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ABSTBACT 

T h i s t i i e s i _ s d e s c r i b e s a s e i s m i c r e f r a c t i o n p r o j e c t 

undert?iken i n s o u t h west B r i t a i n i n Moveraber 1966, designed 

t o i n v e s t i g a t e c r u s t a l s t r u c t u r e associa.ted w i t h a grc.nite 

b a t u o l i t h . The r e s u l t s and i n t e r p r e t a t i o n o f t h e d a t a 

c o l l e c t e d sire p r e s e n t e d i n the form o f c r u s t v l s t r u c t u r e 

s e c t i o n s a l o n g the t h r e e l i n e s o f s h o t s . These r e s u l t s are 

t h e n compared w i t h those o b t a i n e d i n o t h e r areas o f t h e 

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

Suggestions f o r the d e s i g n o f f u t u r e c r u s t b . l s t r i i c t u r e 

e x periments based uioon t h e e x p e r i e n c e g a i n e d i n s o u t h west 

England are a l s o i n c l u d e d , 

S e v e r a l methods o f a n a l y s i s have been employed. 

Least squares s t r v i g h t l i n e s have been f i t t e d t o f i r s t a r r i v a l 

t r a v e l t i m e d a t a -and t i a i e terra a n a l y s e s have been a p p l i e d t o 

the major ph;-3ses t h u s i d e n t i f i e d . Amplitude and v e l o c i t y 

f i l t e r i n g nieasurements have been iiiade o f b o t h f i r s t and 

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

secondary a r r i v a l , i d e n t i f i e d as a s u p e r c r i t i c a l reflect:...on 

f r o m t h e iloho, i s emphasised and an ex:plana,tion o f .i-ts 

a m p l i t u d e chaa-a.cteristics i s p r o v i d e d i n terms o f a. lowei" c r u s t 

e x h i b i t i n g a gx-adual i n c r e a s e o f v e l o c i t y v / i t h d e p t h . 

'T;he average c r u s t a l v e l o c i t y a l o n g the l i n e o f the 

s o u t h west England p e n i n s u l a and between Land's End and B r i t t a n y 



i s :.\bout 6.1- km/sec w i t h an upper c n i s t a l v e l o c i t y o f about 

5.8 km/sec. The c r u s t i s about 27 t o 28 km t h i c k w i t h an 

almost h o r i z o n t a l Koho and a sub-Moho P v e l o c i t y o f about 
n 

0.07 km/sec. The g r a n i t e b a t h o l i t h o f south west England 

extends t o a depth of bout 11 km beneath which the lovrer 

c r u s t e x h i b i t s a gr^idual i n c r e a s e o f v e l o c i t y w i t h d e p t h . 

For the r e g i o n between Land's End and I r e l a n d t h e r e i s some 

evidence f o r a h i g h e r P.̂  v e l o c i t y and average c r u s t a l v e l o c i t y 

writh a d i p p i n g Moho such t h a t t h e t h i c k n e s s o f the c r u s t beneath 

s o u t h e r n I r e l a n d may be about JO km. 
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1 , 1 

CHAPTER 1 

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

A s p e c i a , l i s e d s e i s m i c r e f r a c t i o n p r o j e c t , designed 

t o i n v e s t i g a t e c r u s t a l s t r u c t u r e a s s o c i a t e d w i t h a gra.nite 

b a t h o l i t | i , was un d e r t a k e n i n south v/est B r i t a i n d u r i n g the 

e a r l y p a r t o f t h e November I966. The p r o j e c t was o r g a n i s e d 

by members o f t h e Department o f Geology, U n i v e r s i t y o f Durham 

i n c o l l a b o r a t i o n w i t h t h e Hydrograiphie Department o f the Royal 

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

experiment vias based on t h e sei s m i c r e f r a c t i o n t e c h n i q u e which 

has been used i n many p a r t s o f t h e w o r l d t o elucid.ate deep 

s t r u c t u r e s o t h e r w i s e unseen by s u r f a c e methods. 

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

so u t h west England area and i n p a r t i c u l a r the n a t u r e o f t h e 

g r a n i t e b a t h o l i t h as r e v e a l e d by v a r i o u s g e o l o g i c a l and 

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

work underta.ken i n the area covered by the experiment and 

di s c u s s e s t h e s c i e n t i f i c background and aims o f t h e sei s m i c 

r e f r a c t i o n experiment as c a r r i e d out i n November I966, 

1.2 Geology o f t h e so u t h western p e n i n s u l a 

South west B r i t a i n wa.s s e l e c t e d as b e i n g a. 

p a r t i c u l a r l y i n t e r e s t i n g area because o f t h e occurrence o f 



1.2 

l a r g e g r a n i t e i n t r u s i o n s a l o n g t h e s o u t h west England 
p e n i n s u l a . The geology o f t h e area i s show^n i n f i g . l . 
The p e n i n s u l a i s c h a r a c t e r i s e d by a s e r i e s o f h i g h l y 
c o n t o r t e d P a l a e o z i c sediments which have been a f f e c t e d by 
low grade metamorphism. The g e n e r a l s t r u c t u r e o f the area 
i s a broad t r o u g h , known as t h e Culm s y n c l i n o r i u m , w i t h i t s 
a x i s a l i g n e d east-west t h r o u g h c e n t r a l Devonshire. The 
c e n t r a l p a r t o f t h e t r o u g h i s composed o f C a r b o n i f e r o u s 
sediments, c o n s i s t i n g o f m a s s i v e l y bedded s h a l e s , a bed o f 
agglomerates and t u f f s and a s e r i e s o f l e n t i c u l a r l i m e s t o n e s . 
The a x i s o f t h e s y n c l i n o r i u m i s occupied by the f i n g e r ~ l i f c e 
C r e d i t o n t r o u g h composed m o s t l y o f New Red S3.ndstone, r e s t i n g 
unconformably on the C a r b o n i f e r o u s . 

Towards the n o r t h Devonian r o c k s o u t c r o p . These 

are p r e d o m i n a n t l y marine r o c k s b u t t h r e e i n t e r c a l a t i o n s o f 

c o n t i n e n t a l Old Red Sandstone do occur. Tovvards the south 

o f t h e s y n c l i n o r i u m , o u t c r o p s o f lovier, m i d d l e and upper 

Devonian r o c k s o f marine f a c i e s are p r e s e n t c o n s i s t i n g o f 

s l a t e s , mudstones and l i m e s t o n e s . I n t h e extreme s o u t h west 

th e r o c k s are o f indetermina/ce age, p o s s i b l y l o w e r Devonian, 

These are t h e M y l o r beds o r ' k i l l a s ' o f s o u t h west C o r n w a l l . 

There ai'e tw^o areas o f p o s s i b l e Precam-bimn r o c k s , one i n t h e 

S t a r t P o i n t area c o n s i s t i n g o f low grade s c h i s t s ( T i l l e y 1923) 

and the o t h e r c o m p r i s i n g t h e igneous complex o f t h e L i z a r d 

( F l e t t and H i l l 1 9 4 6 ) , Hoviever, r a d i o a c t i v e age dates on 
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t h e L i z a r d r o c k s i n d i c a t e t h a t t h e y may be younger ( M i l l e r 

and Green 1 9 6 l a and 1 9 6 l b , Dodson I 9 6 1 ) . The whole o f t h e 

area was metamorphosed by t h e m a r g i n a l e f f e c t o f t h e e a r t h 

movements vihich b u i l t up t h e e a s t e r n p a r t o f t h e ?a.riscan 

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

s l a t e y cleaivage on t h e f i n e r g r a i n e d sediments. 

G u t t i n g across these P a l a e o z i c sediments, and a l s o 

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

o f Armorican age. R a d i o a c t i v e age d a t i n g on some specimens 

g i v e s ages o f 280 i 10 m i l l i o n y e a r s (Long I962, M i l l e r and 

Mohr 1964, Sabine and G n e l l i n g I 9 6 9 ) , The main masses are 

those o f Dartmoor, Bodmin Moor, Hensbarrow, C a r n m e n e l l i s and 

Land's End. The S c i l l y I s l e s are a l s o formed o f g r a n i t e and 

o t h e r s m a l l e r o u t c r o p s are seen i n s e v e r a l areas. The b u l k 

o f the r o c k f o r m i n g these i n t r u s i o n s i s a coarse, p o r p h y r i t i c , 

b i o t i t e g r a n i t e ( S x l e y and Stone 1 9 6 4 ) , I t c o n s i s t s o f l a r g e 

p h e n o c r y s t s o f p o t a s h f e l s p a r up t o 5cm i n l e n g t h , p l a g i o c l a s e 

f e l s p a r , q u a r t z and b i o t i t e s e t i n a coarse m a t r i x o f more 

t h a n 31™. civerage g r a i n s i z e . Accessory m i n e r a l s i n c l u d e 

z i r c o n , a p a t i t e and o r e s . Other g r a n i t e t y p e s i n c l u d e a 

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

s i n g l e o c c u r r e n c e s o f l i t h i o n i t e g r a n i t e , so c a l l e d because 

o f t h e presence o f l i t h i o n i t e mica, and a f l u o r i t e g r a n i t e . 

