o f 260 km. 
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4.5.2 Wide-angle R e f l e c t i o n Results f o r t h e phase PmP 

F i g . 4.12 d i s p l a y s t he r e s u l t s f o r t h e wide-angle 
r e f l e c t i o n a n a l y s i s of t h e PmP phase using a l l the PmP 
t r a v e l - t i m e s from t h e Caledonian Suture Seismic P r o j e c t . The 
a n a l y s i s i s repeated f o r t r a v e l - t i m e s c o r r e c t e d and 
u n c o r r e c t e d f o r t h e known shallow s t r u c t u r e i n F i g . 4.13 t o 
i l l u s t r a t e the e f f e c t s of the shallow s t r u c t u r e . The 
r e s i d u a l s are not improved by a p p l y i n g t he c o r r e c t i o n s f o r the 
sh a l l o w s t r u c t u r e . The v e l o c i t i e s c a l c u l a t e d are 6.38 km/s 
from t h e u n c o r r e c t e d t i ' a v e l times and 6.51 km/s from the 
c o r r e c t e d t r a v e l - t i m e s . The 6.38 km's v e l o c i t y a p p l i e s t o the 
whole c r u s t i n c l u d i n g sediments w h i l s t t he 6.51 km./s v e l o c i t y 
a p p l i e s t o the c r u s t between the datum a t 6.0 km depth and the 
PmP r e f l e c t i n g i n t e r f a c e . The depths c a l c u l a t e d are improved 
by t he c o r r e c t i o n of the t r a v e l - t i m e s f o r the shallow 
s t r u c t u r e . I n p a r t i c u l a r t he r i s e i n the u n c o r r e c t e d depths 
at a common m i d - p o i n t p o s i t i o n of 100 km i s not observed f o r 
the c o r r e c t e d depths ( F i g . 4.13). The average c r u s t a l 
v e l o c i t i e s underneath the North and I r i s h Seas from t he 
s u r f a c e t o t h e base of the lower c r u s t are e s t i m a t e d as 6.39 
and 6.34 km/s r e p e c t i v e l y . The average c r u s t a l v e l o c i t i e s 
underneath t h e No r t h and I r i s h Seas from the datum at 6.0 km 
depth t o t h e base of t h e lower c r u s t are 6.54 and 6.49 km/s 
r e p e c t i v e l y ( F i g s . 4.14 and 4.15). 
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4.3.3 D i s c u s s i o n 

F i g . 4.16 summarises t h e wide-angle r e f l e c t i o n r e s u l t s f o r 

PcP and PmP. The f i g u r e s w r i t t e n along t h e i n t e r f a c e s are t h e 

v e l o c i t i e s i n km/s c a l c u l a t e d w i t h i n a 20 km wide moving 

common m i d - p o i n t window. The window w i d t h of 20 km was found 

t o be t h e best compromise between t h e need t o o b t a i n an i d e a 

of t h e l a t e r a l v a r i a t i o n s and a v o i d i n g t h e problems which 

a r i s e from l i m i t e d d a t a coverage. The coverage tends t o be 

poor a t t h e edges of the survey area which corresponds t o the 

common m i d - p o i n t p o s i t i o n s 60 km and 320 km f o r PmP. and, 80 

and 310 km f o r PcP. As a r e s u l t t h e r e are o n l y a few 

t r a v e l - t i m e v a l u e s a v a i l a b l e t o each common mi d - p o i n t i n these 

areas which a d v e r s e l y a f f e c t s t h e v e l o c i t i e s and t h e r e f o r e t h e 

c a l c u l a t e d depths. 

The common m i d - p o i n t p o s i t i o n s g r e a t e r than 300 km have PmP 

t r a v e l - t i m e d a t a observed o n l y from shots N25 t o N29 ( F i g . 

4.6). These shots l i e on t h e edge of the de l a y discussed i n 

S e c t i o n s 4.2.2 and 4.2.4 and i d e n t i f i e d by Green (1984) which 

occurs under shots N20 t o N25. The apparent v e l o c i t i e s 

c a l c u l a t e d over t he common m i d - p o i n t p o s i t i o n s east of common 

m i d - p o i n t 300 km are t o o l a r g e and as a r e s u l t t h e depth t o 

t h e i n t e r f a c e appears s p u r i o u s l y t o deepen ( F i g . 4.16b). 

An a n a l y s i s of v a r i a n c e u s i n g t h e v a r i a n c e - r a t i o t e s t 

( d e s c r i b e d i n the next s e c t i o n ) was performed on the average 

v e l o c i t i e s o b t a i n e d from t h e wide-angle r e f l e c t i o n s . The 95% 

c o n f i d e n c e l i m i t s were e s t i m a t e d t o be l e s s than +/-0.02 km/s 

f o r a l l average v e l o c i t i e s quoted i n t h i s chapter except f o r 
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t h e 6.20 km/s v e l o c i t y c a l c u l a t e d from PcP f o r t h e I r i s h Sea 

sh o t s which y i e l d e d a s l i g h t l y h i g h e r 95% confidence e r r o r 

range o f +/-0.06 km/s. 

4.4 TIME-TERM RESULTS FOR PN 

Table 4.2 summarises t h e t i m e - t e r m r e s u l t s from t he 

a n a l y s i s of t h e Pn t r a v e l - t i m e s . Each run i s given a 

r e f e r e n c e number. A r e p r e s e n t a t i v e s e l e c t i o n of t h e runs are 

d i s p l a y e d i n F i g s . 4.17 t o 4.30 and are discussed i n d e t a i l 

below. There i s r e v e r s a l of the Pn r e f r a c t o r underneath t h e 

s t a t i o n s and between t h e a d j a c e n t ends of the shot and s t a t i o n 

l i n e s f o r b o t h t h e I r i s h and No r t h Seas ( F i g . 4.17). By 

i n c o r p o r a t i n g t h e t r a v e l - t i m e s of Pn observed f o r s t a t i o n L15 

i n I r e l a n d t h e Moho under t h e I r i s h Sea i s a l s o r e v e r s e d ( F i g . 

4.18). I n p r a c t i s e t h e l i m i t a t i o n s of the t r a v e l - t i m e 

coverage somewhat reduces t h e areas where r e v e r s a l occurs. 

The Pn depths are c a l c u l a t e d from t h e ti m e - t e r m values 

u s i n g t h e average v e l o c i t i e s o b t a i n e d from t h e wide-angle 

r e f l e c t i o n a n a l y s i s of t h e PmP phase. This c a l c u l a t i o n 

assumes t h a t PmP and Pn are r e t u r n e d from about t he same 

depths. I f a v e l o c i t y g r a d i e n t zone separates PmP and Pn t h e 

average v e l o c i t y c a l c u l a t e d from PmP i s s m a l l e r than t h e 

average v e l o c i t y of t h e c r u s t above Pn. The use of t h e PmP 

average v e l o c i t y may t h e r e f o r e y i e l d a s l i g h t underestimate of 

t h e Pn depths. 

Two t y p e s of e r r o r e s t i m a t e can be assigned t o t h e s o l u t i o n 

v e l o c i t i e s . The 95% co n f i d e n c e l i m i t s o b t a i n e d u s i n g t h e 
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Berry and West (1966) formula take no account of the 
c o r r e l a t i o n between the v e l o c i t y and the time-terms and may 
thus grossly underestimate the t r u e uncertainty. An 
a l t e r n a t i v e approach i s t o use the v a r i a n c e - r a t i o t e s t 
combined w i t h time-term analyses c a r r i e d out f o r a specified 
range of constrained v e l o c i t i e s . Draper and Smith (1981), 
and, Ofoegbu and Bott (1985) give summaries of how to perform 
t h i s analysis of variance. To i l l u s t r a t e t h i s approach Fig. 
4.18 i s a sketch of a section of the hyperspace region f o r a 
time-term analysis. The contours are the values of the sum of 
the squares of the r e s i d u a l s between the observed and the 
p r e d i c t e d t r a v e l - t i m e s p l o t t e d as a f u n c t i o n of v e l o c i t y and 
one time-term. The time-term and the s o l u t i o n v e l o c i t y are 
necessarily c o r r e l a t e d as i s i n d i c a t e d by equation 3.6. To 
o b t a i n an estimate of the u n c e r t a i n t i e s , which takes i n t o 
account the c o r r e l a t i o n w i t h a l l the time-terms, the sum of 
r e s i d u a l s squared must be computed as a f u n c t i o n of the 
v e l o c i t y w i t h the time-terms optimized f o r each s p e c i f i e d 
v e l o c i t y . The 95% confidence value of the f u n c t i o n (Fc) can 
then be computed from the minimum sum of residuals squared 
(Fmin) using the equation 

Fc = Fmin [ 1 + [ n / [m-n-1] ] fn,m-n-1(1-a) ] 
where fn,m-n-1 i s a f r a c t i l e of the v a r i a n c e - r a t i o or F 
d i s t r i b u t i o n , n i s the number of v a r i a b l e parameters equal to 
the number of s i t e s plus one and m i s the number of 
observations. The values of v e l o c i t y ( l a b e l l e d VI and V2 i n 
Fig. 4.18) which correspond t o the 95% confidence l e v e l of the 
o b j e c t i v e f u n c t i o n can be obtained from a p l o t of F against 
the v e l o c i t y (which corresponds t o the l i n e AA' i n Fig. 4.18). 
These l i m i t s are c l e a r l y an overestimate of the true e r r o r but 
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F i g u r e ( 4 . 1 8 ) A s k e t c h o f o c r o s s - s e c t i o n t h r o u g h t h e h y p e r s p o c e 
r e g i o n f o r a t i m e - t e r m a n a l y s i s f o r o n e t i m e - t e r m . 
T h e c o n t o u r s a r e t h e v a l u e s o f t h e r e s i o u a l s s q u o r e d 
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are b e t t e r than the Berry and West e r r o r ( l a b e l l e d Vbwl and 
Vbw2 i n Fig. 4.18) which can be a gross underestimate. 

4.4.1 Time-term Analysis f o r Northern England Using a l l Pn 
Travel-times 

The f i r s t s i x runs (Table 4.2) were performed to check th a t 
the time-term s o l u t i o n s are independent of the s i t e s used to 
l i n k the shots and s t a t i o n s together. The solutions are 
stable whether the l i n k i s achieved using the North Sea (as i n 
run 5) or I r i s h Sea (as i n run 6) ends of the l i n e . The 
s o l u t i o n v e l o c i t y using a l l the Pn t r a v e l - t i m e data f o r 
Northern England i s 8.32 km/s (Fig 4.17). Given the quantity 
of data and the w e l l constrained rev e r s a l under the s t a t i o n s , 
t h i s higher than expected v e l o c i t y under Northern England 
appears t o be r e a l . The analysis of variance of t h i s s o l u t i o n 
y i e l d s a 95% confidence range from 8.19 t o 8.49 km/s (Fig. 

4.19) . On the other hand the Berry and West erro r analysis 
y i e l d 95% confidence l i m i t s of +/- 0.01 km/s which i s c l e a r l y 
an underestimate. The time-terms f o r shots M7 to M14 are 
anomalous (Section 4.2.3) probably because the tra v e l - t i m e s 
are d i f f i c u l t to pick f o r these shots. These s i t e s are 
removed f o r most subsequent runs. 

4.4.2 Time-term Analysis f o r the I r i s h Sea 

The time-term s o l u t i o n s using the t r a v e l - t i m e data f o r Pn 
i n the I r i s h Sea y i e l d a s o l u t i o n v e l o c i t y of 8.28 km/s ( F i g . 
4.20) . S t a t i o n 49 i s constrained t o 2.9 s. This value i s 
taken from the r e s u l t s of Swinburn (1975). The s o l u t i o n 
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F i g u r e ( 4 . 1 9 ) A n o l y s i s o f v a r i a n c e o f t h e P n t i m e - t e r m a n a l y s i s 
f o r N o r t h e r n E n g l o n d . T h e b o u n d s g i v e t h e 9 5 % 
c o n f i d e n c e l i m i t s o n t h e s o l u t i o n v e l o c i t y S e e t e x t 
f o r d e t o i I s . 
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v e l o c i t i e s vary from 8.21 t o 8.28 km/s depending on which 
s t a t i o n s 42 t o 52 are used t o constrain the data ( F i g . 4.20 
and Table 4.2). However, i n c l u d i n g the Pn t r a v e l - t i m e 
observations at the I r i s h s t a t i o n L15 y i e l d s a w e l l 
constrained v e l o c i t y of 8.19 km/s (Fig. 4.21). The s o l u t i o n 
i s s t a b i l i z e d due t o the reversal of the I r i s h Sea shots 
a f f o r d e d by the use of s t a t i o n L15. The 95% confidence l i m i t s 
of 8.12 and 8.29 km/s are obtained f o r t h i s v e l o c i t y from an 
an a l y s i s of variance ( F i g . 4.22) and the Berry and West method 
y i e l d s 95% confidence l i m i t s of +/- 0.02 km/s. 

In c l u d i n g s t a t i o n L15 i n I r e l a n d and the North Sea shots a 
v e l o c i t y of 8.27 km/s i s obtained ( F i g . 4.23). The analysis 
of variance of t h i s s o l u t i o n y i e l d s a 95% confidence range 
from 8.16 t o 8.39 km/s (F i g . 4.24). This v e l o c i t y i s obtained 
w i t h reversed coverage under the I r i s h Sea and Northern 
England. The three 95% confidence l i m i t s obtained so far f o r 
the Pn r e f r a c t o r v e l o c i t i e s 8.19 km/s, 8.27 km/s and 8.32 km/s 
are, 8.12 t o 8.29 km/s, 8.16 to 8.39 km/s and 8.19 to 8.49 
km/s r e s p e c t i v e l y . These v e l o c i t y d i f f e r e n c e s are not 
s i g n i f i c a n t w i t h i n the estimated e r r o r s and i t can be 
concluded t h a t the Moho v e l o c i t y under Northern England and 
the I r i s h Sea i s greater than 8.12 km/s but less than 8.49 
km/s. A l l three 95% confidence l i m i t s overlap i n the v e l o c i t y 
range 8.19 t o 8.29 km/s. No rigorous s t a t i s t i c a l t e s t can 
e a s i l y be applied to t h i s range t o check i t s sig n i f i c a n c e . 
However i t can be concluded t h a t the best estimate possible of 
the Moho v e l o c i t y under Northern England and I r i s h Sea regions 
t o use i n the i n i t i a l s y n t h e t i c seismogram model should be 
chosen from w i t h i n the v e l o c i t y range 8.19 to 8.29 km/s. 
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F i g u r e ( 4 . 2 1 ) P n t i m e - t e r m r e s u l t s f o r t h e I r i s h S e c u s i n g o n l y 
t h e I r i s h S e a s h o t s a n d t h e I r i s h s t a t i o n L 1 5 . 
T h e r e f e r e n c e n u m b e r c o r r e s p o n d s t o t h e n u m b e r s 
g i v e n i n T a b l e 4 . 2 . 
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F i g u r e ( 4 . 2 2 ) A n a l y s i s o f v a r i a n c e o f t h e P n t i m e - t e r m a n a l y s i s 
f o r t h e I r i s h S e o . T h e b o u n d s g i v e t h e 95% 
c o n f i d e n c e l i m i t s o n t h e s o l u t i o n v e l o c i t y . S e e t e x t 
f o r d e t o i I s . 
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r i g u r e ( 4 . 2 3 ) P n t i m e - t e r m r e s u l t s a l l P n t r a v e l - t i m e s o b s e r v e d f r o m 
t h e I r i s h a n d N o r t h S e o s h o t s a n d o t t h e I r i s h s t a t i o n 
L 1 5 . T h e r e f e r e n c e n u m b e r c o r r e s p o n d s t o t h e n u m b e r s 
g i v e n i n T a b I e 4 . 2 . 
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4.4.3 Time-term Analysis f o r the North Sea 

Fig. 4.25 i l l u s t r a t e s the time-term analysis using the 
North Sea Pn t r a v e l - t i m e s . S t a t i o n 49 i s constrained to a 
value of 2.9 s. The l e a s t squares v e l o c i t y i s 8.02 km/s. The 
an a l y s i s of variance of the s o l u t i o n y i e l d s very wide 95% 
confidence l i m i t s from 6.34 km/s to an undetermined upper 
l i m i t greater than 10.0 km/s ( F i g . 4.26) and the Berry and 
West method gives 95% confidence l i m i t s of 0.15 km/s. This 
s o l u t i o n f o r the North Sea i s not w e l l constrained. However, 
t h i s r e s u l t does agree w i t h the 8.09 km/s found by Swinburn 
(1975). The time-terms and depths are also consistent w i t h 
the r e s u l t s from the NERL experiment (Swinburn 1975, Bott et 
a l 1985) and the s t r u c t u r e of the base of the lower crust 
deduced from the PmP wide-angle r e f l e c t i o n r e s u l t s (Fig. 
4.16b, Section 4.5). 

An attempt was made to c o n t r o l the r e s u l t s f o r the North 
Sea by i n c l u d i n g the LOWNET array s t a t i o n EBL i n the analysis 
as t h i s i s o f f s e t from the shot l i n e and should improve the 
v e l o c i t y estimates. The t r a v e l - t i m e picks of the f i r s t 
a r r i v a l s at distances greater than 130 km observed at EBL 
appear not t o be compatible w i t h the t r a v e l - t i m e s from the 
Caledonian Suture Seismic Project s t a t i o n s . These f i r s t 
a r r i v a l s have much l a r g e r amplitudes than Pn at the Caledonian 
Suture Seismic Project s t a t i o n s and the p l o t t e d a r r i v a l s have 
an apparent v e l o c i t y of about 7.0 km/s. The picked phase at 
EBL thus appears not t o be Pn, and these a r r i v a l s cannot be 
used t o o b t a i n a b e t t e r estimate of the v e l o c i t y of Pn beneath 
the North Sea. 
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F i g u r e ( 4 . 2 4 ) A n a l y s i s o f v a r i a n c e o f t h e P n t i m e - t e r m o n a l y s i s 
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The s o l u t i o n i s found t o be s e n s i t i v e t o the c o n s t r a i n t 

used on s t a t i o n 49. The e s t i m a t e d v e l o c i t y i n c r e a s e s t o 8.4 

km/s i f t h e c o n s t r a i n t on s t a t i o n 49 i s i n c r e a s e d from 2.9 s 

t o 3.04 s. The e f f e c t of changing t h e c o n s t r a i n t s t a t i o n from 

49 t o t h e s t a t i o n s 42 t o 52 does not a f f e c t t h e t i m e - t e r m 

s o l u t i o n s . 