Elvans a l s o occur i n moderate numbers t h r o u g h o u t t h e p e n i n s u l a , 
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b e i n g composed o f g r a n i t e p o r p h y r i e s and h a v i n g a dyke- or 

s i l l - l i k e f o r m . 

Each o f t h e o u t c r o p p i n g g r a n i t e masses i s surrounded 

by a metamorphic a u r e o l e . Thermal s p o t t i n g occurs and i t i s 

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

about 1000 metres a t r i g h t angles t o t h e g r i i n i t e s u r f a c e . 

The g r a n i t e c o n t a c t s a r e sharp w i t h v e r y l i t t l e p e r m e a t i o n 

o f m a t e r i a l i n t o the c o u n t r y r o c k s . They may be d e s c r i b e d , 

i n f c i c t , as t y p i c a l examples of" ' p l u t o n s ' , the h i g h e s t l e v e l 

i n t h e g r a n i t e s e r i e s d e s c r i b e d by Read (1957). 

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

t h e R e g i o n a l Guide (Dewey 1948) s h o u l d be c o n s u l t e d . 

1 . 3 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 a l o n g t h e p e n i n s u l a 

A g e o p h y s i c a l s t u d y d e s c r i b e d by B o t t , Day and 

Hasson-Smith (1958) r e v e a l s t h e s u b s u r f a c e shape and e x t e n t 

o f the g r a n i t e s . They u n d e r t o o k a g r a ^ v i t y and. magnetic 

survey o f t h e whole o f the south western p e n i n s u l a , t h e 

Bougueranomalies o f x-zhich e.re p r e s e n t e d i n f i g , 2 , The 

main g r a v i t j r f e a t u r e s b r o u g h t out by t h e survey are t h a t :~ 

( i ) A b e l t o f l a r g e n e g a t i v e Bougser anomeilies o f up t o 

-50mgals f o l l o i ' f s the g r a n i t e b e l t , the minimum v a l u e s 

c o r r e s p o n d i n g t o o u t c r o p s o f g r a n i t e , 

( i i ) The Bouguer anomaly f a l l s i n a NNE d i r e c t i o n across 

Exmoor by about 20mgals. 
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( i i i ) The Bouguer anomaly r i s e s southwards by about 10-15mgals 
a l o n g t h e S t a r t and L i z a r d p e n i n s u l a s . 

( i v ) The r e g i o n a l Bouguer l e v e l i s r e l a t i v e l y h i g h and r i s e s 

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

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

a l i n e c r o s s i n g the extreme west o f t h e p e n i n s u l a f r o m nox-th 

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

low Bouguer a.noinalies c o r r e s p o n d i n g t o the g r a n i t e b e l t . 

The f u l l i n t e r p r e t a t i o n o f these anomalies i s 

g i v e n by B o t t , Day and Masson-Smith ( 1 9 5 8 ) , and B o t t and 

S c o t t ( 1 9 6 4 ) , b u t i s summarised h e r e . The n e g a t i v e Bouguer 

anomalies a l o n g t h e p e n i n s u l a are a t t r i b u t e d t o t h e loi'i 

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

because :-

( i ) The h i g h v a l u e o f t h e g r a v i t y g r a d i e n t and second 

d e r i v a t i v e r e q u i r e a v e r y shallovj- d e n s i t y c o n t r a s t , 

( i i ) Saiaples o f g r a n i t e g i v e d e n s i t i e s o f 2,58-2,64gHi/cG 

w h i l e the Devonian r o c k s o f South Devon g i v e V c i l u e s o f 2 , 6 l -

2.86gDi/cc ( B o t t , Day and Masson-Sniith I 9 5 8 ) . Samples o f 

t h e k i l l a s g i v e 2.71 i .O^gsi/cc ( S c o t t , u n p u b l i s h e d ) . 

A d e n s i t y c o n t r a s t o f -O.I6 i .03gm/cc was used 

t o g i v e q u a n t i t a t 3 . v e e s t i m a t e s o f g r a n i t e t h i c k n e s s e s . . 

The c o n t i n u i t y o f t h e anomalies suggest t h a t t h e exposed 

g r a n i t e s f o r m ci-ipolas on a l a r g e b a . t h o l i t h o f c o n s i d e r a b l e 
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e x t e n t , an i d e a vhlch has been p o s t u l a t e d b e f o r e , e.g. 
H a s t a l l ( 1 9 3 1 ) . I n r e g i o n s between t h e g r a n i t e o u t c r o p s , 
t h e r o o f i s n o t more than 2 t o 3km beneath the ground s u r f a c e . 
I n some areas i t i s n o t i c e a b l e t h a t the metaiaorphic a u r e o l e 
extends s e v e r a l k i l o m e t e r s away from t h e v i s i b l e g r a n i t e 
c o n t a c t , i n d i c a t i n g t h a t the r o o f i s n o t f a r below ground. 
On t h e b a s i s o f t h e shape o f t h e g r a v i t y anomalies i t can 
be seen t h a t the b a t h o l i t h has 9. r e l a t i v e l y f l a t r o o f r e g i o n 
w i t h s t e e p l y s l o p i n g i i r a l l s g e n e r a l l y i n c l i n e d outwards. 
An example o f a t y p i c a l two d i m e n s i o n a l Bouguer anomaly 
p r o f i l e w i t h i t s g e o l o g i c a l i n t e r p r e t a t i o n i s shown i n f i g . 3 . 
The i n t e r p r e t a t i o n o f t h i s Bodmin Moor p r o f i l e shows an 
i n t r u s i v e body o f g r a n i t e w i t h a ne g c i t i v e d e n s i t y c o n t r a s t 
e x t e n d i n g t o a depth o f 12km w i t h s t e e p l y d i p p i n g s i d e s and 
a more dense n o r t h e r n s e c t i o n . Another i n t e r p r e t a t i o n which 
c o u l d be a p p l i e d i s t h a t o f an i n t r u s i v e body o f g r a n i t e w i t h 
a u n i f o r m d e n s i t y c o n t r a s t b u t e x t e n d i n g t o g r e a t e r depths i n 
the s o u t h . The f i t o f t h e c a l c u l a t e d anomaly f o r t h i s model 
t o the observed anomaly i s n o t as good a.s t h a t f o r t h e former 
model. T h i s i n t e r p r e t a t i o n i s t y p i c a l f o r most o f t h e g r a n i t e 
o u t c r o p s a l o n g t h e p e n i n s u l a . Thus t h e g r a v i t y s urvey r e v e a l s 
t h e presence o f an e l o n g a t e d g r a n i t e b a t h o l i t h w i t h s t e e p l y 
d i p p i n g s i d e s and e x t e n d i n g t o a depth o f about 12km w i t h aj 
denser n o r t h e r n r e g i o n . 
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The w e s t e r n e x t e n t o f t h e b a t h o l i t h i s unknown. 
M i d f o r d ( I 9 6 6 ) d e s c r i b e s a g r a v i t y "low betvv-een Land's End 
and the I s l e s o f S c i l l y which i s i n t e r p r e t e d as a g r a n i t e 
e x t e n d i n g t o a depth o f a t l e a s t 10km below sea l e v e l . 
The S c i l l y I s l e s are formed o f g r a n i t e s o f the same type as 
those found i n t h e mainland b e l t b u t no q u a n t i t a t i v e e s t i m a t e 
o f t h e depth t o which t h e g r a n i t e extends i s p o s s i b l e w i t h t h e 
da t a as i t i s a t t h e moment. Whitmarsh ( I 9 6 7 ) g i v e s a g r a v i t y 
p r o f i l e a l o n g a NW - SE t r e n d i n g l i n e some 60km west o f the 
S c i l l y I s l e s . T h i s shows a g r e i v i t y low over t h e Haig Fras 
g r a n i t e i n t h e n o r t h west and anothe r low w i t h a steep s i d e d 
h i g h on i t s s o u t h e r n margin towards t h e so u t h e a s t e r n end o f 
th e t r a v e r s e . He proposes t h a t t h i s s o u t h e r n low i s a 
m a n i f e s t a t i o n o f an o t h e r g r a n i t e w i t h i t s t o p k^O metres below 
sea l e v e l ( t h e t^rater depth i n t h i s r e g i o n i s I 3 0 me t r e s ) t h u s 
e x t e n d i n g t h e c h a i n o f the g r c i n i t e s a t l e a s t t o t h i s p o s i t i o n 
some 60km ¥SW o f t h e S c i l l y I s l e s . 

Shallow s e i s m i c r e f r a c t i o n p r o f i l e s (see belovi) 

i n d i c a t e the presence o f t h i n sediments c o v e r i n g basement r o c k s 

out t o a f u r t h e r 60km west s o u t h westwards from t h e g r a n i t e 

p o s t u l a t e d by Mhitmarsh. Magnetic evidence (see below) a l s o 

i n d i c a t e s t h e presence o f a s h a l l o w basement i n t h i s area 

e x t e n d i n g west s o u t h v/estwards b u t p l u n g i n g s t e e p l y towards 

t h e s o u t h s o u t h e a s t . 
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B o t t and S c o t t (1964) suga;est t h a t an i s o s t a t i c 
mechanism c o u l d be the cause o f the h i g h groimd a s s o c i a t e d 
with the g r a n i t e b e l t . The basement r i d g e , e x t e n d i n g the 
l i n e o f t h e s o u t h w e s t e r n p e n i n s u l a , c o u l d w e l l be a m a n i f e s t 
a t i o n o f t h e same mechanism o p e r a t i n g i n t h i s area s u g g e s t i n g 
t h a t g r a n i t e s extend w e l l t o the w e s t o f t h e S c i l l y I s l e s . 

1.4 Aims o f t h e I966 experiment 

The v e r t i c a l e x t e n t o f t h e g r ^ m i t e b a t h o l i t h as 

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

r e g a r d i n g i t s o r i g i n . T h i s problem i s p a r t o f t h e g e n e r a l 

pi-oblem r e l a t e d t o t h e o r i g i n o f g r a n i t e s which has been h o t l y 
de'oated f o r many years (Read 1956, Reynolds 194?). I n the 

p r e s e n t case t h e grs.nites were eaplaced a f t e r f o l d i n g and 

metamorphism o f c o u n t r y r o c k s and, whatever t h e emplacement 

mechanism, i t must have i n v o l v e d t h e removal o f a l a r g e volume 

o f c o u n t r y r o c k s . T h i s problem has been s t u d i e d b y B o t t (1956) 

who concluded tha^t most o f t h e c o u n t r y r o c k s descended t o r e p l a c e 

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

t h e c r u s t u n d e r l y i n g the g r a n i t e b a t h o l i t h must have been 

d i s t u r b e d . Thus the problem o f g r a n i t e b a t h o l i t h s cannot 

be i s o l a t e d f r o m a s t u d y o f t h e c r u s t as a vjhole. 

Two p r i n c i p a l hypotheses have been p u t f o r w a r d 

c o n c e r n i n g t h e shape o f t h e g r a n i t e b a t h o l i t h s i n r e l a t i o n t o 

t h e c r u s t . The f i r s t suggests t h a t b a t h o l i t h s are surrounded 
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on a l l s i d e s and belovr by r o c k s denser t h a n themselves. 
The second suggests t h a t b a t h o l i t h s merge a t a depth o f 
10km i n t o a la.jer which has a g r a n i t i c c o m p o s i t i o n . G r a v i t y 
methods p r o v i d e no means o f t e s t i n g between these tvio hypotheses. 
The seismic r e f r a c t i o n method p r o v i d e s a t o o l which m.ay be a b l e 
t o d i s t i n g u i s h betv/een them. I t has been shown t h a t t h e g r a n i t e 
b a t h o l i t h i n t h i s r e g i o n extends a t l e a s t from Dartmoor t o t h e 
S c i l l y I s l e s , a d i s t a n c e o f about 200km and p o s s i b l y even f u r t h e r . 
The x«fidth o f the g r a n i t e b e l t i s o f t h e o r d e r o f 30-30km. L e n g t h 
wise i t i s thus l a r g e enough t o accommoda.te most o f a s e i s m i c 
r e f r a c t i o n l i n e v/hich would sample s e i s m i c v e l o c i t i e s t h r o u g h o u t 
t h e i f h o l e t h i c k n e s s o f the c r u s t down t o t h e H o h o r o v i c i c 
d i s c o n t i n u i t y . 

One o f t h e meiin aims o f t h i s p r o j e c t was, t h e r e f o r e , 

t o detei*mine t h e c r u s t a l s t r u c t u r e and topmost mantle v e l o c i t i e s 

a l o n g t h e l e n g t h o f t h e g r a n i t e b a t h o l i t h . I t was decided t o 

s e t up a s e i s m i c r e f r a c t i o n l i n e o f s h o t s e x t e n d i n g west south 

westwards from Land's End x ^ i t h d e t e c t o r s p l a c e d a t s u i t a b l e 

s i t e s a l o n g t h e p e n i n s u l a . I n o r d e r t o supplement t h i s 

i n f o r m a t i o n i t was a l s o decided t o determine the c r u s t a l s t r u c t u r e 

and topmost mantle v e l o c i t i e s a l o n g two l i n e s a t r i g h t angles t o 

t h e b a t h o l i t h . These l i n e s extend f r o m Land's End t o s o u t h e r n 

I r e l a n d and f r o m Land's End t o n o r t h w e s t e r n Freuice r e s p e c t i v e l y , 

(see f i g . 4 ) . A study o f t h e p r e v i o u s work i n t h e areas covered 

by these t h r e e r e f r a c t i o n l i n e s i s t h e r e f o r e necessary and a 



1,10 

summary o f t h i s vjork i s g i v e n below. 

1.5 P r e v i o u s work i n t h e area 

Work i n the sea areas s u r r o u n d i n g the s o u t h west 

England p e n i n s u l a and e x t E n d i n g t o s o u t h e r n I r e l a n d and t o 

n o r t h w e s t e r n France has been o f a r a t h e r l i m i t e d na.ture, 

A number o f seismic r e f r a c t i o n s t a t i o n s have been occupied 

and i n d i v i d u a l g r a v i t y and magnetic t r a v e r s e s c r o s s t h e area 

b u t no s y s t e m a t i c g e o p h y s i c a l survey has been a t t e m p t e d i n 

th e r e g i o n covered by the l a r g e s c a l e s e i s m i c r e f r a c t i o n 

p r o j e c t o f 1 9 6 6 . Most o f t h e work seems t o have been 

c o n c e n t r a t e d towards t h e west and s o u t h o f t h e p e n i n s u l a . 

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

e a s t e r n C e l t i c sea. 

Some o f the e a r l i e s t s e i s m i c work i s r e p o r t e d by 

B u l l a r d and Ga,skell ( 1 9 ^ 1 ) . S e v e r a l sea s t a t i o n s were s e t 

up a t p o i n t s a l o n g an e x t e n s i v e l i n e r u n n i n g r o u g h l y west 

so u t h vrestvrards from t h e L i z a r d and s h o r t r e f r a c t i o n l i n e s 

were shot a t each s t a t i o n (see f i g . 4 ) . I t was found t h a t 

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

s l o p e s gentl3r downweirds on r e c e d i n g f r o m the l a n d i n a V/S¥ 

d i r e c t i o n out bo the p o s i t i o n o f t h e i r s t a t i o n 6 (AR 6 i n 

f i g . 4 ) . T h e r e a f t e r t h e basement s l o p e s more s t e e p l y t o 

r e a c h a d e p t h o f 2.5km a t th e 100 fathom l i n e . The s e i s m i c 

v d o c i t i e s g i v e n f o r t h e basement r o c k s v a r y f r o m k,6 - 7 . 3 i^/sec 
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w h i l e those f o r the -sediments above range from 1.8 - 2.9km/seG. 