The t i m e - t e r m s c o r r e c t e d f o r t he shallow s t r u c t u r e i n F i g . 

4.25 e x h i b i t a break i n slope at about s t a t i o n 34 (which l i e s 

201 km from M25B) and decrease from 2.3 s t o 3.0 from west t o 

east from s t a t i o n 1 t o shot N29. P o s s i b l e causes c o u l d be 

e i t h e r a h i g h e r Moho v e l o c i t y west of s t a t i o n 34 or a westward 

r i s e i n a Moho w i t h a constant v e l o c i t y of 8.0 km/s. A 

v e l o c i t y between 8.19 t o 8.49 km/s i s e s t i m a t e d underneath 

N o r t h e r n England from t h e a n a l y s i s i n s e c t i o n 4.4.1 and so a 

l a t e r a l change i n t h e Moho v e l o c i t y between t he North Sea 

r e g i o n and N o r t h e r n England appears t o be t h e best 

e x p l a n a t i o n . F i g . 4.27 i l l u s t r a t e s t h a t u s i n g h i g h e r 

v e l o c i t i e s f l a t t e n s t h e time-terms under t he s t a t i o n s and 

causes t h e ti m e - t e r m s under t he No r t h Sea shots t o i n c r e a s e 

w i t h i n c r e a s i n g d i s t a n c e . For example, f o r a v e l o c i t y of 8.3 

km/s t h e ti m e - t e r m s under t he s t a t i o n s are constant a t about 

2.8 t o 2.9 s w h i l s t t h e time-terms f o r t h e shots i n c r e a s e 

eastwards from 2.8 s a t Nl t o about 3.6 s a t N29. I t i s 

concluded t h a t t h e v e l o c i t y o f 8.02 km/s i s t h e best e s t i m a t e 

of t h e Moho v e l o c i t y under t he North Sea g i v e n t he i n s t a b i l i t y 

o f t h e s o l u t i o n s o b t a i n e d when s t a t i o n s 1 t o 34 are o m i t t e d 

(as i n r u n 10) but t h a t t h i s r e s u l t i s p r e l i m i n a r y . The depth 

t o t h e Moho under t h e No r t h Sea i s f u r t h e r c o n s t r a i n e d u s i n g 

g r a v i t y d a t a i n chapter 5 b e f o r e proceeding t o s y n t h e t i c 
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seismogram m o d e l l i n g . 

4.4.4 D i s c u s s i o n o f t h e Time-term A n a l y s i s of Pn 

The Pn v e l o c i t y i s c a l c u l a t e d t o be 8.02 (6.34-10.0) km/s 

under t h e N o r t h Sea, 8.19 (8.12 - 8.29) km/s under t h e I r i s h 

Sea and 8.32 (8.19 - 8.49) km/s under N o r t h e r n England. The 

I r i s h Sea and N o r t h e r n England v e l o c i t i e s do not d i f f e r 

s i g n i f i c a n t l y and b o t h are e s t i m a t e d t o exceed 8.12 km/s. No 

r e l i a n c e can be p l a c e d on t h e e s t i m a t e of the North Sea Pn 

v e l o c i t y from t h e t i m e - t e r m a n a l y s i s alone. 

F i g . 4.28 and F i g . 4.29 i l l u s t r a t e t h e r e s u l t s of us i n g 

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

t i m e - t e r m programme ( r u n s 23 t o 25 i n Table 4.2). Th i s 

a n a l y s i s was performed t o check t h a t t h e s o l u t i o n v e l o c i t i e s 

are not due t o s p u r i o u s e f f e c t s of t h e sh a l l o w sediment 

d e l a y s . - The l e a s t squares v e l o c i t y i n the N o r t h Sea in c r e a s e s 

s l i g h t l y t o 8.09 km/s. For the I r i s h Sea t h e s o l u t i o n s were 

found t o l i e between 8.18 t o 8.35 km/s. The r e s i d u a l s are 

p l o t t e d a g a i n s t t h e s i t e p o s i t i o n s i n F i g . 4.30. The s c a t t e r 

i s l a r g e and t h e r e appears t o be no c o r r e l a t i o n of t h e 

r e s i d u a l s w i t h t h e p o s i t i o n of the s i t e s . I t i s concluded 

t h a t t h e s o l u t i o n v e l o c i t i e s o b t a i n e d are not due t o any 

s p u r i o u s e f f e c t s of t h e shal l o w sediment cover. 

The f e a t u r e s observed on the t r a v e l - t i m e m a t r i c e s t o g e t h e r 

w i t h t h e Pn a n a l y s i s may suggest t h a t t h e v e l o c i t y j u s t below 

t h e Moho i n c r e a s e s from about s t a t i o n 34 westward from 8.0 

km/s t o between 8.12 t o 8.49 km/s. The Moho depths deduced 
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u s i n g t h e s e v e l o c i t i e s are checked i n S e c t i o n 5.1 by comparing 

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

observed g r a v i t y anomaly along t h e CSSP l i n e . 

4.5 COMPARISON OF THE PMP AND PN RESULTS 

The q u a l i t a t i v e i n t e r p r e t a t i o n s made from t h e t r a v e l - t i m e 

m a t r i c e s t o g e t h e r w i t h t h e PmP and Pn r e s u l t s i n d i c a t e t h a t 

t h e PmP and Pn phases are r e t u r n e d from d i f f e r e n t depths under 

t h e I r i s h Sea i n c o n t r a s t t o t h e r e s u l t s east of about s t a t i o n 

34 where t h e c a l c u l a t e d PmP and Pn depths are approximately 

t h e same. The s e p a r a t i o n of t h e two phases westwards beneath 

t h e I r i s h Sea can be e x p l a i n e d by e i t h e r an extended g r a d i e n t 

zone or by a h i g h e r v e l o c i t y l a y e r between t h e PmP i n t e r f a c e 

and t h e Pn r e f r a c t o r . F i g . 4.31 summarises t h e r e s u l t s from 

t h e a n a l y s i s of t h e t r a v e l - t i m e s of PcP, PmP and Pn. The 

v e l o c i t y and depths under the N o r t h Sea c a l c u l a t e d from Pn are 

not w e l l c o n s t r a i n e d but are c o n s i s t e n t w i t h p r e v i o u s work i n 

th e r e g i o n and w i t h t h e PmP r e s u l t s . The t i m e - t e r m s o l u t i o n s 

i n t h e I r i s h Sea are w e l l c o n s t r a i n e d . 
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CHAPTER FIVE 

INTERPRETATION AND MODELLING OF THE DEEP STRUCTURE 

The p r e l i m i n a r y model deduced from the f o r w a r d 

i n t e p r e t a t i o n methods p r e s e n t e d i n the p r e v i o u s chapter i s 

used as a s t a r t i n g p o i n t f o r t h e g r a v i t y and s y n t h e t i c 

seismogram m o d e l l i n g p r e s e n t e d i n t h i s c hapter. The model i s 

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

Suture Seismic P r o j e c t l i n e . P r e l i m i n a r y 1-D and 2-D 

s y n t h e t i c seismogram m o d e l l i n g i s then used t o r e f i n e t h e 

model and t o check t h a t , t o t h e degree of accuracy p o s s i b l e , 

t h e model produces s y n t h e t i c seismograms t h a t compare w e l l t o 

th e observed s e c t i o n s . D i s c r e p a n c i e s t h a t s t i l l e x i s t are 

h i g h l i g h t e d and a t t e m p t s are made t o r e s o l v e any d i f f i c u l t i e s . 

Comparisons w i t h t h e BIRPS WINCH p r o f i l e s i n th e area are made 

t o check t h e c o n s i s t e n c y o f t h e model w i t h t h e WINCH s e c t i o n s . 

F i n a l l y comparisons w i t h p r e v i o u s 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 

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

r e s u l t s are disc u s s e d . 

A number of terms need t o be d e f i n e d . 

1. The v e l o c i t y g r a d i e n t a t about 15.5 km i d e n t i f i e d from the 

PcP a r r i v a l s i s r e f e r r e d t o as th e m i d - c r u s t a l boundary. 

2. The l a y e r between t h e basement r e f r a c t o r i d e n t i f i e d by 

Green (1984) and B o t t e t a l (1985) and th e m i d - c r u s t a l 

boundary i s r e f e r r e d t o as t h e upper c r u s t . 

3. The depths c a l c u l a t e d from t h e PmP a r r i v a l s r e p r e s e n t 

e i t h e r an abrupt or g r a d a t i o n a l i n c r e a s e i n v e l o c i t y . I f 

no i n t e r p r e t a t i o n o f t h e v e l o c i t y s t r u c t u r e i s i m p l i e d the 
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PmP depths are r e f e r r e d t o as t h e PmP boundary. I f t h e 

PmP boundary i s i n t e r p r e t e d as an abrupt i n c r e a s e i n 

v e l o c i t y i t i s r e f e r r e d t o as t h e PmP i n t e r f a c e . I f i t i s 

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

r e f e r r e d t o as t h e PmP g r a d i e n t zone. 

4. The l a y e r between t h e m i d - c r u s t a l boundary and the PmP 

boundary i s r e f e r r e d t o as t h e lower c r u s t . 

5. The depths c a l c u l a t e d from t h e Pn t i m e - t e r m a n a l y s i s are 

r e f e r r e d t o as t h e Pn boundary. 

6. I f no i n t e r p r e t a t i o n of t h e i n t e r n a l v e l o c i t y s t r u c t u r e of 

t h e l a y e r between t h e PmP and Pn boundaries i s i m p l i e d i t 

i s r e f e r r e d t o as t h e t r a n s i t i o n a l Moho. I f a g r a d a t i o n a l 

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

t r a n s i t i o n a l Moho i s r e f e r r e d t o as a g r a d a t i o n a l Moho. 

The t o p s u r f a c e of such a g r a d a t i o n a l Moho i s d e f i n e d by a 

PmP g r a d i e n t zone. A l t e r n a t i v e l y , i f on l y a g e n t l e 

g r a d i e n t i s i n t e r p r e t e d between t he PmP and Pn boundaries 

t h e t r a n s i t i o n a l Moho i s r e f e r r e d t o as a Moho l a y e r . The 

t o p s u r f a c e of t h e Moho l a y e r can be d e f i n e d e i t h e r by a 

PmP i n t e r f a c e or by a PmP g r a d i e n t zone. 

5.1 GRAVITY MODELLING 

I t i s i m p o r t a n t t o c o n s i d e r t h e Bouguer anomaly along t he 

Caledonian Suture Seismic P r o j e c t p r o f i l e p r i o r t o d e t a i l e d 

s e i s m i c m o d e l l i n g because o f t h e c o n t r o l i t g i v e s on t h e 

depths t o t h e Moho beneath t h e N o r t h Sea. These depths, found 

from t h e t i m e term analyses of Pn presented i n Se c t i o n 4.4.3, 

were not w e l l c o n s t r a i n e d . They are c o n s t r a i n e d by the 

Bouguer g r a v i t y anomaly. 
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The Bouguer g r a v i t y anomaly along t h e complete Caledonian 

Suture Seismic P r o j e c t l i n e decreases from 25 mgal a t t h e 

Shannon Estuary t o 5 mgal over c e n t r a l and e a s t e r n I r e l a n d . 

I t i n c r e a s e s eastward across t h e I r i s h Sea t o a peak of 35 

mgal d e c r e a s i n g a g a i n east of the C a r l i s l e Basin t o remain 

r e l a t i v e l y c o n s t a n t a t about zero mgal north-eastwards onto 

t h e N o r t h Sea ( F i g s . 5.1 and 5.2). The l i n e runs along t h e 

n o r t h e r n edges o f t h e Peel Basin and Northumberland Trough and 

along t h e c e n t r a l l i n e of t h e Solway and C a r l i s l e Basins. The 

programme GRAV2D was used t o model t h e g r a v i t y . The f i t 

between t h e observed and c a l c u l a t e d g r a v i t y values should not 

be expected t o be b e t t e r than about 5 mgal because of the 

t h r e e d i m e n s i o n a l e f f e c t s of the o f f l i n e s t r u c t u r e s not 

modelled by GRAV2D. 

The d e n s i t i e s used are tak e n from B l u n d e l l e t a l (1985) and 

Green (1984) and are t a b u l a t e d i n Table 5.1. The upper c r u s t 

was i n t e r p r e t e d by Green (1984) t o be Precambrian c r y s t a l l i n e 

metamorphic basement which has a d e n s i t y of 2.74 g/cm 

a c c o r d i n g t o B l u n d e l l e t a l (1985). The basement i s probably 

more b a s i c a t depth and so the d e n s i t y would be expected t o 

i n c r e a s e s l i g h t l y i n t h e upper c r u s t t o about 2.80 g/ciif. I t 

was found t h a t u s i n g 2.80 g-'cm'̂ as opposed t o 2.74 g/cm^did not 

have a s i g n i f i c a n t e f f e c t on t h e f i t of t h e models. The lower 

c r u s t has an average v e l o c i t y of 6.75 - 6.77 km/s which l i e s 

w i t h i n t h e range o f lower c r u s t a l v e l o c i t i e s g i v e n by B l u n d e l l 

e t a l (1985) of 6.45 km/s f o r pyroxene g r a n u l i t e gneiss and 

7.00 km/s f o r g a r n e t g r a n u l i t e gneiss (Table 5.1). By l i n e a r 

i n t e r p o l a t i o n between these v e l o c i t i e s t h e lower c r u s t i s 

assigned a d e n s i t y o f 3.04 g/cm"̂  which l i e s between t he 
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F i g u r e ( 5 . l ) ( b ) Bouguer anomaly c o n t o u r map a c r o s s I r e l a n d 
( t a k e n f r o m J a cob £j aj_ 1985) 
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F i q u r e ( 5 . 2 ) Bouguer g r a v i t y anomaly a l o n g t h e c o m p l e t e CSSP l i n e 
f r o m t h e Shannon E s t u a r y t o t h e N o r t h Sea. 



T A B L E 5.1 

PARAMETERS USED I N GRAVITY MODELLING 

Ma t e r i a 1 Ve 1 oc i t y 
(km/s ) 

De n s i t y 
( g/brf) 

P e r m o - t r i a s s e d i m e n t s 3.2 2 . 35 
C a r b o n i f e r o u s s e d i m e n t s 4.5 2.60 
L o w e r P a l e o z o i c s e d i m e n t s 5.5-5.7 2 .73 
U p p e r c r u s t ( f e l s p . t o 6. 15-6.17 2.74-2.80 
i n t e rm. g n e i s s ) 

2.58 N o r t h S e a g r a n i t e 5 . 8 2.58 
C a r l i s l e b a s i c i n t r u s i o n 6 . 15 2.89 
L o w e r c r u s t 6.75-6.77 3 . 04 
Moho L a y e r 7.0-8.0 3 . 24 
Uppe r M a n t 1 e >8 . 0 3 . 34 

F r o m B l u n d e l l ejt a l . ( 1985 ) 

M o i n e m e t a m o r p h i c s and 
L e w i s i a n a m p h i b o l i t e f a c i e s 
q u a t z o - f e 1 s p a t h i c g n e i s s 
P y r o x e n e g r a n u l i t e g n e i s s 
G a r n e t g r a n u l i t e g n e i s s 
Moho L a y e r 
Uppe r M a n t 1 e 

6 . 15 
6.45 
7 . 00 
7.50 
8.10 

2 .74 
2.86 
3.10 
3 . 20 
3 . 30 



d e n s i t i e s o f 2.86 g/cm^ and 3.10 g/ciri^ quoted by B l u n d e l l e t a l 

(1985) f o r these two roc k types (Table 5.1). The upper mantle 

i s a s s i g n e d a d e n s i t y of 3.34 g/cm^ The d e n s i t i e s used i n the 

g r a v i t y m o d e l l i n g are p l o t t e d a g a i n s t P-wave seismic v e l o c i t y 

i n F i g . 5.3. The p o i n t s a l l l i e w i t h i n t h e s c a t t e r of the 

Nafe-Drake curve. L a t e r a l d e n s i t y changes w i t h i n t h e c r u s t a l 

and upper mantle l a y e r s are i g n o r e d . 

The s h a l l o w seismic s t r u c t u r e g i v e n by B o t t e t a l (1985) 

beneath t h e Caledonian Suture Seismic P r o j e c t was i n c o r p o r a t e d 

i n t o t h e g r a v i t y model. No a l t e r a t i o n was made t o the depths 

and shapes of t h e i n t e r f a c e s except under t he I r i s h Sea where 

t h e Solway and C a r l i s l e Basins were separated i n t o two 

d i s t i n c t bodies. The d e n s i t i e s used f o r t h e Permo-Trias, 

C a r b o n i f e r o u s and Lower Palaeozoic sediments were taken from 

t h e model of t h e Solway Basin presented by Green (1984). 

These d e n s i t i e s are g i v e n i n Table 5.1. The deeper s t r u c t u r e 

was t a k e n from t h e r e s u l t s presented i n t h e p r e v i o u s chapter 

i l l u s t r a t e d i n F i g . 4.31. The seismic model d i d not extend 

west o f t h e p o s i t i o n 50 km from M25B and east of the p o s i t i o n 

350 km from M25B. The i n t e r f a c e s beneath these areas were 

i n f e r r e d from t h e a d j a c e n t seismic boundaries and a d j u s t e d 

s l i g h t l y t o produce a c l o s e f i t t o t h e observed g r a v i t y 

anomaly. 

F i g . 5.4a i l l u s t r a t e s t h a t t h e complete model adequately 

f i t s t h e observed g r a v i t y anomaly t o w i t h i n 5 mgal except i n 

t h e r e g i o n o f t h e C a r l i s l e Basin. The major v a r i a t i o n s i n the 

g r a v i t y anomaly are due t o t h e sedimentary b a s i n s . However, 

t h e g e n e r a l i n c r e a s e i n t h e g r a v i t y anomaly from about s t a t i o n 
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34 westwards a c r o s s t h e I r i s h Sea i s e x p l a i n e d by the 

s h a l l o w i n g of t h e PmP boundary. The e a s t e r n r i s e i n the 

m i d - c r u s t a l boundary a t 260 km from M25B f i t s the r i s e i n the 

g r a v i t y from 250 t o 300 km from M25B. A Moho s h a l l o w i n g 

e a s t w a r d s from 30 km t o 29 km beneath s h o t s Nl to N29 b e s t 

f i t s t h e g r a v i t y anomaly over t h e North Sea. A number of 

p o i n t s can be made: 

1. A f t e r a l l o w i n g f o r the e f f e c t s of the sediments a r e s i d u a l 

p o s i t i v e g r a v i t y anomaly remains over the C a r l i s l e B a s i n . 

L a v i n g ( 1 9 7 1 ) has i n t e r p r e t e d t h e c i r c u l a r magnetic 

anomaly i n t h i s a r e a as a dome-shaped b a s i c i n t r u s i o n 

u n d e r n e a t h t h e C a r l i s l e B a s i n ( F i g . 5 . 5 ) . The C a l e d o n i a n 

S u t u r e S e i s m i c P r o j e c t l i n e does not c r o s s the c e n t r e of 

t h i s m agnetic anomaly and so t h e dome-shaped i n t r u s i o n 

proposed by L a v i n g i s i n c o r p o r a t e d i n t o the s e i s m i c model 

a l l o w i n g f o r t h i s o f f s e t . The g r a v i t y due to the 

i n t r u s i o n was c a l c u l a t e d u s i n g the programme GRAVEND 

( P r o f . B o t t p e r s . comm.) which c a l c u l a t e s the 3-D e f f e c t 

of a g i v e n body u s i n g e n d - c o r r e c t i o n s . F i g . 5.4b shows 

t h a t t h e f i t between the observed and c a l c u l a t e d g r a v i t y 

i s improved by the i n c o r p o r a t i o n of t h e C a r l i s l e i n t r u s i o n 

i n t o t h e model. 

2. The g r a n i t e i n t e r p r e t e d by Donate e t a l (1983) i n the 

v i c i n i t y of s h o t s N20 t o N25 i s i n c o r p o r a t e d i n t o the 

model a s a 3-D body o f f s e t from the s e i s m i c l i n e and i s 

a s s i g n e d a d e n s i t y c o n t r a s t of -0.16 g/cm"̂  w i t h the 

s u r r o u n d i n g metamorphic basement. The assumed g r a n i t e 

d e n s i t y i s s l i g h t l y lower than t h a t of Donate e t a l (1983) 

but i s w i t h i n t h e l i m i t s of p r e c i s i o n of t h e m o d e l l i n g . 

3. T h e r e i s no e v i d e n c e from t h e g r a v i t y t o support the 
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C S S P f i n e 
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t e n t a t i v e i n t e r p r e t a t i o n made from t h e t r a v e l - t i m e 

m a t r i c e s f o r Pn and PmP f o r the I r i s h Sea s h o t s of a 

r e g i o n of lower v e l o c i t y , and t h e r e f o r e of lower d e n s i t y , 

between the m i d - c r u s t a l and PmP bou n d a r i e s , or a t 

s h a l l o w e r depths ( S e c t i o n s 4.2.3 and 4.2 . 5 ) . The r e l e v a n t 

a r r i v a l s f o r s h o t s MIO t o M14 were d i f f i c u l t to p i c k due 

to t h e i r lower a m p l i t u d e s p o s s i b l y caused by s p u r i o u s 

i n t e r f e r e n c e and d e f o c u s s i n g e f f e c t s due to the westwards 

s h a l l o w i n g of t h e sediments i n t h e Solway B a s i n . 

4. F i g . 5.6 shows the v a r i a t i o n s u s i n g a s e i s m i c model 

o b t a i n e d from o n l y the wide-angle r e f l e c t i o n s and F i g . 5.7 

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

model i n which the Moho i s d e f i n e d a s the 7.9 km/s 

i s o - v e l o c i t y l i n e . A c l o s e f i t i s o b t a i n e d to w i t h i n 5 

mgal f o r both models. The i n c r e a s e i n the g r a v i t y under 

t h e I r i s h Sea can be modelled by a sh a r p Moho ( F i g . 5.6 

and 5.7) but a g r a d i e n t zone can a l s o f i t t h e d a t a ( F i g . 

5 .4b). The d e n s i t i e s of 3.04 g/cm, 3.24 g/cm"^and 3.34 

g/cm were used f o r the lower c r u s t , t h e t r a n s i t i o n a l Moho 

and t h e upper mantle r e s p e c t i v e l y . The 35 mgal g r a v i t y 

h i g h observed over the I r i s h Sea i s e x p l a i n e d by the 

combined g r a v i t y e f f e c t of the top and bottom of the 

t r a n s i t i o n a l Moho. The g r e a t e r d e n s i t y c o n t r a s t i s a c r o s s 

t h e top of the t r a n s i t i o n a l Moho as d e f i n e d by t h e PmP 

boundary r a t h e r t h a n a c r o s s i t s base as d e f i n e d by t h e Pn 

boundary. 

5. T h e r e i s no PmP coverage e a s t of common mid-point p o s i t i o n 

300 km and the Pn r e s u l t s a r e not w e l l c o n s t r a i n e d under 

t h e North Sea ( S e c t i o n 4 . 4 . 3 ) . I n t h e time-term a n a l y s i s 

p r e s e n t e d i n S e c t i o n 4.4.3 a Moho a t a c o n s t a n t depth of 
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about 30 km i s o b t a i n e d i f the sub-Moho v e l o c i t y i s 

c o n s t r a i n e d t o 8.02 km/s. I f a c o n s t r a i n t v e l o c i t y 

g r e a t e r t h a n 8.12 km/s i s used the time-terms and depths 

to t h e Moho a r e observ e d to deepen by a t l e a s t 6 km 

n o r t h e a s t w a r d s from s h o t s Nl to N29. A Moho t h a t deepens 

by over 6 km beneath s h o t s Nl to N29 i s e s t i m a t e d t o y i e l d 

a r e g i o n a l g r a v i t y anomaly t h a t i s a t l e a s t 10 mgal l e s s 

t h a n t h e ob s e r v e d anomaly over t h e North Sea. However, a 

Moho a t an almost c o n s t a n t depth of 30 km s h a l l o w i n g 

s l i g h t l y t o a depth of 29 km under shot N29 y i e l d s a 

r e g i o n a l g r a v i t y anomaly t h a t i s w i t h i n a few m i l l i g a l s of 

the o b s e r v e d anomaly. T h i s means t h a t the v e l o c i t y of 

8.02 (6.34 - >10.0) km/s c a l c u l a t e d from the time-term 

a n a l y s i s of Pn f o r t h e North Sea s h o t s , d e s p i t e the poor 

c o n f i d e n c e l i m i t s , does g i v e n e a r l y c o n s t a n t time-terms 

under t h e North Sea which f i t the g r a v i t y . The sub-Moho 

v e l o c i t y beneath t h e North Sea i s t h e r e f o r e p r o b a b l y about 

8.0 km/s. Higher sub-Moho v e l o c i t i e s of 8.19 (8.12 -

8.29) km/s and 8.32 (8.19 - 8.49) km/s were found beneath 

th e I r i s h Sea and No r t h e r n England r e s p e c t i v e l y ( S e c t i o n s 

4.4.1 and 4 . 4 . 2 ) . 

From t h e combined r e s u l t s of t h e Pn time-term a n a l y s e s 

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

th e sub-Moho v e l o c i t y under the North Sea i s s i g n i f i c a n t l y 

lower t h a n t h e Moho v e l o c i t y observed under the I r i s h Sea 

and N o r t h e r n England. T h i s l a t e r a l change i n t he sub-Moho 

v e l o c i t y a p p e a r s t o o c c u r i n the v i c i n i t y of s t a t i o n 34. 
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5.2 SYNTHETIC SEISMOGRAM MODELLING 

5.2.1 Main Amplitude V a r i a t i o n s 

The low f r e q u e n c y PcP and PmP phases a r e most c o n s p i c u o u s l y 

d e v e l o p e d f o r t h e s h o t s i n deeper water i n the North and I r i s h 

S e a s which have s i g n i f i c a n t energy i n t he 3 to 5 Hz band. 

Gre e n ( 1 9 8 4 ) showed t h a t t h i s may be due t o s c a t t e r i n g of 

energy w i t h f r e q u e n c i e s g r e a t e r than 5 Hz by i n h o m o g e n e i t i e s 

w i t h d i m e n s i o n s v a r y i n g from a few t e n s of metres up t o 200 

metres. Recent work on s c a t t e r i n g ( M a l i n and Phinney 1985) 

ha s shown t h a t random media c a n produce s e n s i t i v e a m p l i t u d e 

dependence w i t h f r e q u e n c y f o r a r r i v a l s observed on r e f r a c t i o n 

seismograms. A n e l a s t i c l o s s e s a t t e n u a t e the h i g h e r 

f r e q u e n c i e s w i t h i n c r e a s i n g range but cannot produce the 

ab r u p t l a t e r a l changes i n t he observed a m p l i t u d e s . However, a 

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

s o u r c e . The s h o t s which have s i g n i f i c a n t energy w i t h 

f r e q u e n c i e s l e s s t h a n 5 Hz a r e p r e c i s e l y t h o s e f o r which t h e 

bubble p u l s e f r e q u e n c y i s g r e a t e r t h a n the r e v e r b e r a t i o n 

f r e q u e n c y ( T a b l e 2 . 1 ) . 

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

bubble p u l s e and r e v e r b e r a t i o n f r e q u e n c i e s . The r e v e r b e r a t i o n 

f r e q u e n c y i s produced by t he c o n s t r u c t i v e i n t e r f e r e n c e of 

m u l t i p l e s between t h e s e a s u r f a c e and the s e a bed w i t h i n t h e 

wa t e r column. The e q u a t i o n s of Burkhardt and Rees (1975) g i v e 

t h e f r e q u e n c y of t h e s e r e v e r b e r a t i o n s which produce t h e 

dominant f r e q u e n c y of t he s o u r c e energy. The e x p a n s i o n and 

c o n t r a c t i o n of t h e gas bubble produced by the e x p l o s i o n 
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g e n e r a t e s t h e bubble p u l s e o s c i l l a t i o n s . Each e x p a n s i o n and 

c o n t r a c t i o n of t h e gas bubble produces a w a v e l e t which has a 

dominant f r e q u e n c y e q u a l t o t h e r e v e r b e r a t i o n f r e q u e n c y w i t h 

t h e p o l a r i t y r e v e r s i n g f o r each s u c c e s s i v e w a v e l e t . The 

bubble p u l s e f r e q u e n c y g i v e s t h e r e p e a t p e r i o d of t h e onset of 

ea c h d i s c r e t e bubble p u l s e . 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 

t h e water column r e v e r b e r a t i o n and bubble p u l s e o s c i l l a t i o n s 

o c c u r s when t h e bubble p u l s e and r e v e r b e r a t i o n f r e q u e n c i e s a r e 

t h e same. These f r e q u e n c i e s a r e e q u a l a t the optimum depth 

w h i c h i s a p p r o x i m a t e l y 90 m f o r t h e C a l e d o n i a n S u t u r e S e i s m i c 

P r o j e c t s h o t s (Green 1984). T h i s resonance can produce v e r y 

l a r g e a m p l i t u d e s ( B u r k h a r d t and Rees 1975). I f t h e bubble 

p u l s e f r e q u e n c y i s j u s t l e s s than the r e v e r b e r a t i o n frequency 

no i n d i v i d u a l bubble p u l s e s a r e observed i n the r e c e i v e d 

s i g n a l . T h i s i s be c a u s e s u c c e s s i v e bubble p u l s e s combine a t 

t h e shot t o produce a s i n g l e extended w a v e l e t s u c h ' a s s h o t s 

M20 t o M25B i n the I r i s h Sea. I f the bubble p u l s e f r e q u e n c y 

i s l e s s t h a n t h e r e v e r b e r a t i o n f r e q u e n c y each bubble p u l s e i s 

o b s e r v e d as a s e p a r a t e a r r i v a l as i l l u s t r a t e d i n F i g . 2.13 f o r 

s h o t M17. 

Both c o n s t r u c t i v e i n t e r f e r e n c e a t s o u r c e or s c a t t e r i n g 

w i t h i n t h e c r u s t a r e p o s s i b l e e x p l a n a t i o n s of t h e observed 

a b r u p t a m p l i t u d e v a r i a t i o n s between t h e C a l e d o n i a n S u t u r e 

S e i s m i c P r o j e c t s h o t s . These e f f e c t s a r e r e f e r r e d t o as "shot 

e f f e c t s " . The p r o b a b l e a m p l i t u d e f e a t u r e s produced by t h e s e 

s h o t e f f e c t s a r e : 

1. t h e l a r g e PcP, PmP and Pn a m p l i t u d e s f o r s h o t s N6 to N14 

i n t h e North Sea. 

2. t h e l a r g e PmP a m p l i t u d e s f o r s h o t s M20 to M25B i n the 
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I r i s h Sea. 

Bec a u s e of t h e s e problems no attempt has made t o model the 

a m p l i t u d e s i n d e t a i l . The main amplitude f e a t u r e s observed on 

the r e f r a c t i o n s e c t i o n s c o r r e c t e d to common g a i n which a r e 

mode l l e d u s i n g t h e s y n t h e t i c packages a r e : 

1. The d i s a p p e a r a n c e of Pg beyond about shot N i l 

2. The prominent PmP a r r i v a l s o bserved i n the North Sea and 

the weaker PmP development i n t he I r i s h Sea. 

3. The l a r g e r Pn a m p l i t u d e s observed i n the I r i s h Sea than i n 

the North Sea. 

5.2.2 1-D S y n t h e t i c Seismogram Modelling 

Green (1984) and Bott e t a l (1985) have p r e s e n t e d 

p r e l i m i n a r y one d i m e n s i o n a l s t r u c t u r e s beneath the I r i s h and 

North S e a s . The t r a v e l - t i m e a n a l y s i s p r e s e n t e d i n Chapter 4 

has y i e l d e d a v e l o c i t y s t r u c t u r e beneath the North Sea t h a t 

does not d i f f e r s i g n i f i c a n t l y from the p u b l i s h e d model of 

which t h e w r i t e r i s a co- a u t h o r ( B o t t e t a l 1985). The 

i d e n t i f i c a t i o n of PcP a r r i v a l s from t h e I r i s h Sea s h o t s has 

y i e l d e d a m i d - c r u s t a l boundary a t 15.5 to 18.0 km beneath t h e 

I r i s h Sea which was not r e c o g n i s e d p r e v i o u s l y . The o r i g i n a l 

North Sea model i s b r i e f l y d e s c r i b e d t o i l l u s t r a t e t h a t i t 

prod u c e s s y n t h e t i c seismograms t h a t compare w e l l w i t h t h e 

ob s e r v e d s e c t i o n s . The o r i g i n a l I r i s h Sea model i s used to 

i l l u s t r a t e t h e e f f e c t s of a g r a d a t i o n a l Moho. The i n t e r n a l 

v e l o c i t y s t r u c t u r e of t h e t r a n s i t i o n a l Moho i s then 

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

o n e - d i m e n s i o n a l a p p r o x i m a t i o n t o t h e two d i m e n s i o n a l v e l o c i t y 
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model beneath t h e I r i s h Sea ( F i g . 4 . 3 1 ) . The i n p u t w a v e l e t 

u s e d i s a c o s i n e t a p e r e d second d e r i v a t i v e G a u s s i a n w a v e l e t 

w i t h a maximum s p e c t r a l a m p l i t u d e a t 4 Hz (Green 1984). 

The s e i s m i c s t r u c t u r e e a s t of s t a t i o n 34 i s a p p r o x i m a t e l y 

one d i m e n s i o n a l . F i g . 5.8 i l l u s t r a t e s a r a y - t r a c e d model f o r 

a 1-D a p p r o x i m a t i o n t o the s t r u c t u r e beneath the North Sea i n 

which 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 a r e d i s p l a y e d on the common 

s t a t i o n s e c t i o n f o r s t a t i o n 32 c o r r e c t e d to common g a i n . F i g . 

5.9 i s a 1-D s y n t h e t i c seismogram c a l c u l a t e d u s i n g t h e 

r e f l e c t i v i t y method f o r the same model. T h i s s y n t h e t i c 

seismogram i s t he same as t h a t p r e s e n t e d by Bott e t a l ( 1 9 8 5 ) . 

Prominent PmP wide a n g l e - r e f l e c t i o n s a r e o b t a i n e d on t h e 

s y n t h e t i c s e c t i o n a l t h o u g h t h e a m p l i t u d e s do not d i e away as 

a b r u p t l y a s on the observed s e c t i o n . T h i s observed r a p i d 

d e c a y i s a t t r i b u t e d to t h e shot e f f e c t s . The maximum 

a m p l i t u d e of t he PmP phase observed from t h e North Sea s h o t s 

l i e s g e n e r a l l y a t ranges of about 95 t o 105 km (Appendix A ) . 

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

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

t h e Moho. The a m p l i t u d e s of t h e PcP r e f l e c t i o n s a r e l a r g e r on 

th e s y n t h e t i c s e c t i o n t h a n on the observed seismogram. The 

main t r a v e l t i m e s and amp l i t u d e v a r i a t i o n s observed on t h i s 

s y n t h e t i c seismogram c a l c u l a t e d u s i n g a 1-D appr o x i m a t i o n t o 

t h e s t r u c t u r e under t h e North Sea a r e c o n s i s t e n t w i t h t h e 

bro a d f e a t u r e s of the a r r i v a l s o b s e r v e d a t most of t he 

C a l e d o n i a n S u t u r e S e i s m i c P r o j e c t s t a t i o n s e a s t of about 

s t a t i o n 23. 
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F i g . 5.10 i l l u s t r a t e s a 1-D model of the Moho under t h e 

I r i s h Sea. The m i d - c r u s t a l boundary i s omitted i n t h i s model. 

The c o r r e c t a verage c r u s t a l v e l o c i t y i s ob t a i n e d by a g e n t l e 

v e l o c i t y g r a d i e n t a c r o s s t h e whole c r u s t down to the top of a 

t r a n s i t i o n a l Moho. T h i s t r a n s i t i o n a l Moho i s d e f i n e d by a 

v e l o c i t y g r a d i e n t zone s e p e r a t i n g t h e PmP and Pn bo u n d a r i e s . 