S e v e r a l s i m i l a r s t a t i o n s viere s e t up by H i l l and 

Laughton ( 1954) i n the approaches t o t h e E n g l i s h channel 

towards t h e s o u t h o f the s t a t i o n s occupied by B u l l a r d and 

G a s k e l l (see f i g - . 4 ) „ These g i v e s e i s m i c v e l o c i t i e s i f i t h i n 

t h e basement r o c k s o f 6 .10 -• 6.34km/Bec and depths t o the 

basement o f up t o 4 .27km w i t h a g e n e r a l d i p o f t h i s basement 

towards t h e west. Three o t h e r l a y e r s above t h e basement were 

r e c o g n i s e d with v e l o c i t i e s r a n g i n g f r o m 4.85km/sec near the 

bottom o f t h e 'consolids.ted sediments' t o 1.96km/sec near t h e 

t o p o f t h e ' u n c o n s o l i d a t e d sediments'. However, many o f 

these r e f r a c t i o n l i n e s were n o t r e v e r s e d thus making an 

assumption o f h o r i z o n t a l l a y e r i n g necessary f o r t h e above 

v a l u e s o f v e l o c i t y and t h i c k n e s s t o be t r u e . 

Day, H i l l , Laughton and Sweillow ( 1 9 5 6 ) , on t h e b a s i s 

o f s h o r t r e f r a c t i o n l i n e s shot a t l o c a t i o n s a l o n g a l i n e 

e x t e n d i n g southxfa.rds f r o m Plymouth (see f i g . 4 ) , r e c o g n i s e d 

f o u r c l a s s e s o f sei s m i c v e l o c i t y t h u s :-

1,7 - 2 .5km/sec Mesozoic 

2 . 7 - 3.6km/sec Permo T r i a s s i c 

3 . 6 5 - 4.85l£m/sec Pa l a e o z o i c 

5 . 2 - 7.0km/sec Metamorphics and Igneous (Basement) 

S t r u c t u r e c o n t o u r s drawn by Day e t a l on t h e basement 

g i v e a p i c t u r e o f an e l o n g a t e d t r o u g h r u n n i n g northwestwards 
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a l o n g t h e c e n t r e o f t h e w e s t e r n approaches t o t h e E n g l i s h 
channel rea.ching a depth o f a t l e a s t 3km and r i s i n g t o aero 
d e p t h near the French c o a s t . 

More r e c e n t l y , Bunce e t a l ( 1964) shot p r o f i l e s 

near th e edge o f the c o n t i n e n t a l margin some 350km due west 

o f Lands' End. They shot t h r e e s h o r t p r o f i l e s (28km each) 

and one l o n g p r o f i l e ( l 2 5 k m ) , the l a t t e r i n a n o r t h - s o u t h 

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

was 5«51na/sec i ^ r h i l e , i n t h e l o n g p r o f i l e , a 6.10km/sec l a y e r 

u n d e r l a i n by a Hiedium h a v i n g a v e l o c i t y o f 7.7km/sec was f o u n d . 

A d i p o f ^fhat Mas presumed t o be the Moho towards the s o u t h was 

t e n t a t i v e l y p o s t u l a t e d on s c a n t y d a t a . 

The a r e a between t h e south w e s t e r n p e n i n s u l a and 

I r e l a n d i s d e v o i d o f p u b l i s h e d seismic p r o f i l e s , except f o r 

s e v e r a l s h o r t u n r e v e r s e d p r o f i l e s shot by M e r r i w e a t h e r (1958) 

near P e r r a n p o r t h i n C o r n v j a l l . He found t h e basement t o be a t 

a depth o f 400 metres w i t h an u n r e v e r s e d v e l o c i t y o f 5.8km/sec 

o v e r l a i n by Devonian s c h i s t s h a v i n g a v e l o c i t y o f 4 .4km/sec. 

Whitmarsh ( I 9 6 7 ) g i v e s t h e r e s u l t s o f a s h o r t u n r e v e r s e d l i n e 

o f t w e l v e s h o t s exploded a l o n g a 25km l e n g t h o f the g r a v i t y 

p r o f i l e mentioned e a r l i e r i n t h i s c h a p t e r . U n f o r t u n a t e l y no 

a r r i v a l s f r o m t h e basement wei-e r e c e i v e d a l t h o u g h t h e y are t o 

be expected i n a p r o f i l e o f t h i s l e n g t h . Two l a y e r s were 

f o u n d , an upper 1.6km/sec l a y e r and a lov/er 1.91an/sec l a y e r 

i d e n t i f i e d as the Cretaceous w i t h i t s t o p l y i n g 200 metres 
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belo\-j sea l e v e l . He proposes t h a t s e i s m i c waves h i t t i n g t h e 
w a l l s o f t h e p o s t u l a t e d g r a n i t e , i n t e r p r e t e d from the g r a v i t y 
d a t a , would be r e f l e c t e d and s c a t t e r e d t h u s a c c o u n t i n g f o r 
t h e n o n - e x i s t e n c e o f a r r i v a l s from the basement d u r i n g h i s 
r e f r a c t i o n s u r v e y . The s t e e p - s i d e d g r a v i t y h i g h on the s o u t h e r n 
margin o f t h e proposed g r a n i t e (see e a r l i e r d i s c u s s i o n on g r a v i t y 
measurements), he says, r e p r e s e n t s a p r o t r u s i o n o f t h e basement 
i n t o t h e Cretaceous. 

A g r a v i t y s urvey conducted by Brown and Cooper (1952) 

i n t h e e a s t e r n p a r t s o f t h e s o u t h western approaches t o the 

E n g l i s h channel shows a h i g h Bouguer anomaly r u n n i n g east-west 

a l o n g t h e c e n t r e o f the Channel. Close t o the French coast a 

low was found p r o b a b l y ov/ing i t s e x i s t e n c e t o the g r a n i t i c 

n a t u r e o f t h e r o c k s o u t c r o p p i n g i n the v i c i n i t y . More r e c e n t l y , 

u n p u b l i s h e d g r a v i t y p r o f i l e s r u n n i n g f r o m Land's End and t h e 

S c i l l y I s l e s t o n o r t h west France c o n f i r m the h i g h Bouguer 

anomaly i n t h e n o r t h e r n and c e n t r a l p a r t s o f t h e sou t h western 

approaches and t h e low towcirds t h e French c o a s t . I t would seem 

t h a t the t h i c k e n i n g p i l e o f sediments r e v e a l e d by t h e se i s m i c 

survey o f Day e t a l has no apparent e f f e c t on t h e g r a v i t y v a l u e s . 

The vj-esterly g r a v i t y p r o f i l e s and an o t h e r one e x t e n d i n g betv/een 

I r e l a n d and Land's End w i l l be d i s c u s s e d i n a l a t e r c h a p t e r . 

A magnetic survey by H i l l and Vine (1965) i n t h e 

so u t h v/estern approaches r e v e a l s a marked ENE - ¥S¥ l i n e a t i o n 
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o f the anomalies. T h i s i s c o n s i d e r e d by them t o r e f l e c t 
the r e l i e f o f t h e metamorphic basement, vjhich i n t u r n 
d e l i n e a t e s an Hercy n i a n s t r u c t x a r a l t r e n d . Broad magnetic 
f e a t u r e s e x t e n d i n g a l o n g t h e d i r e c t i o n g i v e n above suggest 
a s e r i e s o f r i d g e s and t r o u g h s i n the basement s u r f a c e . 

Thus g r a v i t y , magnetic and s e i s m i c work i n d i c a t e 

a t r o u g h or s e r i e s o f t r o u g h s i n t h e western approaches t o 

the E n g l i s h channel, w i t h the low v e l o c i t y s e d i m e n t a r y m a t e r i a l 

t h i n n i n g northv/ards a g a i n s t the viestward e x t e n s i o n o f t h e 

Cornubijin b a t h o l i t h a r e a. C o r i n g and d r e d g i n g work has g i v e n 

a d d i t i o n a l evidence o f surfeice geology ^ ^ ^ i t h i n t h e r e g i o n which 

i s summarised i n f i g . 5 . 

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

sea r e g i o n are those o f B l u n d e l l , Davey and Graves ( I 9 6 8 ) . 