The PmP w i d e - a n g l e r e f l e c t i o n s f o r o f f s e t s g r e a t e r than about 

105 km a r e r e t u r n e d from the top of t h i s g r a d a t i o n a l Moho 

( F i g . 5 . 1 0 ) . The PmP a r r i v a l s between 95 to 105 km near t h e 

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

Moho. I t i s c l e a r t h a t i n g e n e r a l PmP a r r i v a l s a r e r e t u r n e d 

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

Moho. Only a r r i v a l s near t o t h e c r i t i c a l d i s t a n c e p e n e t r a t e 

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

g r a d a t i o n a l Moho. T h i s i n d i c a t e s t h a t not much d e t a i l of the 

v e l o c i t y s t r u c t u r e w i t h i n a g r a d a t i o n a l Moho can be o b t a i n e d 

from a t r a v e l time a n a l y s i s . C o n s e q u e n t l y t h e v e l o c i t y 

s t r u c t u r e w i t h i n the t r a n s i t i o n a l Moho was i n v e s t i g a t e d by 

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

A s e l e c t i o n of common s t a t i o n s e c t i o n s f o r the I r i s h Sea 

s h o t s i s d i s p l a y e d i n F i g . 5.11. Only t h e common s t a t i o n 

s e c t i o n s f o r s t a t i o n s 1 t o 25 have t r a c e s a t ranges l e s s than 

80 km. PmP a r r i v a l s a r e observed on t h e s e s e c t i o n s a t ranges 

g r e a t e r t h a n 80 km. No unambiguous PmP a r r i v a l s can be 

ob s e r v e d on t h e s e c t i o n s a t ran g e s l e s s t h a n 80 km due to the 

sh o t e f f e c t s and t he poor d a t a q u a l i t y . The i n t e r n a l v e l o c i t y 

s t r u c t u r e w i t h i n a t r a n s i t i o n a l Moho can be d e f i n e d by e i t h e r 

a v e l o c i t y g r a d i e n t , a c o n s t a n t v e l o c i t y or more c o m p l i c a t e d 

s t r u c t u r e s i n v o l v i n g low v e l o c i t y l a y e r s . S y n t h e t i c 
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seismograms f o r f o u r d i f f e r e n t v e l o c i t y s t r u c t u r e s w i t h i n a 

t r a n s i t i o n a l Moho were produced u s i n g t h e r e f l e c t i v i t y method. 

F i g s . 5.12 t o 5.15 d i s p l a y t h e s e s y n t h e t i c seismograms and 

models. The v e l o c i t y depth model used i s a one d i m e n s i o n a l 

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

b e n e a t h t h e I r i s h Sea ( F i g . 4 . 3 1). The programme SYNSEI 

a l l o w s o n l y 45 v e l o c i t y v a l u e s and so the sub-Moho g r a d i e n t i s 

d e f i n e d o n l y down t o 40 km on a l l models. These s y n t h e t i c 

seismograms a r e not i n t e n d e d to f i t a p a r t i c u l a r observed 

common s t a t i o n s e c t i o n but a r e used t o d i s c u s s the e f f e c t s on 

the PmP and Pn a m p l i t u d e s of the v e l o c i t y s t r u c t u r e w i t h i n the 

t r a n s i t i o n a l Moho. A number of p o i n t s can be made on the 

n a t u r e of t h e t r a n s i t i o n a l Moho from an i n s p e c t i o n of t h e s e 

s y n t h e t i c s e c t i o n s : 

1. A l i n e a r v e l o c i t y g r a d i e n t y i e l d s ( F i g . 5.12) low 

am p l i t u d e PmP a r r i v a l s a t ranges l e s s than 90 km and l a r g e 

a m p l i t u d e s a t d i s t a n c e s g r e a t e r t h a n 100 km. A v e l o c i t y 

g r a d i e n t w i t h i n t h e t r a n s i t i o n a l Moho cannot produce the 

ob s e r v e d PmP a m p l i t u d e s a t ranges between 80 to 90 km. 

2. The PmP a m p l i t u d e s can be i n c r e a s e d a t near o f f s e t s by 

th e i n t r o d u c t i o n of t h i n low v e l o c i t y l a y e r s w i t h i n the 

v e l o c i t y g r a d i e n t between the PmP and Pn i n t e r f a c e s ( F i g . 

5.13 ) . On the s y n t h e t i c seismogram the near o f f s e t PmP 

a r r i v a l s have h i g h e r f r e q u e n c i e s t h a n t h e a r r i v a l s a t 

ra n g e s g r e a t e r t h a n about 100 km. I n the I r i s h Sea the 

shot e f f e c t s produce a s i m i l a r f r e q u e n c y v a r i a t i o n but 

r e l a t e d t o t h e water depth. The shot f r e q u e n c i e s d e c r e a s e 

from s h o t Ml t o M25B ( T a b l e 2 . 1 ) . F o r the m a i n l i n e 

C a l e d o n i a n S u t u r e S e i s m i c P r o j e c t s t a t i o n s t h e ranges a l s o 

i n c r e a s e from shot Ml t o M25B. T h i s means t h a t the shot 
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F i g u r e ( 5 . 1 2 o ) S y n t h e t i c 3ei3mogram computed u s i n g t h e r e f l e c t i v i t y method f o r 
a t r a n s i t i o n a l Moho c o n s i s t i n g o f o l i n e a r v e l o c i t y g r o d i e n t . 



U N F I L T E R E O T I M E ( S E C S I RED TO 6 . 0 K M / S E C TRACE AMPFAC 0 . 0 0 1 0 5 2 ? 

m 

F i g u r e ( 5 . 1 3 ) S y n t h e t i c s e i s mogram computed u s i n g t h e r e f l e c t i v i t y method f o r 
o t r a n s i t i o n a l Moho c o n s i s t i n g o f a l i n e a r v e l o c i t y g r a d i e n t 



e f f e c t produces an apparent decrease i n frequency w i t h 

range f o r r e c e i v i n g s t a t i o n s i n N o r t h e r n England. The 

frequ e n c y v a r i a t i o n s due t o t h e shot e f f e c t s may obscure 

any s i m i l a r e f f e c t s caused by p o s s i b l e t h i n low v e l o c i t y 

l a y e r s i n t h e t r a n s i t i o n a l Moho. Comparing F i g s . 5.12 and 

5.13, i t can be concluded t h a t t h e amplitudes of t h e Pn 

a r r i v a l s are reduced by the i n t r o d u c t i o n of t h i n low 

v e l o c i t y l a y e r s w i t h i n a g r a d a t i o n a l Moho. 

3. A l a y e r of sh a l l o w g r a d i e n t between t he PmP and Pn 

boundaries produces l a r g e a m p l i t u d e PmP a r r i v a l s at ranges 

down t o 80 km ( F i g . 5.14). The low amplitude Pn a r r i v a l s 

between 120 and 180 km i n the model r e p r e s e n t a shadow 

zone due t o the v e r y s m a l l g r a d i e n t between the PmP and Pn 

boundaries. Larger Pn amplit u d e s occur from 140 t o 180 

km. Such Pn am p l i t u d e v a r i a t i o n s would be expected t o 

occur a t these ranges on a l l observed s e c t i o n s . No such 

v a r i a t i o n s occur on the observed s e c t i o n s c o r r e c t e d t o 

common g a i n (Appendices A and B). However, amplitude 

v a r i a t i o n s due t o t h e shot e f f e c t s may obscure such s m a l l 

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

4. F i g . 5.15 i l l u s t r a t e s t h a t a t r a n s i t i o n a l Moho combining 

an a b r u p t v e l o c i t y i n c r e a s e a t t h e PmP i n t e r f a c e and a 

v e l o c i t y g r a d i e n t below i t can a l s o produce l a r g e PmP 

am p l i t u d e s a t ranges g r e a t e r t h a n 80 km. 

B r a i l e and Smith (1975) have concluded from s y n t h e t i c 

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

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

cannot be o b t a i n e d u s i n g t h e r e f r a c t i o n method. However, from 

t h e d i s c u s s i o n above i t has been shown t h a t a v e l o c i t y 

g r a d i e n t between t h e PmP and Pn i n t e r f a c e s cannot produce t he 
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F i g u r e ( 5 . 1 4 ) S y n t h e t i c seismogram computed u s i n g t h e r e f l e c t i v i t y method f o r 
a t r a n s i t i o n a l Moho c o n s i s t i n g of an a b r u p t v e l o c i t y i n c r e a s e a t 
i t s t o p s u r f a c e f r o m 6.75 t o 7.9 km/s ond a s l i g h t v e l o c i t y 
g r a d i e n t down t o i t s b o t t o m s u r f a c e . 
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r i g u r e ( 5 . 1 5 ) S y n t h e t i c seismogram computed u s i n g t h e r e f l e c t i v i t y method f o r 
a t r a n s i t i o n a l Moho c o n s i s t i n g o f an a b r u p t v e l o c i t y i n c r e a s e a c r o s s 
i t s t o p s u r f a c e f r o m 6.75 t o 7.5 km/s and a g e n t l e v e I o c i t y g r o d i en t 
down t o i t s b o t t o m s u r f a c e . 



observed PmP a r r i v a l s a t ranges l e s s t h a n 90 km. There are 

two main t y p e s o f model proposed. F i r s t l y , an abrupt v e l o c i t y 

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

g r a d i e n t down t o t h e Pn boundary, and secondly, a c o m p l i c a t e d 

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

Both models can produce PmP a r r i v a l s a t ranges down t o 80 km. 

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

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

t h i n low v e l o c i t y l a y e r s y i e l d s low ampli t u d e Pn a r r i v a l s i n 

c o n t r a s t t o t h e Pn amplitudes on the observed s e c t i o n s . I t 

must be concluded t h a t an abrupt or sharp g r a d i e n t i n c r e a s e i n 

v e l o c i t y a t t h e PmP boundary best f i t s t h e broad PmP and Pn 

a m p l i t u d e v a r i a t i o n s on t h e observed seismograms. 

To conclude, t h e d e t a i l e d n a t u r e o f t h e r e g i o n between the 

PmP and Pn i n t e r f a c e s under t h e I r i s h Sea cannot be deduced. 

However, 1-D s y n t h e t i c seismogram m o d e l l i n g i n d i c a t e s t h a t a 

t r a n s i t i o n a l Moho w i t h an abrupt i n c r e a s e i n v e l o c i t y a t i t s 

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

s t r u c t u r e down t o the Pn boundary can produce t h e observed 

a m p l i t u d e s of the PmP and Pn a r r i v a l s from t he I r i s h Sea 

sh o t s . 

5.2.3 2-D S y n t h e t i c Seismogram M o d e l l i n g 

Cerveny (1985) has h i g h l i g h t e d t h e l i m i t a t i o n s of s y n t h e t i c 

seismogram computations u s i n g g e n e r a l i z e d ray t h e o r y . 

G e n e r a l i z e d r a y t h e o r y g i v e s i n a c c u r a t e r e s u l t s at c r i t i c a l 

p o i n t s and i n r e g i o n s of v a n i s h i n g l a y e r s . The analyses of 

th e a r r i v a l t i m es of PmP and Pn present e d i n Sections 4.3 and 
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4.4 i n d i c a t e t h a t t h e PmF and Pn boundaries are a t d i f f e r e n t 

d epths beneath t h e I r i s h Sea i n c o n t r a s t t o t h e r e s u l t s east 

of about s t a t i o n 34 where t h e y appear t o be a t appr o x i m a t e l y 

t h e same depths ( F i g . 4.31). These boundaries d e f i n e the 

t r a n s i t i o n a l Moho beneath t he I r i s h Sea which r e p r e s e n t s an 

e a s t w a r d l y v a n i s h i n g l a y e r beneath t h e Caledonian Suture 

Seismic P r o j e c t p r o f i l e . P r e l i m i n a r y m o d e l l i n g of the 

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

Pn boundaries produced anomalous a m p l i t u d e s f o r the s y n t h e t i c 

PmP a r r i v a l s . T h i s problem was p r o b a b l y caused by the 

c o i n c i d e n t PmP and Pn boundaries beneath t he North Sea. The 

Pn boundary was t h e r e f o r e removed and modelled by v e r t i c a l 

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

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

t h e main problem encountered d u r i n g t h e two-dimensional 

m o d e l l i n g u s i n g SEIS83. SEIS83 p r o v i d e s t h r e e methods of 

i n p u t t i n g t h e model but o n l y two of these can be used f o r 

l a t e r a l l y v a r y i n g s t r u c t u r e s . These are the b i c u b i c s p l i n e 

and b i l i n e a r i n t e r p o l a t i o n methods. The i n t e r p o l a t i o n method 

produces s p u r i o u s v e l o c i t y g r a d i e n t s and uneven ray paths. 

Cerveny (1985) has recommended t h a t t h i s method should not be 

used f o r s y n t h e t i c a m p l i t u d e c a l c u l a t i o n s . The s p l i n e method 

was t h e r e f o r e used. The s p l i n e method was found t o produce 

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

t h e r a y p a t h s . T h i s problem has been r e p o r t e d by Cerveny 

( 1 9 8 5 ) . D e s p i t e these problems t h e broad amplitude and 

t r a v e l - t i m e v a r i a t i o n s have been s u c c e s s f u l l y modelled. The 

wa v e l e t used i s a Gaussian envelope s i g n a l w i t h a 4 Hz c a r r i e r 

f r e q u e n c y w i t h a v e r y narrow a m p l i t u d e spectrum (Cerveny 
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1985) 

A p r e l i m i n a r y model combining t h e shallow s t r u c t u r e 

p r e s e n t e d by Green (1984) and B o t t e t a l (1985) and the deeper 

s t r u c t u r e deduced from t h e t r a v e l - t i m e analyses presented i n 

Chapter 4 c o n s t r a i n e d u s i n g t h e g r a v i t y anomaly was used as a 

s t a r t i n g p o i n t f o r t h e 2-D m o d e l l i n g u s i n g SEIS83. The f i r s t 

models i n c o r p o r a t e d t h e s m a l l v a r i a t i o n s observed i n t h e 

depths t o t h e PcP, PmP and Pn boundaries as observed i n Fi g s . 

4.16, 4.21 and 4.25. These boundaries were p r o g r e s s i v e l y 

smoothed by removal of a l l depth v a r i a t i o n s t h a t d i d not 

produce c a l c u l a t e d t r a v e l t i m es which were c o n s i s t e n t w i t h t h e 

observed a r r i v a l s . For each model ray diagrams, t r a v e l t i m e 

p l o t s and s y n t h e t i c seimograms were produced f o r s t a t i o n s 8. 

32 and 50 f o r b o t h t h e N o r t h and I r i s h Sea shots. Only two t o 

t h r e e of these "runs" a week were p o s s i b l e b e f o r e t he 

i n s t a l l a t i o n of t h e AMDAHL 470 a t Durham. Since about 

November 1985 almost one r u n per n i g h t has been p o s s i b l e . 

The f i n a l v e l o c i t y model i s i l l u s t r a t e d i n F i g . 5.16. The 

PcP boundary was modelled as a v e l o c i t y g r a d i e n t zone w i t h an 

i n c r e a s e i n v e l o c i t y from 6.2 t o 6.75 - 6.77 km,.'s a t depths of 

15.5 t o 18.5 km beneath t h e I r i s h Sea and 15.0 t o 18.0 beneath 

t h e N o r t h Sea. The PmP boundary was modelled beneath t h e 

I r i s h Sea as an abrupt i n c r e a s e i n v e l o c i t y from 6.77 - 7.8 

km/s u n d e r l a i n by a s l i g h t v e l o c i t y g r a d i e n t w i t h i n t h e 

t r a n s i t i o n a l Moho from 7.8 km/s t o 8.0 km/s. Beneath t h e 

N o r t h Sea t h e PmP boundary was modelled as an abrupt i n c r e a s e 

i n v e l o c i t y from 6.75 t o 8.0 km/s. The Pn boundary was 

modelled by v e r t i c a l v e l o c i t y v a r i a t i o n s beneath t h e I r i s h Sea 
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F l g u r e ( 5 . 1 6 ) P i n a l l a t e r a l l y v a r y i n g v e l o c i t y model used t o compute t h e 
2-D s y n t h e t i c se i sinograms. C o n t o u r s o r e i s o - v e l o c i t y l i n e s . 
C o n t o u r i n t e r v a l i s 0.2 km/s. 



and as a sharp i n t e r f a c e c o i n c i d e n t w i t h t h e PmP boundary 

beneath t h e N o r t h Sea. The sub-Moho v e l o c i t i e s from t h e Pn 

boundary t o a depth of 50 km i n c r e a s e d from 8.0 t o 8.8 km/s 

and 8.0 t o 8.3 km/s beneath t h e I r i s h and North Seas 

r e s p e c t i v e l y ( F i g . 5.16). 

The r e s u l t s f o r s t a t i o n s 8. 32 and 50 are presented i n 

F i g s . 5.17 t o 5. r e s p e c t i v e l y . Each f i g u r e c o n t a i n s 9 

diagrams f o r a s i n g l e r e c e i v i n g s t a t i o n l a b e l l e d from ( a ) t o 

( i ) as f o l l o w s : 

( a ) Raypaths t h r o u g h t he upper c r u s t . 

( b ) Raypaths t h r o u g h t he lower c r u s t . 

( c ) Raypaths of non r e f l e c t e d r a y s . 

( d ) 2-D s y n t h e t i c seismogram f o r t he I r i s h Sea shots computed 

u s i n g SEIS83. 

( e ) Observed seismogram f o r t h e I r i s h Sea shots w i t h 

a m p l i t u d e s c o r r e c t e d t o common g a i n . The a r r i v a l times 

p r e d i c t e d by t h e l a t e r a l l y v a r y i n g v e l o c i t y model are 

drawn as a continuo u s l i n e . Dashes denote t he p i c k e d 

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

( f ) Observed seismogram f o r t h e I r i s h Sea shots w i t h 

a m p l i t u d e s e q u a l i z e d w i t h p i c k e d and c a l c u l a t e d a r r i v a l 

t i m e s as i n ( e ) . 

( g ) 2-D s y n t h e t i c seismogram f o r t h e N o r t h Sea shots computed 

u s i n g SEIS83. 

( h ) Observed seismogram f o r t h e N o r t h Sea shots w i t h 

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

c a l c u l a t e d a r r i v a l times as i n ( e ) . 

( i ) Observed seismogram f o r t h e N o r t h Sea shots w i t h 

a m p l i t u d e s e q u a l i s e d w i t h p i c k e d and c a l c u l a t e d a r r i v a l 
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t i m e s as i n ( e ) . 

O s c i l l a t i o n s of t h e v e l o c i t y s t r u c t u r e c r e a t e d by t h e b i c u b i c 

s p l i n e method used t o smooth the v e l o c i t y model mainly 

o c c u r r e d i n t h e upper c r u s t where t h e r e are l a r g e v e l o c i t y 

v a r i a t i o n s such as i n F i g . 5.20(a). 

I n g e n e r a l t h e PcP a r r i v a l s are l a r g e r on t h e s y n t h e t i c 

seismograms th a n on t h e observed s e c t i o n s . The s y n t h e t i c 

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

produces PcP a m p l i t u d e s t h a t are too l a r g e . T h i s may i n d i c a t e 

t h a t t h e i n t e r f a c e i s not a simple v e l o c i t y g r a d i e n t or an 

a b r u p t i n c r e a s e of v e l o c i t y . A c o m p l i c a t e d l a t e r a l l y 

heterogeneous i n t e r f a c e would produce s c a t t e r i n g of t h e 

s e i s m i c energy t o reduce the computed PcP amplitudes. 

The f o l l o w i n g main p o i n t s can be made about t h e f i t of t h e 
t r a v e l t i m e s and a m p l i t u d e s f o r each s t a t i o n : 

1. S t a t i o n 8 f o r the I r i s h Sea Shots ( F i g . 5.17) 

The a m p l i t u d e s of a l l a r r i v a l s are s m a l l between shots MIO 

t o M17 on t h e observed s e c t i o n ( F i g . 5.17e). T h i s i s 

p r o b a b l y due t o t h e shot e f f e c t s or o t h e r near s u r f a c e 

causes. The f i t of t h e c a l c u l a t e d and observed 

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

about 0.25 s. 

2. S t a t i o n 8 f o r t h e N o r t h Sea Shots ( F i g . 5.17) 

The. f i t between t h e c a l c u l a t e d and observed t r a v e l - t i m e s 

i s w i t h i n t h e p i c k i n g e r r o r s f o r t h e PcP and PmP phases. 

The correspondtnce between t h e c a l c u l a t e d and observed Pn 

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

and p i c k e d t r a v e l - t i m e s . This m i s f i t o f t h e p i c k e d 
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F i g u r e ( 5 . 1 7 ) ( a ) R a y p a t h s t h r o u g h t h e u p p e r c r u s t computed f o r s t a t i o n 8 
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5-/7(6) R a y p o t h s t h r o u g h t h e l o w e r c r u s t computed f o r s t a t i o n 8 
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( c ) R a y p a t h s o f non r e f l e c t e d r a y s computed f o r s t a t i o n 
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00 

5.J7(d) 2-D s y n t h e t i c s eismogram f o r s l o t i o n 8 f o r t h e I r i s h Sec 
s h o t s computed u s i n g SEIS83. 
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Ml 
2 

O b s e r v e d seismogrom f o r s t o t i o n 8 f o r t h e I r i s h See s h o t s 
w i t h o m p l i t u d e s c o r r e c t e d ' V ° T r " , ̂ ? l?o I I v 
The a r r i v a l t i m e s p r e d i c t e d by t h e l o t e r a l l y 
v a r y i n g v e l o c i t y model a r e drown 
Dashes a r e t h e p i c k e d t r a v e l t i m e s . 

OS a c o n t i n u o u s I i n e . 



F I L T E R E D 2 . 0 1 2 . 0 T I M E ( S E C S ) RED TO 6 . 0 K M / S E C E Q U A L I Z E D 

Mi 

AAAAAA. 

tf.nCf) O b s e r v e d seismogram f o r s t a t i o n 8 f o r t h e I r i s h Sea s h o t s 
*̂  ' w i t h o m p l i t u d e s e q u a l i s e d . 

The a r r i v a l t i m e s p r e d i c t e d by t h e l a t e r o l l y 
v a r y i n g v e l o c i t y model a r e drawn as a c o n t i n u o u s l i n e . 
Dashes o r e t h e p i c k e d t r a v e l t i m e s . 
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5 ' ' ( 7 ( g ) 2-D s y n t h e t i c se i smogrom f o r s t a t i o n 8 f o r t h e N o r t h Sea 
s h o t s c o m p u t e d u s i n g SE1S83. 
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UJ 
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0 . 0 0 9 J O O O 

VA'XAA/\/WV\AAAM/VA/^Y'-AAA/W 

/ v w 

^ - l Y ( h ) O b s e r v e d seismogram f o r s t a t i o n 8 f o r t h e N o r t h Sea s h o t s 
w i t h a m p l i t u d e s c o r r e c t e d t o common g a i n . 
The o r r i v o l t i m e s p r e d i c t e d by t h e l o t e r o l l y 
v o r y i n g v e l o c i t y model o r e drawn as a c o n t i n u o u s l i n e . 
Dashes a r e t h e p i c k e d t r a v e l t i m e s . 
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A/\.'Vv/\j 

5 . J 7 ( i ) O b s e r v e d seismogrom f o r s t a t i o n 8 f o r t h e N o r t h Sea s h o t s 
w i t h a m p l i t u d e s e q u o l i s e d . 
The a r r i v a l t i m e s p r e d i c t e d by t h e l a t e r a l l y 
v a r y i n g v e l o c i t y model a r e drawn as a c o n t i n u o u s l i n e . 
Dashes o r e t h e p i c k e d t r a v e l t i m e s . 



t r a v e l - t i m e s i s about 0.25 s which i s e q u a l t o the 

e s t i m a t e d p i c k i n g e r r o r . The t r a v e l t i m e s f o r Pn observed 

from s h o t s N7 t o N i l were p r o b a b l y p i c k e d too e a r l y . 

3. S t a t i o n 32 f o r the I r i s h and North Sea Shots ( F i g . 5.18) 

The f i t between the o b s e r v e d and c a l c u l a t e d t r a v e l - t i m e s 

i s good f o r a l l phases f o r s t a t i o n 32 i n both the I r i s h 

and North Seas. The d y i n g out of Pg i s s u c c e s s f u l l y 

m o d e l l e d by the e a s t w a r d l a t e r a l d e c r e a s e i n v e l o c i t y i n 

t h e basement beneath s h o t s N i l t o N25. 

4. S t a t i o n 50 f o r t h e I r i s h and North Sea Shots ( F i g . 5.19) 

The c a l c u l a t e d and observed t r a v e l t i m e s a r e c o n s i s t e n t 

between t h e s y n t h e t i c and observed seismograms f o r both 

t h e I r i s h and North Sea s h o t s . Pg i n the North Sea 

d i s a p p e a r s more r a p i d l y t h a n a c t u a l l y observed. I t was 

found t h a t t h i s d i s a p p e a r e n c e of Pg was v e r y s e n s i t i v e t o 

t h e l a t e r a l d e c r e a s e i n t h e v e l o c i t i e s e a s t w a r d s beneath 

s h o t s N i l t o N20 and a l s o t o the depth e x t e n t of t h i s low 

v e l o c i t y r e g i o n . T h i s s e n s i t i v i t y i s p r o b a b l y an a r t i f a c t 

of t h e v e l o c i t y o s c i l l a t i o n s produced by the b i c u b i c 

s p l i n e a p p r o x i m a t i o n of t h e v e l o c i t y model. However, the 

s y n t h e t i c seismograms do i l l u s t r a t e t h a t a l a t e r a l 

d e c r e a s e i n v e l o c i t y can produce the d i s a p p e a r a n c e of Pg 

a t about shot N i l f o r most s t a t i o n s . 

5. S h o t s M17 and Nl ( F i g s . 5.20 and 5.21) 

The f i t between the o b s e r v e d and c a l c u l a t e d t r a v e l - t i m e s 

i s good f o r a l l phases f o r shot M17. For shot Nl the f i t 

i s good f o r Pg and PcP. However, the correspondance 

between t h e c a l c u l a t e d and observed PmP a m p l i t u d e s i s 

b e t t e r t h a n the f i t between t h e c a l c u l a t e d and p i c k e d PmP 

t r a v e l - t i m e s . 
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F i g u r e ( 5 . 1 8 ) ( a ) R a y p o t h s t h r o u g h t h e upper c r u s t computed f o r s t o t i o n 32 
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5-liib) R a y p a t h s t h r o u g h t h e lo w e r c r u s t computed f o r s t a t i o n 32 
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S'ti R a y p o t h s of non r e f l e c t e d r a y s computed f o r s t a t i o n 32 



U N F I L T E R E D I I M E ( S E C S ) REO 10 6 . 0 K H / S E C UNCORR AMPFAC 0 . 0 0 1 S 2 8 7 

VUV h 

Wv— 
5 

c^l 

5*/? ("^) 2-D s y n t h e t i c seismogram f o r s t a t i o n 32 f o r t h e I r i s h Sea 
s h o t s computed u s i n g SEIS83. 
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Ui 
2 

5 

C ( 3 ,e) O b s e r v e d seismogram f o r s t a t i o n 32 f o r t h e I r i s h Sea s h o t s 
w i t h a m p l i t u d e s c o r r e c t e d t o common g a i n . 
The o r r i v o l t i m e s p r e d i c t e d by t h e l o t e r o l l y 
v a r y i n g v e l o c i t y model a r e drawn as a c o n t i n u o u s l i n e . 
Dashes o r e t h e p i c k e d t r o v e l t i m e s . 
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3 

--AvA^/\ 

S-H ( O O b s e r v e d seismogram f o r s t o t i o n 32 f o r t h e I r i s h Sea s h o t s 
w i t h a m p l i t u d e s e q u a l i s e d . 
The a r r i v a l t i m e s p r e d i c t e d by t h e l o t e r o l l y 
v a r y i n g v e l o c i t y model a r e drown os a c o n t i n u o u s l i n e . 
Dashes a r e t h e p i c k e d t r a v e l t i m e s . 
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to 

2-D s y n t h e t i c seismogram f o r s t a t i o n 32 f o r t h e N o r t h Sea 
s h o t s computed u s i n g SE1S83. 
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1 J I 

^•/« ( h ) O b s e r v e d seismogram f o r s t a t i o n 32 f o r t h e N o r t h Sea s h o t s 
w i t h a m p l i t u d e s c o r r e c t e d t o common g o i n . 
The a r r i v a l t i m e s p r e d i c t e d by t h e l a t e r a l l y 
v a r y i n g v e l o c i t y model a r e drawn os a c o n t i n u o u s l i n e . 
Dashes o r e t h e p i c k e d t r a v e l t i m e s . 



F I L T E R E D 2 . 0 1 2 . 0 1 1 M E ( 5 E C S I R E D I D 6 . 0 K M / S E C E Q U A L I Z E D 

( i ) O b s e r v e d seismogram f o r s t a t i o n 32 f o r t h e 
w i t h a m p l i t u d e s e q u o l i s e d . 
The o r r i v o l t i m e s p r e d i c t e d by t h e l a t e r a l l y 
v a r y i n g v e l o c i t y model a r e drown as 
Dashes a r e t h e p i c k e d t r o v e ! t i m e s . 

N o r t h Sea s h o t s 

o c o n t i nuous i i n e . 
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F i g u r e ( 5 . 1 9 ) ( a ) R o y p o t h s t h r o u g h t h e upper c r u s t computed f o r s t o t i o n 50 
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^./<^(b) R o y p a t h s t h r o u g h t h e l o w e r c r u s t computed f o r s t o t i o n 50 
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S*-/̂  ( c ) R o y p o t h s o f non r e f l e c t e d r a y s computed f o r s t a t i o n 50 
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5-|<J ( d ) 2-0 s y n t h e t i c seismogrom f o r s t a t i o n 50 f o r t h e I r i s h Sea 
s h o t s computed u s i n g SEIS83. 
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X/\/\/\/^_-v-AA/\/ 

^ • J ^ ( e ) O b s e r v e d seismogram f o r s t a t i o n 50 f o r t h e I r i s h Sea s h o t s 
w i t h a m p l i t u d e s c o r r e c t e d t o common g o i n . 
The a r r i v a l t i m e s p r e d i c t e d by t h e l a t e r a l l y 
v a r y i n g v e l o c i t y model a r e drawn as a c o n t i n u o u s l i n e . 
Dashes o r e t h e p i c k e d t r a v e l t i m e s 
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50 f o r t h e I r i s h Sea s h o t s 5 ' l 1 ( 0 O b s e r v e d s e i s m o g r o m f o r s t a t i o n 
w i t h a m p l i t u d e s e q u a l i s e d . 
The a r r i v a l t i m e s p r e d i c t e d by t h e l a t e r a l l y 
v a r y i n g v e l o c i t y model a r e drawn as a c o n t i n u o u s 
Dashes a r e t h e p i c k e d t r a v e l t i m e s . 

I I n e . 
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( g ) 2-D s y n t h e t i c seismogram f o r s t a t i o n 50 f o r t h e N o r t h Seo 
s h o t s computed u s i n g SEIS83. 
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> / 1 ( h ) O b s e r v e d seismogram f o r s t a t i o n 50 f o r t h e N o r t h Sea s h o t s 
w i t h a m p l i t u d e s c o r r e c t e d t o common g a i n . 
The o r r i v a l t i m e s p r e d i c t e d by t h e l a t e r a l l y 
v a r y i n g v e l o c i t y model o r e drawn as a c o n t i n u o u s l i n e . 
Doshes a r e t h e p i c k e d t r o v e l t i m e s . 
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( i ) O b s e r v e d &eismogram f o r s t a t i o n 50 f o r t h e N o r t h Sea s h o t s 
w i t h a m p l i t u d e s e q u a l i s e d . 
The a r r i v a l t i m e s p r e d i c t e d by t h e l a t e r a l l y 
v a r y i n g v e l o c i t y model o r e drawn as a c o n t i n u o u s l i n e . 
Dashes a r e t h e p i c k e d t r a v e l t i m e s . 



WX Nl H i d 3 Q 

F i g u r e ( 5 . 2 0 ) ( a ) R a y p a t h s t h r o u g h t h e upper c r u s t computed f o r s h o t M17 
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S-ZO (.b) R a y p a t h s t h r o u g h t h e l o w e r c r u s t computed f o r s h o t M17 
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^Jl£>(c) R a y p a t h s o f non r e f l e c t e d r a y s computed f o r s h o t M17 
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5:̂ ?̂ ( d ) 2-D s y n t h e t i c seismogram f o r s h o t M17 computed u s i n g SE1S83. 



F I L T E R E D 2 . 0 1 2 . 0 I I M E I S E C S I RED TO 6 . 0 K H / S E C E Q U A L I Z E D 

-J-

M/WVVWVVVAA^^ 

<-2t? «•) O b s e r v e d seismogram f o r s n o t M17 
w i t h o m p l i t u d e s e q u a l i s e d . 
The o r r i v o l t i m e s p r e d i c t e d by t h e l o t e r a l l y 
v a r y i n g v e l o c i t y model a r e drown os o c o n t i n u o u s l i n e . 
Dashes o r e t h e p i c k e d t r o v e l t i m e s . 
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F i g u r e ( 5 . 2 1 ) ( a ) R a y p a t h s t h r o u g h t h e upper c r u s t computed f o r sh o t Nl 
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$-X\(b) R a y p a t h s t h r o u g h t h e l o w e r c r u s t computed f o r s h o t Nl 
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S'2I(€) 2-D s y n t h e t i c s e i s mogrom f o r s h o t M^ c o m p u t e d u s i n g SEIS83. 
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S-(2I (s!>) O b s e r v e d s e i s m o g r o m f o r s h o t M17 
w i t h a m p l i t u d e s e q u a l i s e d . 
The a r r i v a l t i m e s p r e d i c t e d by t h e l o t e r a l . l y 
v o r y i n g v e l o c i t y model o r e drown os a c o n t i n u o u s l i n e . 
Dashes o r e t h e p i c k e d t r o v e l t i t t i e s . 



Some a d d i t i o n a l p o i n t s can be made: 
1. I f a l i n e a r v e l o c i t y g r a d i e n t i s i n s e r t e d between t h e PmP 

and Pn boundaries t h e Pn amp l i t u d e s c a l c u l a t e d from t he 

I r i s h Sea shots are d r a m a t i c a l l y reduced. For example 

compare t h e Pn amplit u d e s on F i g . 5.22(b) t o those on F i g . 

5 . 1 f ( d ) . The amplit u d e s c a l c u l a t e d u s i n g t h e r e f l e c t i v i t y 

method do not show such a dependence of Pn amplitudes on 

the s t r u c t u r e of t h e o v e r l y i n g t r a n s i t i o n a l Moho. The 

r e f l e c t i v i t y method y i e l d s s i m i l a r Pn amplitudes from a 

t r a n s i t i o n a l Moho which i n c o r p o r a t e s e i t h e r a v e l o c i t y 

g r a d i e n t between t h e PmP and Pn boundaries ( F i g . 5.11) or 

a l a y e r w i t h o n l y a s l i g h t g r a d i e n t ( F i g . 5.15). The 

decrease i n Pn amplitudes f o r the 2-D model may be an 

a r t i f a c t of t h e SEIS83 programme. However, i f r e a l i t 

i n d i c a t e s t h a t t h e t r a n s i t i o n a l Moho cannot be a l i n e a r 

v e l o c i t y g r a d i e n t . Only a Moho l a y e r w i t h a s l i g h t 

v e l o c i t y g r a d i e n t w i l l g i v e t h e observed Pn amplitudes i n 

th e I r i s h Sea. 

2. The r e f l e c t i v i t y method i n d i c a t e s t h a t t h e Pn a r r i v a l s are 

p r o b a b l y l a r g e r f o r the I r i s h Sea shots because o f the 

l a r g e r sub-Moho v e l o c i t y g r a d i e n t . T h i s e f f e c t i s not as 

c l e a r l y observed on the 2-D s y n t h e t i c seismograms 

c a l c u l a t e d u s i n g SEIS83. This may be due t o the presence 

of s m a l l v e l o c i t y o s c i l l a t i o n s w i t h i n t h e t r a n s i t i o n a l 

Moho which may reduce t h e c a l c u l a t e d amplitudes f o r t h e Pn 

a r r i v a l s . 