T h e i r survey covered the s o u t h e r n p a r t o f t h e I r i s h Sea and 

the n o r t h e a s t e r n p a r t o f t h e C e l t i c sea. The anomalies show 

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

broad, b u t steep s i d e d , g r a v i t y low r u n n i n g west s o u t h westwards 

from t h e s o u t h e r n I r i s h Sea e v e n t u a l l y b i f u r c a t i n g i n the n o r t h 

e a s t e r n area o f the C e l t i c see,. Seismic measurements i n d i d a t e 

t h a t t h e r e a r e two s e i s m i c l a y e r s 

2.2km/sec 1km. t h i c k 
3.5km/sec 2fcm t h i c k 

t h u s showing t h a t sediment depths o f 3km are found i n t h i s area also, 
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A g r a v i t y t r a v e r s e by I ' l i d i o r d ( I 9 6 6 ) f r o m S t . 

David's Head t o Land's End g i v e s h i g h g r a v i t y V c i l u e s s o u t h -

iAr?urds f r o E i S t . David's t o a p p r o x i m a t e l y 51°20'N. T h e r e a f t e r 

a b r e a k i n t h e p r o f i l e marks t h e p o s i t i o n o f a g r a v i t y Iom 

' r f i t h a steep s o u t h e r n g r a d i e n t i n the r e g i o n o f 51°N» '̂he 

r e s t o f t h e t r a v e r s e shov;s h i g h g r a v i t y v a l u e s i m m e d i a t e l y t o 

th e n o r t h o f t h e Land's End ar e a . The n o r t h e r n p a r t o f the 

t r a v e r s e runs a l o n g t h e eastv/a.rd margin o f the b a s i n d e s c r i b e d 

by B l u n d e l l e t a l . C o r i n g and d r e d g i n g work has been c a r r i e d 

out i n t h e C e l t i c sea. and t h i s i s summarised i n f i g . 5 . 

I t i s apparent f r o m the f o r e g o i n g tha.t, i n genera . 1 , 

t h e upperm.ost l a y e r s o f t h e Ea r t h ' s c r u s t beneath t h e airea 

covered by t h e I966 r e f r a c t i o n experiment e x h i b i t a marked 

EME-WSW s t r u c t u r a l ti-end. There i s sin i r r e g u l a r cover o f 

sedimentary m a t e r i a l w i t h s e i s m i c v e l o c i t i e s r a n g i n g from 

1.7 t o 4 .85km/sec. C r y s t a l l i n e basement v e l o c i t i e s seem 

t o be i n t.he range 5 . 2 t o 7.01cm/sec. Hov/ever, l a r g e p a r t s 

o f the area a.re s t i l l r e l a . t i v e l y unknown and the problems 

posed by t h e l a c k o f o b s e r v a t i o n a l d a t a w i l l becom.e apparent 

i n l a t e i " c h a p t e r s o f t h i s t h e s i s . 
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T h i s c h a p t e r d e a l s w i t h t h e e x p e r i m e n t a l d e t a i l s o f 

the southwest E n g l r n d p r o j e c t . Each i n d i v i d u a l r e c e i v i n g 

s t a t i o n i s d e s c r i b e d and summaries o f two c o n t r a s t i n g t y p e s o f 

r e c o r d i n g a p p a r a t u s are incl^ ^ d e d . SoBie o f the problems 

encountered d u r i n g t h e p r o j e c t are mentioned and the g e n e r a l 

q u a l i t y o f the d a t a c o l l e c t e d i s assessed. The determina.tion 

o f shot i n s t s m t s and t h e p r e p a r a t i o n o f the raw dsita ready f o r 

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

2 . 1 E x p e r i m e n t a l d e t a i l s 

The s h o t - r e c e i v i n g s t a t i o n c o n f i g u r a t i o n i s shovm 

i n f i g . 6 . L i n e s 1 and 2 e x t e n d a p p r o x i m a t e l y 250km west 

soixth westwards and northv/ards r e s p e c t i v e l y from Land's End 

a.nd l i n e 3 extends some 1501aii southwards from Land's End t o 

the coast o f n o r t h west France. F o r t y - f i v e , t i m e f u s e d , 

136kg depth charges were d e t o n a t e d by H.M.S. Hecla d u r i n g the 

p e r i o d 4th - 8th November I 9 6 6 . They were a l l d e t o n a t e d 

a p p r o x i m a t e l y 15km a p a r t on the sea bottom and t h e r e v/ere no 

f a . i l u r e s . The shot f i r i n g sequence %rent almost e x a c t l y t o 

p l a n w i t h v e r y fev.r d e l a y s f o r near v i c i n i t y s h i p p i n g and i n 

a. r e l a . t i v e l y q u i e t weather p e r i o d . L i n e 2 was shot f i r s t 

w i t h H.M.S. Hecla f i r i n g s h o t s 42-25 d u r i n g the eve n i n g o f 

the 4th November. L i n e 2 was c o n t i n u e d d u r i n g t h e morning 
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of the 5th. Noveraber and l i n e 3 was completed towards the end 
of t h a t afternoon. H.M.S. Hecla then returned to Devonport 
to tffJce on more depth chaxges and then stea-ined westwards 
dropping shot 19 on the afternoon of the 7 t h , Line 1 was 
completed during the morning and afternoon of the 8t h . The 
shot p o s i t i o n s were f i x e d using the Decca navigation chain. 
These p o s i t i o n s together w i t h theix- associated e r r o r s are given 
i n Appendix A. 

The shot i n s t a n t was recorded on board H.M.3. Hecla 

as lolloMs. Near the time of f i r i n g the output of a geophone, 

together w i t h the outputs of a time encoder, the B.B.C. Lig h t 

prograjinne and a standard radio time frequency (trrfY) were played 

out on an u l t r a v i o l e t recording o s c i l l o g r a p h and also recorded 

on magnetic tape. The time i n t e r v a l between the splash time 

and the advent of the -water-wave a r r i v a l seen on the recorder 

was measured by ai stop-x/atch .and the ship's speed v/as noted. 

Thus the distance froia shot p o i n t to ship could be determined. 

The time taken f o r the water vrave t o t r a v e l t o the ship was 

calculs-ted assuming a water-wa.ve v e l o c i t y of l.^izm/sec and 

t h i s time was subtracted from the a r r i v a l time seen on the 

recorder to give the absolute shot i n s t a n t . The time encoder 

was p e r i o d i c a l l y recorded sigainst WiN to check f o r d r i f t so 

th a t when !•/¥¥ was not a v a i l a b l e an accurate shot i n s t a n t could 

s t i l l be determined. The only problem w i t h t h i s system was 
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t h a t of i d e n t i f y i n g the f i r a t water-v.'ave a r r i v a l . 'fhese 
shot insta^nts were read to the nearest 0.01 second and they 
are given together w i t h t h e i r associated e r r o r s i n Appendix A. 

As the time f o r each shot approached, H.M.S. Hecla 

broadcast messages two minutes before splash, one minute before 

splash £md at the splash time. The output of the P.D.H. v/as 

then broadcast u n t i l i t was ascertained on board ship t h a t the 

shot had been f i r e d , A l a s t message i n d i c a t i n g the success 

of the f i r i n g and the expected time of the next sho't was then 

sent out, 

Ea.ch r e c e i v i n g st e i t i o n recorded a standard radio 

frequency ( i n most cases MSF which i s accurate compared to ¥W¥ 

to a few microseconds) i n a d d i t i o n to the output of a time 

encoder. Thus the absolute shot i n s t a n t could be r e l a t e d 

e a s i l y to each i n d i v i d u a l system time encoder. Reception of 

MloF during the period 1000-l600hrs was d i f f i c u l t but most 

st-ations recorded enough to c o r r e c t f o r time-encoder d r i f t . 

Some of the s t a t i o n s were recording continUcusly xriiile others, 

r e c e i v i n g the broadcast messages froia H.M.S. Eecla, recorded 

during the shot periods only. 

Land r e c e i v i n g stcitions were set up as fo l l o v j s :-

A. Sire : Nr. Waterford (52°13.6'h, 7°09.7»W) 

A three component set of V/illmore Mark I I ^ l c / s ) 

seismometers c o n s i s t i n g of one v e r t i c a l and two h o r i z o n t a l s , 
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one aligned north-south and the other aligned e8.st-\>i-est was 

placed on a rocky outcrop. Frequency modulated raagnetic tape 

recordings were taken of the shot periods only. Most of the 

shots from l i n e 2 were recorded and some from l i n e 1, This 

s t a t i o n wa.s operated by Professor T. Murphy and Mr. B. Jacob 

of the Dublin I n s t i t u t e of Advanced Studies, School of Cosmic 

Studies, Dublin. 