To summarise, t h e main t r a v e l t i m e and broad amplitude 

v a r i a t i o n s o f t h e a r r i v a l s observed on t h e Caledonian Suture 

Seismic P r o j e c t s e c t i o n s have been s u c c e s s f u l l y modelled t o 

w i t h i n t h e e s t i m a t e d o b s e r v a t i o n a l e r r o r s . The model proposed 
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s h o t s computed u s i n g SEIS83. ( b ) 
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accounts f o r t h e disappearance o f Pg and t h e l a r g e r Pn 

am p l i t u d e s i n t h e I r i s h Sea t h a n i n t h e N o r t h Sea. The 

d e t a i l e d n a t u r e o f t h e Moho has not been deduced. I t i s c l e a r 

t h a t a v e l o c i t y g r a d i e n t cannot account f o r t h e observed PmP 

a r r i v a l s and, i f the r e d u c t i o n i n Pn amplitudes produced by 

SEIS83 are r e a l , t h e observed Pn amp l i t u d e s from the I r i s h Sea 

shot s . A v e l o c i t y g r a d i e n t w i t h t h i n low v e l o c i t y l a y e r s can 

account f o r t h e observed PmP a r r i v a l s but ampl i t u d e m o d e l l i n g 

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

g r a d a t i o n a l Moho y i e l d s low Pn amp l i t u d e s i n c o n t r a s t t o t h e 

observed Pn a r r i v a l s from t h e I r i s h Sea shots. The p r e f e r r e d 

model i s an abrupt i n c r e a s e i n v e l o c i t y a t the PmP i n t e r f a c e 

f o l l o w e d by a l a y e r of u n i f o r m v e l o c i t y or w i t h a s l i g h t 

g r a d i e n t . From t h i s study i t has become apparent t h a t t h e r e 

i s a need f o r a comparative i n v e s t i g a t i o n o f t h e acc u r a c i e s of 

the methods of computing s y n t h e t i c seismograms. Only then can 

the d e t a i l s of t h e am p l i t u d e v a r i a t i o n s be modelled w i t h 

c o n f i d e n c e . 

5.3 COMPARISON OF THE CSSP RESULTS WITH BIRPS 

F i g . 5.23 i l l u s t r a t e s t h e l o c a t i o n of t h e BIRPS WINCH and 

NEC l i n e s w i t h r e s p e c t t o t h e Caledonian Suture Seismic 

P r o j e c t p r o f i l e . The two way t r a v e l - t i m e s i n the I r i s h Sea 

c a l c u l a t e d f o r t h e PcP, PmP and Pn i n t e r f a c e s are shown on 

l i n e drawings which d i s p l a y t h e most prominent r e f l e c t i o n s 

observed on t h e WINCH s e c t i o n s (Brewer e t a l 1983). The two 

way t r a v e l - t i m e s across t he whole CSSP l i n e are i l l u s t r a t e d i n 

F i g . 5.24 t o g e t h e r w i t h t he BIRPS r e f l e c t i o n s e c t i o n WINCH-HG 

which was shot a l o n g t h e Caledonian Suture Seismic P r o j e c t 
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p r o f i l e between shots I I and 13. The Pn two way t r a v e l - t i m e s 

were c a l c u l a t e d under t h e I r i s h Sea assuming an average 

v e l o c i t y between t h e PmP and Pn i n t e r f a c e s of 8.0 km/s. 

A number of o b s e r v a t i o n s can be made f o r the I r i s h Sea: 

1. The PcP i n t e r f a c e appears t o correspond a p p r o x i m a t e l y 

w i t h t h e t o p o f t h e r e f l e c t i v e lower c r u s t . 

2. The PmP i n t e r f a c e l i e s w i t h i n the r e f l e c t i v e lower c r u s t . 

Two zones c o n t a i n i n g a g r e a t e r d e n s i t y of r e f l e c t i o n s are 

observed i n th e mid and lower c r u s t from 5 t o 7 and 8 t o 

10 s r e s p e c t i v e l y . The two zones can be observed on the 

WINCH-EF and WINCH-HG s e c t i o n s i n F i g s . 5.23 and 5.24. 

The PmP boundary a p p r o x i m a t e l y c o i n c i d e s w i t h the t o p of 

t h e lower zone. The PcP boundary l i e s near t h e t o p o f the 

upper zone. The s y n t h e t i c seismogram and g r a v i t y 

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

t h e boundary across which b o t h the v e l o c i t y and d e n s i t y 

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

r e f l e c t i v e lower c r u s t . 

3. The Pn i n t e r f a c e c o i n c i d e s a p p r o x i m a t e l y w i t h t h e base of 

t h e r e f l e c t i v e lower c r u s t . G o l d f i n c h (1986) found t h a t 

t h e modelled g r a v i t y e f f e c t produced by v a r i a t i o n s i n t h e 

dep t h t o th e base of th e r e f l e c t i v e lower c r u s t d i d not 

correspond t o th e observed g r a v i t y . T h i s may now p o s s i b l y 

be e x p l a i n e d by t h e presence o f th e PmP boundary w i t h i n 

t h e r e f l e c t i v e lower c r u s t across which t h e main 

c r u s t / m a n t l e d e n s i t y i n c r e a s e occurs. 

I n t h e N o r t h Sea t h e two way t r a v e l - t i m e s t o t h e c o i n c i d e n t 

PmP and Pn i n t e r f a c e s are e s t i m a t e d from CSSP r e s u l t s t o be 
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about 10.4 s where t h e CSSP l i n e i s crossed by t h e NEC l i n e 

( F i g . 4.13). Prominent r e f l e c t i o n s i n t e r p r e t e d as t h e Moho 

were observed on t h e NEC l i n e a t about 10.5 t o 11.0 s. No 

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

Caledonian Suture Seismic P r o j e c t r e f r a c t i o n r e s u l t s i n d i c a t e 

a m i d - c r u s t a l boundary a t about 6.0 s two way t r a v e l - t i m e . 

The l a r g e a m p l i t u d e PmP wide angle r e f l e c t i o n s observed a t 

ranges g r e a t e r t h a n 60 km on t h e r e f r a c t i o n s e c t i o n s i n the 

No r t h Sea i n d i c a t e a sharp Moho which i s recognised as a 

prominent narrow band of v e r t i c a l r e f l e c t i o n s on the NEC 

p r o f i l e . T h i s i m p l i e s t h a t a sharp Moho produces both 

prominent v e r t i c a l r e f l e c t i o n s and l a r g e amplitude wide angle 

r e f l e c t i o n s t o near o f f s e t s . I n the I r i s h Sea the Moho i s 

more c o m p l i c a t e d and i s i n t e r p r e t e d as a t r a n s i t i o n a l l a y e r 

w i t h i n which t h e r e i s a c o n s t a n t v e l o c i t y or s l i g h t v e l o c i t y 

i n c r e a s e w i t h depth. On t h e WINCH r e f l e c t i o n s e c t i o n s i t s 

base marks t h e bottom t o the r e f l e c t i v e lower c r u s t . The t o p 

of t h e t r a n s i t i o n a l Moho appears t o l i e w i t h i n t h e r e f l e c t i v e 

lower c r u s t . T h i s i m p l i e s t h a t such a t r a n s i t i o n a l Moho does 

not produce prominent v e r t i c a l r e f l e c t i o n s from i t s t o p or 

bottom s u r f a c e but has an i n t e r n a l c h a r a c t e r s i m i l a r t o the 

o v e r l y i n g r e f l e c t i v e lower c r u s t . 

T h i s correspondance of t h e c h a r a c t e r of t h e Moho as 

de t e r m i n e d by wide-angle and v e r t i c a l i n c i d e n t seismology 

appears t o be more g e n e r a l : 

1. I n NW Sc o t l a n d Armour (1977) observed prominent PmP wide 

angle r e f l e c t i o n s t o near o f f s e t s from a sharp Moho ( F i g . 

5.25). The Moho appears on t h e WINCH-CD p r o f i l e on the 
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Hebridean Craton as a narrow band of prominent r e f l e c t i o n s 

a t t h e base o f a r e f l e c t i v e lower c r u s t (Brewer e t a l 

1983) ( F i g . 1.12). 

2. Poor PmP a r r i v a l s were observed n o r t h of Cornwall i n the 

sout h e r n I r i s h Sea by Holder and B o t t (1971) ( F i g . 5.26). 

A r e f l e c t i v e lower c r u s t was observed on SWAT-4 s i m i l a r t o 

t h a t observed on t h e WINCH p r o f i l e s f u r t h e r t o the n o r t h . 

The Moho appears t o r e p r e s e n t the base of the r e f l e c t i v e 

lower c r u s t and i s not marked by any prominent 

r e f l e c t i o n s . 

3. I n c o n t r a s t , prominent PmP a r r i v a l s were observed on two 

f u r t h e r r e f r a c t i o n l i n e s t o the west and south of Cornwall 

( H o l d e r and B o t t 1971). SWAT l i n e s 6 t o 10 i n t h i s area 

r e v e a l e d a Moho c o n s i s t i n g of a narrow band of prominent 

r e f l e c t i o n s ( F i g s . 5.27 and 5.28). 

G e n e r a l l y a 30-40 mgal g r a v i t y h i g h occurs over t h e I r i s h Sea. 

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

r e g i o n a l development beneath t h e I r i s h Sea of the d i s t i n c t i v e 

r e f l e c t i v e lower c r u s t . T h i s r e f l e c t i v e deep c r u s t appears t o 

disa p p e a r t o the n o r t h across t h e l a p e t u s Suture, t o the east 

somewhere between t h e WINCH l i n e i n the I r i s h Sea and the NEC 

l i n e i n t h e No r t h Sea and t o t h e south between SWAT l i n e s 4 

and 6. These o b s e r v a t i o n s suggest t h a t t h e t r a n s i t i o n a l Moho 

and s h a l l o w i n g of t h e PmP i n t e r f a c e r e c o g n i s e d beneath t he 

Caledonian Suture Seismic P r o j e c t p r o f i l e may occur r e g i o n a l l y 

beneath t h e I r i s h Sea. 

To summarise, a sharp Moho produces a narrow band of 

prominent v e r t i c a l r e f l e c t i o n s and l a r g e amplitude wide angle 

r e f l e c t i o n s . I n areas where t h e Moho appears t o re p r e s e n t the 
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F i q u r e ( 5 . 2 6 ) ( a ) R e s u l t s o f BIRPS deep r e f l e c t i o n p r o f i l e SWAT-4. 
( b ) Reduced r e f r a c t i o n s e c t i o n f r o m SW I r e l a n d t o Land s End. 

( T a k e n f r o m H o l d e r 1 9 6 9 ) . 
( c ) L o c a t i o n map f o r t h e s e i s m i c p r o f i l e s 
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base o f -the r e f l e c t i v e lower c r u s t no prominent v e r t i c a l or 

wide angle r e f l e c t i o n s are observed. Such a Moho i s 

r e c o g n i s e d as a c o m p l i c a t e d t r a n s i t i o n zone between t h e lower 

c r u s t and upper mantle i n t h e n o r t h e r n I r i s h Sea and may be 

developed more r e g i o n a l l y beneath t he I r i s h Sea. 

5.4 COMPARISONS TO PREVIOUS GEOPHYSICAL INVESTIGATIONS IN 

THE REGION 

The p r e l i m i n a r y r e s u l t s of LISPB (Bamford 1976) i n d i c a t e d 

apparent v e l o c i t i e s o f 8.15 km.̂ s from northward t r a v e l l i n g Pn 

and 8.20 km/s from southward t r a v e l l i n g Pn j u s t n o r t h of 

C a r l i s l e ( F i g . 5.29). These h i g h v e l o c i t i e s are c o n s i s t e n t 

w i t h t h e v e l o c i t i e s of 8.19 (8.12 - 8.29) km/s and 8.32 (8.19 

- 8.35) km/s found underneath t he I r i s h Sea and Nor t h e r n 

England r e s p e c t i v e l y from t h e t i m e - t e r m a n a l y s i s of Pn 

a r r i v a l s along t h e Caledonian Suture Seismic P r o j e c t p r o f i l e . 

B l u n d e l l and Parks (1969) r e c o g n i s e d a l a y e r of v e l o c i t y 7.3 

km/s a t 24 km depth beneath t h e southern I r i s h Sea. This 

l a y e r may r e p r e s e n t t he PmP boundary i n the Southern I r i s h 

Sea. Agger and Carpenter (1964) o b t a i n e d an unreversed 

v e l o c i t y from n o r t h w a r d t r a v e l l i n g Pn a r r i v a l s a t Eskdalemuir 

of 7.99 km/s. An a n a l y s i s of t h e I r i s h Sea shots observed a t 

LOWNET and Eskdalemuir should y i e l d t h e s t r u c t u r e n o r t h of the 

p r o f i l e . 

The NERL p r o f i l e ( B o t t e t a l 1984) i n d i c a t e d a m i d - c r u s t a l 

boundary a t 12 km dep t h beneath t he Pennine b l o c k s . The 

Caledonian Suture Seismic P r o j e c t i n d i c a t e d a m i d - c r u s t a l 

i n t e r f a c e a t 15.0 t o 15.5 km beneath t h e Northumberland 
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n g u r e ( 5 . 2 9 ) P r e l i m i n a r y r e s u l t s of LISPB taken from Bamford et al (1976) 



Trough. The Moho i s found a t 29 km beneath the NERL p r o f i l e . 

To w i t h i n t h e e r r o r s of t h e depth e s t i m a t e s t h i s i s i n 

e x c e l l e n t agreement w i t h t h e 30 km depth t o the Moho beneath 

e a s t e r n end of the C a l e d o n i a n S u t u r e S e i s m i c P r o j e c t l i n e . 

These r e s u l t s i n d i c a t e a r e l a t i v e l y f l a t Moho at about 29 t o 

30 km beneath NE England. 

F i g . 5.30 i l l u s t r a t e s t h e g r a v i t y v a r i a t i o n s due to a model 

c o m p i l e d from the I r i s h ( J a c o b e t a l 1985) and m a i n l i n e CSSP 

r e s u l t s . The d e n s i t i e s a r e t a k e n from T a b l e 5.1. The s h a l l o w 

s t r u c t u r e a c r o s s I r e l a n d i s t a k e n from Brown and W i l l i a m s 

( 1 9 8 5 ) and Jacob e t a l ( 1 9 8 5 ) . The PmP i n t e r f a c e beneath 

I r e l a n d i s i n t e r p r e t e d a s t h e top of the Moho v e l o c i t y 

g r a d i e n t found by Jacob e t a l ( 1 9 8 5 ) . The Pn i n t e r f a c e i s 

e x t r a p o l a t e d a c r o s s I r e l a n d and i s made c o i n c i d e n t w i t h the 

PmP i n t e r f a c e i n SW I r e l a n d to c r e a t e a sharp Moho s i m i l a r to 

t h a t found under t h e North Sea. The c a l c u l a t e d and observed 

g r a v i t y d i f f e r markedly a c r o s s I r e l a n d . These d i f f e r e n c e s may 

be c a u s e d by l a t e r a l d e n s i t y v a r i a t i o n s . To remove t h i s 

d i s c r e p e n c y , t h e depth of t h e m i d - c r u s t a l i n t e r f a c e beneath 

I r e l a n d was d e c r e a s e d by 3-5km w i t h no a l t e r a t i o n to i t s shape. 

The c a l c u l a t e d g r a v i t y u s i n g t h i s new model l i e s w i t h i n 5 mgal 

of t h e obser v e d g r a v i t y from SW I r e l a n d to the North Sea ( F i g . 

5 . 3 1 ) . 
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5.5 GEOLOGICAL INTERPRETATION 

The main o b s e r v a t i o n s t h a t must be e x p l a i n e d by a 

g e o l o g i c a l model of t h e c r u s t beneath t h e C a l e d o n i a n Suture 

S e i s m i c P r o j e c t p r o f i l e a r e as f o l l o w s : 

1. The v e l o c i t i e s of 6.15 - 6.2 km/s, 6.75-6.77 km/s and 8.0 

to 8.3 km/s f o r the upper c r u s t . lower c r u s t and upper 

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

2. The t r a n s i t i o n a l Moho beneath the I r i s h Sea and the 

l a t e r a l d e c r e a s e i n t h e sub-Moho v e l o c i t y e a s t w a r d s from 

8.19 (8.12 - 8.29) km/s beneath t h e I r i s h Sea and 8.32 

(8.19 - 8.49) km/s beneath N o r t h e r n England to 8.02 (6.34 

- '10.0) km/s under t h e North Sea. 

3. The 5 km t h i n n i n g of t h e c r u s t ( F i g . 5.29) by the westward 

s h a l l o w i n g of t h e PmP boundary beneath the I r i s h Sea to 

produce the ob s e r v e d 35 mgal g r a v i t y h i g h . 

4. The r e f l e c t i v e lower c r u s t observed on t h e WINCH EF, HG. J 

and KL l i n e s and on SWAT l i n e s 4 and 5 i n the I r i s h Sea 

and i t s absence i n a d j a c e n t r e g i o n s . 

5. The t r a n s i t i o n a l Moho which produces v e r t i c a l r e f l e c t i o n s 

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

lower c r u s t . 

6. The base of t he r e f l e c t i v e deep c r u s t which a p p r o x i m a t e l y 

c o i n c i d e s w i t h t h e Pn boundary. 

7. The narrow band of prominent r e f l e c t i o n s from t h e Moho 

observe d on t h e BIRPS NEC l i n e i n t h e North Sea which 

c o r r e s p o n d t o the r e f r a c t i v e Moho r e c o g n i s e d from the 

C a l e d o n i a n S u t u r e S e i s m i c P r o j e c t r e s u l t s . 
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5.5.1 R e l a t i o n s h i p t o t h e C a l e d o n i d e s 

The l a p e t u s S u t u r e i s o b s e r v e d i n t he lower c r u s t on the 

WINCH-EF l i n e a s t h e north w a r d s d i p p i n g top s u r f a c e t o a wedge 

of r e f l e c t i v e lower c r u s t beneath t h e westward e x t e n s i o n of 

t h e S o u t h e r n Uplands n o r t h of t h e C a l e d o n i a n S u t u r e S e i s m i c 

P r o j e c t p r o f i l e ( F i g . 5 . 2 1 ) . I t i s not o b v i o u s l y observed i n 

t h e upper c r u s t but i s i n f e r r e d t o extend t o t he s u r f a c e near 

t h e P e e l B a s i n south of t he C a l e d o n i a n S u t u r e S e i s m i c P r o j e c t 

l i n e . Where t h e CSSP l i n e i s c r o s s e d by t he WINCH p r o f i l e t h e 

s u t u r e i s a p p r o x i m a t e l y a t the boundary between the lower and 

upper c r u s t . F u r t h e r e a s t , t h e s u r f a c e t r a c e of the s u t u r e i s 

i n t e r p r e t e d to l i e a l o n g t h e s o u t h e r n margin of the Solway 

B a s i n by Needham and Knipe ( 1 9 8 6 ) . A northward d i p p i n g 

r e f l e c t o r i n the lower c r u s t on t h e NEC p r o f i l e i n t h e North 

Sea i s a l s o i n t e r p r e t e d as t h e l a p e t u s S u t u r e . I t cannot be 

t r a c e d t hrough the upper c r u s t (Klemperer pers.comm.). 

However, s i m p l e e x t r a p o l a t i o n s u g g e s t s i t pr o b a b l y s u r f a c e s 

c l o s e t o t h e C a l e d o n i a n S u t u r e S e i s m i c P r o j e c t l i n e i n the 

North Sea. 