B, Dartmoor : Okehampton cauap (50°43.0»N., ^°00.0«W) 

C Bodmin Moor (50°30.2'N., ^°37.5'W) 

D. Hensbcixrow (50°23.6'N,, 4°39.2'W) 

E. Garnmenellis (50°11.5'N., 5°13.9'W) 

These four frequency modulated magnetic recording 

s t a t i o n s were set up by members of the Durhajn U n i v e r s i t y 

Geologiccil Department under the supervision of Dr. E. E, Long. 

I t was hoped t h a t a l l s t a t i o n s would record continuously during 

the whole p e r i o d over xAich the shots would be f i r e d . There 

were, ho-wever, some d i f f i c u l t i e s and except f o r the Bodmin Moor 

s t a t i o n vfhich d i d record continuously over the p e r i o d , the 

s t a t i o n s only recorded the period during lArhich l i n e 1 was shot. 

Long (1968) describes i n d e t a i l the type of apparatus 

t h a t was used a t these s t a t i o n s . I t was modified f o r a l a t e r 

experiment i n Iceland but b a s i c a l l y i t remains the same. The 

seismometer outputs are a m p l i f i e d , f i l t e r e d and frequency 

modulated by a seismometer package located close t o each 
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seismometer i n the f i e l d . The a m p l i f i e r s were powered by 
twelve 1.5 v o l t HP2 b a t t e r i e s which were changed halfway 
through the experiment. The modified version i s now powered 
from a s i n g l e group of accumulators at the c e n t r a l recording 
s t a t i o n . The t o t a l bandvjidth of the a m p l i f i e r i s from 0-lOkc/s 
so t h a t the frequency response of the system i s c o n t r o l l e d 
e n t i r e l y by the f i l t e r . The s i g n a l i s normally recorded at 
as viide a frequency range as possible but frequencies w e l l 
outside the seismic band of i n t e r e s t are attenuated to reduce 
noise l e v e l s and thus increase the dynamic range of the system. 
There was no remote f a c i l i t y f o r automatic gain c o n t r o l or 
c a l i b r a t i o n f o r the south xfest England expei-iment although t h i s 
i s now incorporated i n the modified system. 

The P.M. signals are t r a n s m i t t e d by ordinary f i e l d 

telephone cable to the c e n t r a l recording s t a t i o n vjhere they are 

fed by the l i n e tez-minating transformers v i a another set of 

a m p l i f i e r s to the recording heads of a magnetic tape recorder. 

The tape recorder uses 14 inch r e e l s of 1 inch magnetic tape 

w i t h up to 2̂1- channels of i n f o r m a t i o n . A tape recording 

speed of 15/64 inch/sec was used i n t h i s p r o j e c t . Each s t a t i o n 

records a standard radio time frequency and the output of a 

system time encoder which has second, ten second and minute 

ms,rkers. A code f o l l o w i n g each minute me^rker gives the hour 

and minute and, on the modified system, the day according to 
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a time code used by the United Kingdom Atomic Energy A u t h o r i t y . 
The recording s t a t i o n s were poviered by b a t t e r i e s which were r e 
charged by mains b a t t e r y chargers. The tape deck motors were 
driven by mains e l e c t r i c i t y . The dynamic range of the system 
as tised i n south vjest England i s estimated to be about 55(ibs 
but as Long (1968) p o i n t s out, t h i s can be considerably 
improved i n the modified system. Fig.7 shows a schematic 
diagram of the recording system as i t was used f o r the south 
west England p r o j e c t . 

The magnetic tapes axe replayed i n Durham at four 

times r e a l time, the output of each channel being demodulated 

and fed to e i t h e r a twenty four channel oscilloscope or an 

e i g h t channel pen recorder. Krohn-li-ite frequency f i l t e r s 

are a v a i l a b l e f o r f i l t e r i n g i n d i v i d u a l channels. 

The Dartmoor and Bodmin Moor s t a t i o n s consisted 

of 2 linea.!" arrays each comprising 3 v e r t i c a l tfillmore Mark I 

( I c / s ) seismometers. These were set cipproximately h a l f a 

kilometre apart along the d i r e c t i o n of l i n e 1. Two h o r i z o n t a l 

seismometers of the same design, one r a d i a l and one transverse 

to the d i r e c t i o n of l i n e 1, were set up alongside one of the 

v e r t i c a l seismometers i n each array thus forming 3 component 

sets. The Dartmoor s t a t i o n vias at the greatest distance from 

the shots of l i n e 1 but i t was found t h a t s i g n a l to noise l e v e l s 

were good and most of the shots were picked up. However, the 
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Fig,?. Block diagram of the F.M. recording apparatus a t four 
of the s t a t i o n s along the south v;est England peninsula 
( a f t e r Long 1968). Key : 1, seismometer; 
2, p r e - a m p l i f i e r and frequency f i l t e r ; 
3, frequency modulator; 4, l i m i t i n g a m p l i f i e r ; 
3, magnetic tape recorder. 
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coherence of a r r i v s i l s across the array was poor beca.use of 
poor i n d i v i d u a l s i t e s , poor matching of seismometers and a 
preponderance of v/ater. 

The Bodmin Moor s t a t i o n recorded a l l the shots, and 

s i g n a l t o noise l e v e l s were good even f o r the most d i s t a n t 

shots. Signal coherence across the array was also good. 

The time encoders a^t both s t a t i o n s r e g i s t e r e d a d r i f t of 

approximately 0.01 second per day and no d i f f i c u l t y v/as 

encountered w i t h the t i m i n g of onsets. Fig.8 shows diagrams 

of the Bodmin Moor and Dartmoor s i t e s . 

The Hensb8.rrow and Garnmenellis s i t e s both consisted 

of 3 component sets of Willmore Ma.rk I ( I c / s ) seismometers each 

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

transverse to the d i r e c t i o n of l i n e 1. F.M, recording of the 

shots of l i n e 1 ob-Ij was possible at both s t a t i o n s and the 

horizonta.ls at the Hensbarrow s i t e were l a t e r found to be non

f u n c t i o n a l . I t v/as also found l a t e r t h a t the time encoder at 

Hensbarrow was f a u l t y thus rendering the data from t h i s s t a t i o n 

unusable. A l l three chsinnels a.t the Carnmenellis s t a t i o n , on 

the other hand, vrorked w e l l and good records of a l l the l i n e 1 

shots were obtained. The tiaie encoder r e g i s t e r e d a s i m i l a r 

d r i f t to those at the Dartmoor and Bodmin Moor s t a t i o n s , 

F, Land's End : Lady Down's Farm (30^10,O'N,, 5°33.0'¥) 
This s t a t i o n acted as the communications centre f o r 
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Fig.5. Sketch maps of the Dartmoor (above) ajid Bodmin Moor (below) 
array s t a t i o n s . 
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the whole p r o j e c t . A dip o l e a e r i a l was erected to receive 

broadcasts from H.M.S. Hecla and reception was good throughout 

the whole p e r i o d . The s i t e i s shown i n f i g . 9 . The appara.tus 

used at t h i s s t a t i o n was b u i l t i n Durham a i d operated by 

Dr. A, L. Lucas now at the B.P, Research Centre, Sunbury-on-

Thames, I t i s described i n d e t a i l by Luca,s (1966) but a 

summary i s given below. 

The apparatus may be divid e d i n t o three main u n i t s , 

I . FIELD ESCORDIHG SYSTEM 

This involves a tremsportable array i-^ith d i g i t a l 

magnetic tape recording of ten seismic channels and t i m i n g and 

c o n t r o l i n f o r m a t i o n . At the time of recording, the d i g i t a l 

informa.tion on any one channel may be replayed to a simple one 

channel d i g i t a l - t o - a n a l o g u e converter, designed t o dr i v e a pen 

recorder. This section of the equipment i s shown i n schematic 

form i n f i g . 1 0 . The main u n i t s i n d i c a t e d are here described 

b r i e f l y . 

1. Geophone 

10 B.P. Swamp Geophones (3c/s) are used, 

2, P r e - a m p l i f i e r 

The p r e - a m p l i f i e r has a f i x e d gain of 200 and i s 

powered by mercury c e l l s . I t i s cased i n a PVC tube permanently 

sealed a t one end w i t h both i n p u t and output l i n e s passing through 

the other which i s sealed by compressing a rubber disc between two 

brass p l a t e s . 
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1 - Array f i e l d re.cording system. 
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3. Channel a t t e n u a t i o n 

This f u n c t i o n enables an a t t e n u a t i o n of from - 1 t o 
- l 6 to be applied i n d i v i d u a l l y to the signals on the d i f f e r e n t 
channels. 