The CSSP p r o f i l e t h u s a p p e a r s to l i e c l o s e t o the i n f e r r e d 

s u r f a c e t r a c e of t h e l a p e t u s S u t u r e from t h e North Sea t o the 

e a s t c o a s t of the I r i s h Sea but west of t he Solway B a s i n i t 

p r o b a b l y l i e s s i g n i f i c a n t l y n o r t h of the s u t u r e . An average 

upper c r u s t a l v e l o c i t y of 6.18-6.20 km/s was found beneath the 

m a i n l i n e CSSP p r o f i l e from an a n a l y s i s of PcP a r r i v a l s i n 

C h a p t e r 4. T h i s i s i n t e r p r e t e d as h i g h v e l o c i t y metamorphic 

basement which a p p e a r s t o l i e below t h e s u t u r e i n t he upper 

c r u s t a l o n g t h e l i n e e a s t of t h e c e n t r a l I r i s h Sea. However, 
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t h e r e s u l t s a r e not w e l l c o n s t r a i n e d west of the Solway B a s i n 

where t h e upper c r u s t of s i m i l a r v e l o c i t y p r obably l i e s above 

t h e s u t u r e . 

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

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

d eeper s t r u c t u r e s from the North Sea to the I r i s h Sea l i e 

below t h e s u t u r e . The deep s t r u c t u r e beneath the CSSP p r o f i l e 

from t h e North Sea t o the I r i s h Sea i n c l u s i v e t h e r e f o r e 

p r o b a b l y r e p r e s e n t s deep c r u s t of the Southern C a l e d o n i d e s . 

5.5.2 Nature of t h e Lower C r u s t 

The C a l e d o n i a n S u t u r e S e i s m i c P r o j e c t r e s u l t s i n d i c a t e t h a t 

t h e l o w e r c r u s t has an u n e x p e c t e d l y h i g h average v e l o c i t y of 

6.75 t o 6.77 km/s b e n e a t h the s u t u r e which d i s a g r e e s w i t h the 

L I S P B i n t e r p r e t a t i o n where the two l i n e s c r o s s . A m i d - c r u s t a l 

l a y e r of v e l o c i t y 6.4 - 6.5 km/s was r e c o g n i s e d from t h e L I S P B 

e x p e r i m e n t n o r t h of the Southern Uplands F a u l t . T h i s i s 

u n d e r l a i n by a lower c r u s t of v e l o c i t y 6.7 km/s (Bamford 

1979). The deep s t r u c t u r e beneath the Southern Uplands and 

N o r t h e r n England was not a c c u r a t e l y determined from LISPB. 

The CSSP r e s u l t s however, i n d i c a t e t h a t the s t r u c t u r e of the 

deep c r u s t b e n e a t h t h e l a p e t u s S u t u r e d i f f e r s somewhat from 

t h a t n o r t h of t h e S o u t h e r n Uplands F a u l t as i n d i c a t e d by 

L I S P B . The r e f l e c t i v e lower c r u s t on the deep r e f l e c t i o n 

p r o f i l e WINCH-EF d i s a p p e a r s northwards a c r o s s the s u t u r e and 

b e n e a t h t h e S o u t h e r n Uplands. T h i s may i n d i c a t e t h a t the 

boundary between two d i f f e r e n t t y p e s of c r u s t o c c u r s a c r o s s 

t h e s u t u r e . However, the lower c r u s t beneath the l a p e t u s 
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S u t u r e i n the North Sea does not appear t o be r e f l e c t i v e . The 

r e f l e c t i v e deep c r u s t i s developed r e g i o n a l l y beneath the 

I r i s h Sea. These o b s e r v a t i o n s i n d i c a t e t h a t t h e anomalous 

deep c r u s t a l s t r u c t u r e b e n e a t h the I r i s h Sea i s probably 

r e l a t e d t o the p o s t - C a l e d o n i a n f o r m a t i o n of the I r i s h Sea 

d e p r e s s i o n ( B o t t 1968). Thus the l a c k of r e f l e c t i v e lower 

c r u s t beneath t h e S o u t h e r n Uplands i n c o n t r a s t t o the c r u s t 

b e n e a t h the I r i s h Sea does not n e c e s s a r i l y imply a change i n 

t y p e of c r u s t a c r o s s t h e l a p e t u s S u t u r e . Comparison of the 

c r u s t o v e r l y i n g t h e s u t u r e w i t h t h a t beneath and to the south 

of i t must t h e r e f o r e a w a i t d e t e r m i n a t i o n of the v e l o c i t y / d e p t h 

v a r i a t i o n s beneath t h e Southern Uplands. An a n a l y s i s of the 

E s k d a l e m u i r and LOWNET r e c o r d s of the I r i s h Sea s h o t s may 

c o n t r i b u t e to t h i s a l t h o u g h a CSSP type experiment along 

s t r i k e of the S o u t h e r n Uplands i s c l e a r l y r e q u i r e d . 

The average v e l o c i t y of 6.75 - 6.77 km/s p l a c e s c o n s t r a i n t s 

on t h e average c o m p o s i t i o n of the lower c r u s t . The f o l l o w i n g 

two c o m p o s i t i o n a l models were suggested by Ringwood and Green 

( 1 9 6 6 ) : 

1. I f t h e lower c r u s t i s dry i t must be composed of 

g r a n u l i t e s of g r a n o d i o r i t i c (6.4-7.3 km/s) to d i o r i t i c 

(6.6-7.6 km/s) c o m p o s i t i o n . T h i s c o m p o s i t i o n i s s i m i l a r 

t o t h a t of t h e upper c r u s t . The m i d - c r u s t a l boundary may 

t h e r e f o r e r e p r e s e n t a metamorphic phase change. Such a 

boundary would be g r a d a t i o n a l . The m i d - c r u s t a l boundary 

was modelled as a g r a d i e n t zone 3 km t h i c k which i s 

c o n s i s t e n t w i t h t h i s model. Rocks of b a s i c c o m p o s i t i o n 

would o c c u r a s e c l o g i t e s i n t he lower c r u s t . E c l o g i t e s 

have v e l o c i t i e s g r e a t e r t h a n 7.8 km/s i n the lower c r u s t 
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and d e n s i t i e s g r e a t e r t h a n 3.4 gm/cm ( C h r i s t e n s e n 1982). 

These v e l o c i t i e s a r e too h i g h and i m p l y t h a t a dry lower 

c r u s t cannot have an average b a s i c c o m p o s i t i o n . 

2. I f t h e lower c r u s t c o n t a i n s water, then the v e l o c i t i e s of 

r o c k s of g r a n o d i o r i t i c t o d i o r i t i c c o m p o s i t i o n would be 

too low ( T a b l e 1.1). B a s i c r o c k s i n a wet lower c r u s t 

would o c c u r as a m p h i b o l i t e s which have v e l o c i t i e s from 7.0 

to 7.6 km/s. These v e l o c i t i e s a r e h i g h e r than the 

o b s e r v e d average v e l o c i t y of the lower c r u s t . 

I n c o r p o r a t i o n of a p r o p o r t i o n of lower v e l o c i t y a c i d i c and 

i n t e r m e d i a t e g n e i s s e s would d e c r e a s e the average v e l o c i t y 

to t h e o b s e r v e d v a l u e s . Such a lower c r u s t would have an 

a v e r a g e i n t e r m e d i a t e to b a s i c c o m p o s i t i o n . A lower c r u s t 

c o m p r i s i n g 50% a m p h i b o l i t e s w i t h 50% g n e i s s e s of average 

g r a n o d i o r i t i c c o m p o s i t i o n would y i e l d an average v e l o c i t y 

of 6.70 t o 7.45 km/s. T h i s average v e l o c i t y range i s 

s l i g h t l y too h i g h . The lower c r u s t beneath t h e CSSP l i n e 

i ^ p e i must t h e r e f o r e have l e s s t h a n 50% of a m p h i b o l i t e s . 

The PcP and PmP b o u n d a r i e s d e f i n e the lower c r u s t . PcP l i e s 

t o t h e top of an upper zone which c o n t a i n s a g r e a t e r d e n s i t y 

of r e f l e c t i o n s i n t he r e f l e c t i v e deep c r u s t observed on t h e 

BIRPS WINCH-EF l i n e ( F i g . 5.21). P/=?P l i e s t o t h e top of a 

s i m i l a r lower zone which c o n t a i n s a g r e a t e r d e n s i t y of 

r e f l e c t i o n s ( F i g . 5.21). I n Chapter 1 the v a r i o u s models 

proposed t o e x p l a i n t h i s r e f l e c t i v e c h a r a c t e r of the lower 

c r u s t were d e s c r i b e d . These models propose e i t h e r 

c o m p o s i t i o n a l v a r i a t i o n s or f r a c t u r e p l a n e s which a r e p r o b a b l y 

w a t e r s a t u r a t e d t o e x p l a i n t h e r e f l e c t i v i t y of the lower 

c r u s t . C o m p o s i t i o n a l v a r i a t i o n s c o u l d be o r i g i n a l f e a t u r e s of 

t h e c r u s t ( e . g . a n o r t h o s i t i c banding) or c o u l d be produced 
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s u b s e q u e n t l y by igneous i n t r u s i o n or by metamorphism 

a s s o c i a t e d w i t h t e c t o n i s m . P l a n e s of weakness would be 

produced by t h e t e c t o n i s m . T h i s r e f l e c t i v e c h a r a c t e r of t he 

l o w e r c r u s t can be f i t t e d i n t o e i t h e r of t he above g e o l o g i c a l 

models as f o l l o w s : 

1. I f the d r y lower c r u s t has an average g r a n o d i o r i t i c to 

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

a c c o u n t f o r the r e f l e c t i v e c h a r a c t e r can be produced by: 

( a ) t h i n bands of e c l o g i t e r e p r e s e n t i n g b a s i c i n t r u s i o n s 

i n t o t h e lower c r u s t 

( b ) A n o r t h o s i t i c l a y e r i n g i n the lower c r u s t . 

A n o r t h o s i t e s have v e l o c i t i e s between 6.8 to 7.4 km/s 

which a r e s l i g h t l y h i g h e r than the observed 6.75 

6.77 km/s average v e l o c i t y i n the lower c r u s t . Upton 

e t a l (1983) s u g g e s t e d t h a t a n o r t h o s i t e s were common 

i n t h e lower c r u s t beneath the Southern Uplands from a 

s t u d y of v o l c a n i c i n c l u s i o n s . 

( c ) A l t e r a t i o n a l o n g s h e a r or f r a c t u r e zones t o produce 

a c o u s t i c impedance c o n t r a s t s w i t h the surrounding 

u n a l t e r e d lower c r u s t a l r o c k s . A l t e r n a t i v e l y , 

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

c a u s e banding. 

2. A m i x t u r e of a m p h i b o l i t e s and more a c i d i c g n e i s s e s i n a 

wet lower c r u s t c o u l d produce the observed r e f l e c t i v e 

l o w e r c r u s t due t o the impedance c o n t r a s t s between the 

a m p h i b o l i t e s and g n e i s s i c b o d i e s or l a y e r s . These might 

o c c u r e i t h e r a s a r e s u l t of i n t r u s i o n or d u c t i l e 

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

f r a c t u r e s may o c c u r and enhance the r e f l e c t i o n s from the 

l o w e r c r u s t . 
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The models proposed can e x p l a i n both t h e observed average 

v e l o c i t y and t h e r e f l e c t i v e c h a r a c t e r of t h e lower c r u s t 

b e n e a t h t h e I r i s h Sea. The proposed c o m p o s i t i o n a l v a r i a t i o n s 

can be e x p l a i n e d by e i t h e r i n t r u s i o n of a d d i t i o n a l m a t e r i a l or 

by a l t e r a t i o n of an o r i g i n a l homogeneous lower c r u s t i n t o a 

banded or s h e a r e d medium by t e c t o n i c p r o c e s s e s such as d u c t i l e 

s t r e t c h i n g and d e f o r m a t i o n . However, the a s s o c i a t i o n of the 

banded lower c r u s t w i t h t h e anomalous deep c r u s t a l s t r u c t u r e 

b e n e a t h t h e I r i s h Sea i n c o n t r a s t to the North Sea s u p p o r t s a 

t e c t o n i c o r i g i n t o t h e banding d u r i n g t h i n n i n g and s t r e t c h i n g 

of t h e c r u s t d u r i n g t h e f o r m a t i o n of the I r i s h Sea b a s i n s . 

5.5.3 Nature of t h e T r a n s i t i o n a l Moho 

The r e f r a c t i o n r e s u l t s i n d i c a t e t h a t t h e top of the 

t r a n s i t i o n a l Moho as d e f i n e d by the PmP boundary beneath t h e 

I r i s h Sea l i e s w i t h i n t h e deep r e f l e c t i v e c r u s t observed on 

the BIRPS WINCH-EF l i n e . I t s base as d e f i n e d by the Pn 

boundary c o i n c i d e s w i t h t h e bottom of t h i s deep r e f l e c t i v e 

c r u s t . The ave r a g e v e l o c i t y w i t h i n the t r a n s i t i o n a l Moho i s 

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 7.8 to 7.9 km/s from r a y t r a c i n g 

and a m p l i t u d e m o d e l l i n g . T h i s v e l o c i t y i n d i c a t e s an 

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

1. I f t h e t r a n s i t i o n a l Moho was o r i g i n a l l y lower c r u s t i t may 

have been c o n v e r t e d t o a near e c l o g i t e average c o m p o s i t i o n 

by i n t r u s i o n of b a s i c magmas or by metamorphism of an 

o r i g i n a l wet lower c r u s t formed predominantly of 

a m p h i b o l i t e s t o a nea r e c l o g i t e average c o m p o s i t i o n . 
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There a r e a number problems wth t h e s e models: f i r s t , 

e c l o g i t e s a r e not commonly observed, i f a t a l l , as 

v o l c a n i c i n c l u s i o n s i n v o l c a n i c r o c k s or i n exposures 

anywhere i n t h e B r i t i s h I s l e s and second, the c r u s t a l 

t h i c k e n i n g accompanying the i n t r u s i o n of b a s i c magmas i n t o 

t h e base of t he lower c r u s t and the p r e s e n t 5 km t h i n n i n g 

r e q u i r e s an o r i g i n a l anomalous t h i n c r u s t i n r e l a t i o n to 

a d j a c e n t a r e a s . 

2. A l t e r n a t i v e l y t h e t r a n s i t i o n a l Moho can be i n t e r p r e t e d as 

o r i g i n a l mantle m a t e r i a l which has been a l t e r e d by 

s h e a r i n g and d e f o r m a t i o n due to the s t r e t c h i n g and 

t h i n n i n g of the o v e r l y i n g c r u s t 

Both t h e s e p r o c e s s e s c o u l d produce h e t e r o g e n e i t i e s capable of 

a c c o u n t i n g f o r t he o b s e r v e d r e f l e c t i o n s . They can be r e l a t e d 

t o b a s i n f o r m a t i o n and t he t h i n n i n g of the c r u s t . H ypothesis 

f o r b a s i n f o r m a t i o n a r e c o n t r o v e r s i a l ( B o t t 1982). Both 

u n d e r p l a t i n g and t e c t o n i c d e f o r m a t i o n of the mantle r e q u i r e 

t h i n n i n g of t h e c r u s t , and, u n d e r p l a t i n g a l s o r e q u i r e s a magma 

s o u r c e . However, t h e c r u s t beneath t h e I r i s h Sea i s anomalous 

i n c o n t r a s t t o t h e c r u s t beneath the North Sea. T h i s 

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

I r i s h Sea has been a l t e r e d p o s s i b l y d u r i n g the p e r i o d s of 

b a s i n f o r m a t i o n d u r i n g t h e C a r b o n i f e r o u s or Permo-Trias. A 

model i n v o l v i n g s t r e t c h i n g appears to account f o r t h e s e 

changes w i t h o u t r e q u i r i n g h e a t i n g and e x t r u s i o n of magmas 

which a r e not ob s e r v e d i n t h e I r i s h Sea. 
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5.5.4 Nature of t he Upper Mantle 

The t i m e - t e r m a n a l y s i s of t h e Pn a r r i v a l s , r a y t r a c i n g and 

a m p l i t u d e m o d e l l i n g have i n d i c a t e d t h a t the sub-Moho 

v e l o c i t i e s a r e s i g n i f i c a n t l y h i g h e r beneath the I r i s h Sea than 

be n e a t h t h e North Sea. Amplitude m o d e l l i n g i n d i c a t e s t h a t the 

h i g h e r v e l o c i t i e s and a m p l i t u d e s of Pn beneath t h e I r i s h Sea 

and N o r t h e r n E n g l a n d compared t o t he North Sea a r e caused by 

s t e e p e r v e l o c i t y g r a d i e n t s i n the upper mantle west of c e n t r a l 

N o r t h e r n E n g l a n d ( s t a t i o n 3 4 ) . The anomalous upper mantle 

beneath t h e I r i s h Sea compared w i t h t h a t beneath the North Sea 

c o u l d be due t o : 

1. c o m p o s i t i o n a l e f f e c t s i n the p e r i d o t i t i c upper mantle 

(Ringwood 1975). T h i s c o u l d be an o r i g i n a l C a l e d o n i a n 

f e a t u r e . Such c o m p o s i t i o n a l d i f f e r e n c e s , i f due to 

a l t e r a t i o n of t h e upper mantle beneath the I r i s h Sea. may 

be r e l a t e d t o e i t h e r metamorphism produced by hot spot 

a c t i v i t y or an i n f l u x of f l u i d s or to magma emplacement 

a s s o c i a t e d w i t h t h e f o r m a t i o n of the t r a n s i t i o n a l Moho by 

u n d e r p l a t i n g . I t may a l t e r n a t i v e l y be r e l a t e d to 

s t r e t c h i n g and t h i n n i n g of t h e o v e r l y i n g c r u s t . 