Ten channel double-sided sampling switch 

This u n i t was purchased as a complete u n i t . The 

dr i v e pulse to the channel one switch i s brought out an.d used 

f o r channel i d e n t i t y e v e n t u a l l y being w r i t t e n on t o the tape. 

5. V-i'ide band a m p l i f i e r (Hedcor 371-022) 

This i s a wide band, low l e v e l , d i f f e r e n t i a l d.c, 

a m p l i f i e r . This has a maximum gain of 1,000 which, makes the 

o v e r a l l maximum gain of the system to be 200,000, 

6, Triggered voltage to pulse d u r a t i o n converter 

This transforms a voltage i n t o a time i n t e r v a l . 

The MB gate output consists of the i n t e r v a l s of 2mc/s s i g n a l 

commencing whenever the ramp comparator i s t r i g g e r e d and ending 

when the ramp voltage equals the i n p u t voltage to the A.D.G, 

The r e s t of f i g . 1 0 i n d i c a t e s the functions required 

to w r i t e the i n f o r m a t i o n i n l o g i c a l form on to the tape. 

Important p o i n t s to note are 

(a) the standard system r a t e i s I k c / s , i . e . each seismic 

channel i s sampled by the switch 100 times a second; 

(b) the c r y s t a l o s c i l l a t o r output i s d i v i d e d down t o 2 pulses 

per day to produce the system clock which i s shown v i s u a l l y and 

i^rri t t e n on to the ts.pe every second (time code b i t ) ; 
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(c ) the o s c i l l a t o r output i s also d i v i d e d down t o I k c / s 

which i s used t o c o n t r o l variou.s l o g i c a l f u n c t i o n s and i s 

also recorded on a channel of the tape f o r the replay l o g i c ; 

(d) the output of the AND gate i s counted by the A.D.C, 

10 stage counter, the i n f o r m a t i o n from which i s passed i n t o a 

ten stage p a r a l l e l s h i f t r e g i s t e r whose outputs are then 

w r i t t e n across the tape i n the form i n d i c a t e d at the side 

of f i g . 1 0 . 

0?he system p a r i t y b i t i s generated from the A.D.C. 

p a r i t y , the channel i d e n t i t y and the time code b i t as shovm. 

The a m p l i f i e d output of a microphone or the output 
of the radio receiver may be 'written on the audio t r a c k . 

Two tape decks are used. They a.re the TDR4 model 

of Thermionic Products ( E l e c t r o n i c s ) L t d , , with speeds from 

13/8 i , p . s . to 13 i . p . s . and f i t t e d w i t h 16 tr a c k record and 

replay heads to S.B.A.C. spacing f o r 1 inch tape. 

As has already been i n d i c a t e d , any one channel of 

in f o r m a t i o n may be replayed on a pen recorder while recording 

i s i n xorogress. This i s the only safe wa.y of making sure 

t h a t the i n f o r m a t i o n i s being recorded c o r r e c t l y . Fig.11 

shows schematically how t h i s i s done. 

Each t r a c k of the replay head drives a 2 stage, 

capacitance coupled head a m p l i f i e r through a capacitance 

and a. I k XL r e s i s t a n c e , 
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Fig,11, Schematic diagrams of seismic data processing system 
( a f t e r Lucas I 9 6 6 ) . 

2 - Array f i e l d replay system. 
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The p o s i t i v e and nega.tive pealc detectors (d.iscriminators) 
give l o g i c outputs by diode c l i p p i n g at c o n t r o l l e d threshold 
voltages which d r i v e the replay l o g i c boards. The channel 
se l e c t o r f o r the single channel d i g i t a l - t o - a n a l o g u e converter 
(D.A.C.) suppresses 9 out of 10 of the A.D.C.samples allo w i n g 
samples of the one selected channel through to the si n g l e 
channel D.A.C. the output of which dr i v e s the pen recorder v i a 
an a m p l i f i e r . 

At the same time v i s u a l i n d i c a t i o n of correct channel 

i d e n t i t y replay i s given by a red lamp which i s drive n by a 

monostcble t r i g g e r e d by the channel i d e n t i t y replay l o g i c . 

This l o g i c should be a l o g i c a l ' 1 ' f o r 1 m i l l i s e c o n d i n 10 

which produces a steady v i s i b l e f l i c k e r i n the lamp, 

A time code b i t detector operated manually can be 

used to d r i v e a green lamp every time a second, minute or 

quarter hour marker i s detected. These monitoring f a c i l i t i e s 

are used to ensure th a t i n f o r m a t i o n i s being c o r r e c t l y w r i t t e n 

on t o the t.:5.pe. 

I I , ^LABOSATCHY •REPLAY SYSTEM 

I n the laboi-ator^r the recorded seismic i n f o r m a t i o n 

i s replayed at r e a l time speed to a 10 channel d i g i t a l - t o -

analogue converter d r i v i n g a multi-channel galvanometer 

recorder. Fig.12 shov/s the schematics of t h i s process. 
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The head a m p l i f i e r s , peali d e t e c t o r s , repla.y l o g i c 
and audio c h annel o f f i g . 12 use t h e same hardv/are as the f i e l d 
r e p l a y systeia a l t h o u g h t h e channel s e l e c t o r s w i t c h must be i n 
i t s n o n - o p e r a t i v e p o s i t i o n t o a l l o w a l l i n f o r m a t i o n t h r o u g h t o 
t h e r e p l a y l o g i c . The r e m a i n i n g elements o f t h e diagram are 
concerned e i t h e r -with the 10 channel D.A.G. or the v i s u a l d i s p l a y 
o f t h e r e c o r d e d system time and as b e f o r e w i l l be d i s c u s s e d 
b r i e f l y i n t u r n . 

1 . 23 b i t s e r i e s s h i f t r e g i s t e r 

The c o n t e n t s o f t h e time code b i t r e p l a y l o g i c are 

c o n t i n u a l l y f e d i n t o a 23 b i t s e r i e s s h i f t r e g i s t e r . 

2. Second marker d e t e c t o r 

Any second marker i s d e t e c t e d by an AHD gate which 

examines the t h r e e o l d e s t b i t s i n t h e s e r i e s s h i f t r e g i s t e r 

f o r t h e 101 opening phrase and t h e tv/o newest b i t s f o r t h e 0 1 

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

3. l 6 b i t p a r a l l e l s h i f t r e g i s t e r 

i'-Tien a second marker i s d e t e c t e d the c o n t e n t s o f 

the s i x t e e n stages o f t h e s e r i e s s h i f t r e g i s t e r a,re s h i f t e d 

out i n t o a l 6 b i t p a r a l l e l s h i f t r e g i s t e r (N.B, t h e r e m a i n i n g 

2 b i t s c o n s t i t u t e the second, minute o r q u a r t e r hour p h r a s e ) . 

h. V i s u a l d i s p l a y o f r e c o r d e d time i n h o u r s , minutes and seconds 

The c o n t e n t s o f t h e above l 6 b i t p a r a l l e l s h i f t r e g i s t e r s 

are d i s p l a y e d u s i n g 16 D.M, l 6 0 t u b e s . 
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The channel s h i f t p u l s e g e n e r a t o i ' and the 10 x 10 

b i s t a b l e s t o r a g e m a t r i x 3_re used t o ensure thsit each cha.nnel 

of t h e 10 channel D.A.C. r e c e i v e s the 10 b i t s o f i n f o r i a a t i o n 

w h i c h c o n s t i t u t e one sample o f a p a r t i c u l a r s e i s m i c channel. 

The 10 channel D.A.C. generates a d r i v e c u r r e n t 

h a v i n g a zero o r d e r h o l d f o r m ( i . e . a ' s t a i r c a s e ' ) w hich d r i v e s 

galv3jaometers o f an u l t r a v i o l e t r e c o r d i n g o s c i l l o g r a p h by 

u s i n g them d i r e c t l y i n p a s s i v e adder c i r c u i t s . An example 

o f a t r a c e i s shovm i n f i g . 1 5 . 

I I I . PUNCH REPLAY SYSTEM 

Th i s t r e m s f e r s t h e r e c o r d e d s e i s m i c i n f o r m a c i o n , 

t i m i n g , channel i d e n t i f i c a t i o n and p a r i t y i n f o r m a t i o n t o punched 

paper tape u s i n g f l u x s e n s i t i v e r e p l a y heads and a slow r e p l a y 

speed. The schematics o f t h i s f a c i l i t y are seen i n f i g . l 4 . 