2. The h i g h v e l o c i t i e s may be due t o a n i s o t r o p i c e f f e c t s . 

Such e f f e c t s can be produced by t he p r e f e r r e d o r i e n t a t i o n 

of o l i v i n e c r y s t a l s a l o n g f o l i a t i o n or c l e a v a g e p l a n e s i n 

p e r i d o t i t e (Bamford and Crampin 1984). Such an 

o r i e n t a t i o n of o l i v i n e may be produced by s t r e s s e s caused 

by c o n v e c t i v e mantle u p w e l l i n g or by the t e c t o n i c 

p r o c e s s e s which a l s o s t r e t c h and t h i n the o v e r l y i n g c r u s t . 
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5.5.5 C o n c l u s i o n 

To c o n c l u d e , t h e deep s t r u c t u r e deduced from CSSP mainly 

r e p r e s e n t s t h e c r u s t of t h e Southern C a l e d o n i d e s . S i n c e 

c o n t i n e n t a l c o l l i s i o n i n the l a t e S i l u r i a n the c r u s t i n the 

r e g i o n has undergone t e n s i o n and compression r e l a t e d to the 

H e r c y n i a n Orogeny, t h e f o r m a t i o n of the Permian B a s i n s . the 

f o r m a t i o n of the North Sea and the opening of the A t l a n t i c . 

I n p a r t i c u l a r the c r u s t beneath the I r i s h Sea appears to have 

been d r a m a t i c a l l y a l t e r e d to produce a marked c o n t r a s t i n 

c r u s t a l s t r u c t u r e a l o n g the C a l e d o n i a n s t r i k e below the 

l a p e t u s S u t u r e . The d e t a i l e d c o m p o s i t i o n of the lower c r u s t , 

t r a n s i t i o n a l Moho and upper mantle a r e c o n t r o v e r s i a l . V a r i o u s 

g e o l o g i c a l models have been d e s c r i b e d . Most of t h e s e can 

e x p l a i n t h e o b s e r v e d p r o p e r t i e s of the c r u s t . The s t r u c t u r e 

b e n e a t h t h e North Sea under the e a s t e r n end of the CSSP 

p r o f i l e may r e p r e s e n t the b e s t example of the o r i g i n a l 

Cadomian c r u s t . The a s s o c i a t i o n of t h e banded lower c r u s t 

w i t h t h e anomalous deep c r u s t a l s t r u c t u r e beneath the I r i s h 

Sea i n c o n t r a s t t o t h e North Sea s u p p o r t s a t e c t o n i c o r i g i n to 

t h e banding produced d u r i n g t h i n n i n g and s t r e t c h i n g of the 

c r u s t p o s s i b l y d u r i n g the f o r m a t i o n of the I r i s h Sea b a s i n s . 

Any f u t u r e s t u d i e s of t h e c o n t r a s t i n g c r u s t a l s t r u c t u r e s 

a c r o s s t h e l a p e t u s S u t u r e w i l l need to t a k e i n t o account t h e s e 

s i g n i f i c a n t l a t e r a l v a r i a t i o n s both p a r a l l e l t o and a c r o s s the 

C a l e d o n i a n t r e n d . 
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CHAPTER SIX 

SUMMARY AND CONCLUDING REMARKS 

An o u t l i n e of t h e c u r r e n t s t a t e of the unde r s t a n d i n g of the 

s t r u c t u r e beneath N o r t h e r n England and a d j a c e n t marine a r e a s 

has been g i v e n i n Chapter 1. Green (1984) and Bott e t a l 

( 1 9 8 5 ) p r e s e n t the s h a l l o w c r u s t a l s t r u c t u r e and p r e l i m i n a r y 

deeper s t r u c t u r e s beneath the CSSP p r o f i l e which have improved 

upon t h i s u n d e r s t a n d i n g . The more d e t a i l e d i n v e s t i g a t i o n of 

the deep c r u s t a l s t r u c t u r e beneath the CSSP p r o f i l e p r e s e n t e d 

i n t h e p r e c e d i n g c h a p t e r s a l s o improves upon t h i s 

u n d e r s t a n d i n g . The unique c o n f i g u r a t i o n of the CSSP has 

produced an unprecedented q u a n t i t y of h i g h q u a l i t y r e f r a c t i o n 

and w i d e - a n g l e r e f l e c t i o n d a t a . A new method of d i s p l a y i n g 

t h e l a r g e number of t r a v e l t i m e s i n the form of contoured 

p l o t s f o r a p a r t i c u l a r phase has been developed which e x p l o i t s 

t h i s i n n o v a t i v e d e s i g n . E a c h such composite t r a v e l time p l o t 

d i s p l a y s t h e main f e a t u r e s of the d a t a f o r each phase and 

p r e s e n t s i n one diagram t h e f o u r t y p e s of s e c t i o n which can be 

p l o t t e d u s i n g t h e CSSP d a t a . A summary of the s i g n i f i c a n t 

r e s u l t s o b t a i n e d from t h e p r e s e n t study i s as f o l l o w s : 

1. An a n a l y s i s of t h e a r r i v a l t i m e s of PcP has y i e l d e d a 

m i d - c r u s t a l g r a d i e n t between depths of 15.5-18.5 km 

ben e a t h t h e I r i s h Sea, which was not r e c o g n i s e d 

p r e v i o u s l y , and between depths of 15.0-18.0 km beneath the 

North Sea. The a v e r a g e upper c r u s t a l v e l o c i t y was 

e s t i m a t e d t o be 6.03 km/s i n c l u d i n g sediments and 6.20 

km/s e x c l u d i n g s e d i m e n t s beneath t h e I r i s h Sea, and, 6.01 

i n c l u d i n g s e d i m e n t s and 6.16 km/s e x c l u d i n g sediments 
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b e n e a t h the North Sea. 

2. Two-dimensional s y n t h e t i c seismogram modelling i n d i c a t e s 

t h a t t h e d i s a p p e a r a n c e of Pg e a s t of shot N i l can be 

e x p l a i n e d by a l a t e r a l d e c r e a s e i n the basement v e l o c i t y 

b e n e a t h s h o t s N20 t o N25 from 6.15 km/s to 5.8 km/s. No 

o t h e r l a t e r a l v e l o c i t y v a r i a t i o n s w i t h i n the upper c r u s t 

have been i d e n t i f i e d . 

3. An a n a l y s i s of t he a r r i v a l t i m e s of PmP has y i e l d e d a 

l o w e r - c r u s t a l boundary which deepens from a depth of 25.0 

km beneath the I r i s h Sea t o 30 km beneath the North Sea. 

The average c r u s t a l v e l o c i t y beneath the I r i s h Sea i s 

e s t i m a t e d to be 6.39 km/s i n c l u d i n g sediments and 6.49 

km/s e x c l u d i n g s e d i m e n t s . Beneath the North Sea i t i s 

6.36 km/s i n c l u d i n g s ediments and 6.54 km^s e x c l u d i n g 

s e d i m e n t s . The average v e l o c i t y of the lower c r u s t i s 

c a l c u l a t e d to be 6.77 km/s beneath the I r i s h Sea and 6.75 

km/s beneath t h e North Sea. No o t h e r s i g n i f i c a n t l a t e r a l 

v a r i a t i o n s i n t h e lower c r u s t have been i d e n t i f i e d . 

4. Time-term a n a l y s i s of t h e Pn a r r i v a l s i n d i c a t e sub-Moho 

v e l o c i t i e s of 8.19 (8.12 - 8.29) km/s beneath the I r i s h 

Sea, 8.32 (8.19 - 8.49) km/s beneath Northern England and 

8.02 (6.34 - -10.0) km/s beneath the North Sea. 

C o n s t r a i n t s imposed by t h e Bouguer g r a v i t y anomaly along 

t h e p r o f i l e i n d i c a t e a Pn v e l o c i t y of 8.02 ( + / - 0.1) km/s 

b e n e a t h the North Sea. The depths c a l c u l a t e d d e f i n e a Pn 

boundary which s h a l l o w s from 32 km to 30 km from beneath 

t h e I r i s h Sea towards N o r t h e r n England and i s a t a 

c o n s t a n t depth of about 30 km beneath the North Sea. 

S y n t h e t i c seismogram m o d e l l i n g u s i n g both the r e f l e c t i v i t y 

and g e n e r a l i z e d r a y t h e o r y methods i n d i c a t e t h a t t h e 
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sub-Moho g r a d i e n t below t h e Pn boundary i s steeper beneath 

t h e I r i s h Sea t h a n beneath t h e N o r t h Sea. The l a t e r a l 

decrease i n t h e sub-Moho v e l o c i t y g r a d i e n t occurs beneath 

t h e m i d d l e of N o r t h e r n England below about s t a t i o n 34. 

5. The c o n t r a s t i n g depths c a l c u l a t e d f o r the PmP and Pn 

boundaries d e f i n e a t r a n s i t i o n a l Moho beneath the I r i s h 

Sea. S y n t h e t i c seismogram m o d e l l i n g using both t h e 

r e f l e c t i v i t y and g e n e r a l i z e d r ay t h e o r y methods i n d i c a t e s 

t h a t t h e PmP boundary i s an abrupt in c r e a s e i n v e l o c i t y 

from 6.75 t o 7.8 km/s over a depth range of about 1 km. 

Th i s i s u n d e r l a i n by a g e n t l e v e l o c i t y g r a d i e n t w i t h i n t h e 

t r a n s i t i o n a l Moho from 7.8 t o 8.0 km/s. Beneath the North 

Sea t h e c o i n c i d e n t PmP and Pn boundaries d e f i n e an 

i n t e r f a c e across which t h e v e l o c i t y increases a b r u p t l y 

over about a km from 6.75 km/s t o 8.0 km/s. 

I n S e c t i o n 1.6 s e v e r a l s p e c i f i c q u e s t i o n s were f o r m u l a t e d 

which i t was hoped would be answered by t h i s study. Several 

of these q u e s t i o n s have a l r e a d y been answered i n the above 

summary. The r e m a i n i n g q u e s t i o n s are discussed below. 

1. A comparison of t h e CSSP r e s u l t s and BIRPS i n d i c a t e s t h a t : 

( a ) The PcP i n t e r f a c e corresponds a p p r o x i m a t e l y w i t h t h e 

t o p of t h e r e f l e c t i v e lower c r u s t observed beneath t h e 

I r i s h Sea. No d i s t i n c t i v e lower c r u s t was observed on 

th e NEC l i n e a l t h o u g h t h e Caledonian Suture Seismic 

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

boundary a t about 6.0 s two way t r a v e l - t i m e . 

( b ) The PmP boundary beneath t h e I r i s h Sea l i e s w i t h i n t h e 

r e f l e c t i v e lower c r u s t . 

( c ) The Pn boundary beneath t h e I r i s h Sea c o i n c i d e s 

a p p r o x i m a t e l y w i t h t h e base of the r e f l e c t i v e lower 
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c r u s t . The c o i n c i d e n t PmP and Pn i n t e r f a c e s beneath 

t h e N o r t h Sea almost e x a c t l y correspond t o t h e 

prominent r e f l e c t i o n s observed on the NEC l i n e a t 

about 10.5 t o 11.0 s two way t r a v e l t i m e , 

( d ) The t r a n s i t i o n a l Moho beneath t he I r i s h Sea has a 

r e f l e c t i v e c h a r a c t e r s i m i l a r t o the lower c r u s t . 

A comparison of r e f r a c t i o n and BIRPS deep r e f l e c t i o n 

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

sharp Moho produces a narrow band of prominent v e r t i c a l 

r e f l e c t i o n s and l a r g e a mplitude wide-angle r e f l e c t i o n s . 

I n areas where t h e Moho appears t o re p r e s e n t t h e base of 

the r e f l e c t i v e lower c r u s t , no prominent v e r t i c a l or wide 

angle r e f l e c t i o n s are observed. Such a Moho i s recognised 

as a c o m p l i c a t e d t r a n s i t i o n zone between t he lower c r u s t 

and upper mantle i n t h e n o r t h e r n I r i s h Sea and may be 

developed more r e g i o n a l l y beneath t h e I r i s h Sea. 

( d ) A comparison o f t h e I r i s h CSSP r e s u l t s w i t h t h e m a i n l i n e 

CSSP r e s u l t s i n d i c a t e t h a t t h e PmP boundary shallows from 

I r e l a n d towards t h e c e n t r e of the I r i s h Sea. No r e s u l t s 

from an a n a l y s i s of Pn have been r e p o r t e d f o r the I r i s h 

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

sei s m i c s t r u c t u r e beneath t h e e n t i r e CSSP p r o f i l e 

i n d i c a t e s a p o s s i b l e S-Skm d i s p a r i t y between t he depths of 

th e m i d - c r u s t a l boundary beneath I r e l a n d and t h e m a i n l i n e 

CSSP p r o f i l e across N o r t h e r n England. The c a l c u l a t e d 

g r a v i t y along t h e e n t i r e CSSP l i n e f i t s t h e observed 

g r a v i t y anomaly t o w i t h i n 5 mgal i f t h e depth t o t h e 

m i d - c r u s t a l boundary beneath I r e l a n d i s reduced by 3-5km. 

( d ) The BIRPS WINCH and NEC l i n e i n d i c a t e t h a t t h e CSSP l i n e 
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appears t o l i e v e r y c l o s e t o t h e i n f e r r e d s u r f a c e t r a c e of 

t h e l a p e t u s Suture from t h e N o r t h Sea t o the I r i s h Sea 

except west of t h e Solway Basin where i t l i e s 

s i g n i f i c a n t l y t o t h e n o r t h . T h i s means t h a t t h e basement 

o f v e l o c i t y 6.15 km/s which i n c r e a s e s t o 6.20 km/s a t 

dep t h i n t h e upper c r u s t l i e s b o t h above and below t he 

s u t u r e along t h e l i n e . The lower c r u s t and deeper 

s t r u c t u r e s from t h e N o r t h Sea t o t h e I r i s h Sea l i e below 

t h e s u t u r e and t h e r e f o r e r e p r e s e n t c r u s t of the Southern 

Caledonides. The anomalous s t r u c t u r e of the Moho and 

upper mantle beneath t h e I r i s h Sea found from CSSP and 

BIRPS may be r e l a t e d t o t h e post-Caledonian f o r m a t i o n of 

t h e I r i s h Sea ba s i n s . The r e f l e c t i v e lower c r u s t and 

t r a n s i t i o n a l Moho may r e s u l t from c r u s t a l t h i n n i n g 

produced by d u c t i l e s t r e t c h i n g . 

6.1 FURTHER WORK ON THE CSSP DATA 

I t has been p o s s i b l e t o examine o n l y a l i m i t e d amount o f 

th e d a t a c o l l e c t e d d u r i n g t h e Caledonian Suture Seismic 

P r o j e c t . I t i s suggested t h a t t h e f o l l o w i n g work needs t o be 

c a r r i e d out on t h e remaining d a t a . 

1. An a n a l y s i s o f t h e Eskdalemuir, LOWNET and BGS CSSP da t a 

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

n o r t h o f t h e CSSP l i n e under t h e Southern Uplands and 

beneath t h e I r i s h Sea. The v a r i a t i o n s i n v e l o c i t y 

s t r u c t u r e r e l a t e d t o t h e disappearance o f t h e r e f l e c t i v e 

l ower c r u s t beneath t h e Southern Uplands c o u l d be 

i n v e s t i g a t e d i n d e t a i l . 
2. An a n a l y s i s of t h e e x c e l l e n t shear waves recorded from t h e 
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N o r t h Sea shots ( F i g . 6.1) should l e a d t o a b e t t e r 

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

6.2 FURTHER WORK 

There i s s t i l l a c o n s i d e r a b l e amount of i n f o r m a t i o n t o be 

gained from t h e CSSP da t a . This study, however, has posed 

some q u e s t i o n s t h a t are best answered by f u r t h e r surveys. The 

most i n t e r e s t i n g q u e s t i o n s r a i s e d are 

1. I s t h e t r a n s i t i o n a l Moho developed r e g i o n a l l y beneath t h e 

I r i s h Sea as i n d i c a t e d by the r e g i o n a l g r a v i t y h i g h and 

the widespread occurrance of a r e f l e c t i v e lower c r u s t ? I n 

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

westward e x t e n s i o n o f t h e "Southern Uplands observed on 

WINCH may r e p r e s e n t c o n t r a s t i n g c r u s t a l s t r u c t u r e s across 

t h e l a p e t u s s u t u r e . A l t e r n a t i v e l y , t h e disappearance of 

th e r e f l e c t i v e lower c r u s t may be r e l a t e d t o the northward 

t h i n n i n g of t h e t r a n s i t i o n a l Moho. Green (1984) proposed 

a n o r t h - s o u t h r e v e r s e d wide-angle r e f l e c t i o n / r e f r a c t i o n 

p r o f i l e between t h e I s l e of Man and the M u l l of K i n t y r e 

w i t h s t a t i o n s deployed on the I s l e o f Man and S t r a n r a e r 

P e n i n s u l a t o i n v e s t i g a t e t h e northward e x t e n s i o n of t h e 

6.15 km/s basement r e f r a c t o r beneath t h e Southern Uplands. 

Such a p r o f i l e might a l s o c o n f i r m t he i n f e r r e d r e g i o n a l 

development o f t h e t r a n s i t i o n a l Moho beneath t h e I r i s h Sea 

and t h e v a r i a t i o n s northwards i n i t s s t r u c t u r e . 

2. Given these major l a t e r a l c o n t r a s t s i n c r u s t a l s t r u c t u r e 

beneath t h e I r i s h Sea along t h e Caledonian s t r i k e , t h e 

s t r u c t u r e beneath t h e N o r t h Sea may be the best example o f 

th e o r i g i n a l Cadomia c r u s t . No d e t a i l e d v e l o c i t y 
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s t r u c t u r e s o f t h e deep c r u s t beneath t h e Southern Uplands 

a r e a v a i l a b l e . T h i s means t h a t t h e q u e s t i o n o f whether 

t h e r e are c o n t r a s t s i n t h e v e l o c i t y s t r u c t u r e of th e deep 

c r u s t across t h e l a p e t u s Suture remains unanswered. The 

r e s u l t s from CSSP have i n d i c a t e d t h e u s e f u l n e s s of 

s h o o t i n g along s t r i k e r e f r a c t i o n p r o f i l e s w i t h t h e use of 

b o t h c l o s e l y spaced s t a t i o n s and c l o s e l y spaced shots. 

The deep c r u s t a l s t r u c t u r e beneath t h e Southern Uplands 

can be i n v e s t i g a t e d best by s h o o t i n g a r e f r a c t i o n p r o f i l e 

s i m i l a r t o CSSP alo n g s t r i k e from west t o ea s t . The 

r e s u l t i n g s t r u c t u r e s n o r t h and south of th e l a p e t u s Suture 

beneath t h e a d j a c e n t a l o n g s t r i k e p r o f i l e s can then be 

compared t o deduce whether any c o n t r a s t s r e p r e s e n t remnant 

s t r u c t u r a l d i f f e r e n c e s between the Southern and No r t h e r n 

Caledonides. 
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