The peak d e t e c t o r s â nd t h e r e p l a y l o g i c use the same 

hardware as t h e f i e l d r e p l a y system w h i l e t h e 23 b i t s e r i e s 

s h i f t r e g i s t e r , the l 6 b i t p a r a . l l e l s h i f t r e g i s t e r and v i s u a l 

d i s p l a y o f system time use th e same hardware as t h e galvanometer 

r e p l a y system. 

1 . Slow speed t r c m s p o r t 

This deck, h a v i n g speeds o f fr o m 15/128 i . p . s . , t o 15 i . p . s . , 

i s f i t t e d w i t h a s p e c i a l head f o r f l u x s e n s i t i v e r e p l a y . 

T h i s i s necessary because t h e speed o f o p e r a t i o n o f the synchronous 

punch i s 100 c h a r a c t e r s p er second so t h a t f o r t h e r e c o r d i n g system 
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OSCILLATOR 
aia Kc/s 

FROM SLOW SPEED TAPE TRANSPORT 
»ITM FLUl -SENSITIVE IkEPLAV HEAD 

f LUX - S E N S I T I V E Rk,PLAV AMPLIFIERS 
AND DEMODULATORS TUNED TO 4 * S KC/S 

REConO l O B t P L « T 
S P E E D R E DUCT I O N J } . 

D E P L A V S I T S P E a 
TRACK P C B S E C O N D . 

SHAPE AND DIFFERENTIATE 

POSITIVE AND NEGATIVE PEAK CETECTORS 

PUNCH PARITY 
GENERATOR 

R E P L A V L O G I C 

"̂ F 
RECORDED 

C L O C K 

PUNCH LOGIC REGISTERS GATE 
W A V E F O R M 
G E N E R A T O R ! 

P U N C H D R I V E A M P L I F I E R S 

C O D E 
P U L S E S 

PUNCH 
CONTROL 

F E E D 
P U L S E 

SYNCH. 
PULSE 

SYNCHRONOUS PAPER TAPE PUNCH IOOCH.P.S. 

TIME CODE BIT 

SECOND MARKER 
DETECTOR 

2J BIT SERIES 
SHIFT REGISTER 

II STAGE COUNTER 
TO COUNT CHARACTERS 

PUNCHED EACH 
RECOHOEO SECOND 

I I BIT PARALLEL 
SHIFT REGISTER 

VISUAL DISPLAY 
OF COUNT AND 
ERROR WARNING 

START-STOP PUNCHING 

SPECIFIED SECOND 
MARKER DETECTOR 

MANUAL TIME 
SELECTION 

l « BIT PARALLEL 
SHIFT REGISTER 

3 E 3 E 
VISUAL DISPLAY OF RECORDED TIME 
IN HOURS, MINUTES AND SECONDS 

F i g . 1 4 , Schematic diagrams o f s e i s m i c data p r o c e s s i n g system 
( a f t e r Lucas 1966). 

^ - Punch r e p l a y system 
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r a t e o f I k c / s , a time s c a l e expansion o f 32 i s used i n o r d e r 
n o t t o o v e r l o a d the punch, 
2. 232kc/s. 

The f l u x s e n s i t i v e head uses a gapped r i n g m o d i f i e d 

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

between a h i g h and a lot-/ v a l u e a t a h i g h f r e q u e n c y . The f l u x 

b e i n g d r i v e n round a r i n g by liie magnetomotive f o r c e o f t h e 

re c o r d e d s i g n a l i s t h e r e f o r e 'chopped* a t t h e s w i t c h i n g r a t e , 

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

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

r e c o r d e d s i g n a l . The two v/indings on each tra.ck are an 

o s c i l l a t o r w i n d i n g and a rea d w i n d i n g g i v i n g an a m p l i t u d e 

modulated o u t p u t a t t w i c e t h e o s c i l l a t o r f r e q u e n c y . The o u t p u t 

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

f l u x s e n s i t i v e s i g n a l o u t p u t which i s then shaped and 

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

The gate waveform g e n e r a t o r and punch c o n t r o l are 

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

t o g e t h e r w i t h a punch p a r i t y b i t fro m t h e p a r i t y g e n e r a t o r are 

r e c o r d e d on t h e tape i n two ? b i t words. 

5. S p e c i f i e d second marker d e t e c t o r 

The system time a t which i t i s r e q u i r e d t o s t a r t 

o r s t o p p u n c h i n g may be s e t up on l 8 , 2-way, c e n t r e - o f f switches. 

This i s v i t a l b e a r i n g i n mind t h a t a 9 3 0 f t r e e l o f tape t a k e s 

a p p r o x i m a t e l y 30 minutes t o s t o r e 33 seconds o f r e c o r d e d d a t a . 
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The c o n t e n t s o f t h e 11 stage c o u n t e r used t o count 
t h e number o f c h a r a c t e r s punched each r e c o r d e d second a r e moved 
i n t o an 11 b i t p a r a l l e l s h i f t r e g i s t e r t h e o u t p u t s f r o m which 
are d i s p l a y e d on DM l 6 0 tubes f o r about 32 seconds f o r each 
r e c o r d e d second o f d a t a . I f an e r r o r occurs i n the system 
and the number o f c h a r a c t e r s punched p e r r e c o r d e d second i s 
i n c o r r e c t t h e n a r e d e r r o r w a r n i n g lamp i s l i t up, 

111 t h e hardx^jare i n v o l v e d i n these t h r e e u n i t s uses 

t r a n s i s t o r s as opposed t o v a l v e s t h r o u g h o u t and t h e o n l y H.T, 

l i n e i s an u n s t a b i l i s e d +50 v o l t l i n e r e q u i r e d f o r t h e DM l 6 0 

t u b e s . The analogue a.nd d i g i t a l c i r c u i t s have a l l been 

c o n s t r u c t e d on veroboard c i r c u i t board except f o r t h e p r e 

a m p l i f i e r s , t h e c o n s t r u c t i o n o f i-ihlch was c o n t r a c t e d out u s i n g 

s p e c i a l l y designed p r i n t e d c i r c u i t b oards. The system i s b u i l t 

as a nusiber o f se p a r a t e 19 i n c h c h a s s i s and these a r e p l a c e d i n t o 

19 i n c h c a b i n e t s . The equipment i s r u n f r o m an A.C, mains s u p p l y 

or from a mains g e n e r a t o r f i t t e d t o a Land Rover. 

The s t a t i o n r e c o r d e d a t a speed o f 15/^ i . p . s . over 

the p e r i o d o f t h e shot t i m e s o n l y and r e c o r d e d a l l 45 s h o t s . 

Some t r o u b l e w i t h one or two channels wat: encountered, channel 3 

r e f u s i n g t o work t h r o u g h o u t t h e whole p e r i o d . The main problem 

was w i t h l i v e s t o c k damaging t h e l a n d l i n e s a l t h o u g h c o n s i d e r a b l e 

care was taken i n touteing t h e cable a l o n g t h e tops o f w a l l s and 

hedges. T h i s problem vjas c o n s i d e r a b l y reduced a t t h e o t h e r 
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s t a t i o n s a l o n g t h e p e n i n s u l a because o f the d e s i g n o f t h e 

F.1-1. r e c o r d i n g system a t these s t a t i o n s . 

Computer programmes had been developed by Dr, Lucs-s 

f o r h a n d l i n g t h e paper tapes on an E l l i o t t 803 computer i n s t a l l e d 

i n Durham. However, e a r l y i n I 9 6 7 Durham and Nev.-castle U n i v e r s i t i e s 

a c q u i r e d an IBM 36O/67 computer i v h i c h , i n s p i t e o f i t s obvious 

advanta.ges, posed the problem o f h a v i n g t o cha.nge the d a t a h8.ndling 

system c o m p l e t e l y . A s p e c i a l programane w r i t t e n i n PL/1 was developed 

t o read t h e paper ts,pes i n t o the 36O and t o s t o r e t h e d a t a on 

computer magnetic t a p e . Appendix C d e s c r i b e s t h i s programme 

and some o f t h e problems i n v o l v e d . 

These l a s t 5 s t a t i o n s were a l l s i t u a t e d on t h e g r a n i t e 

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

the seismometers and geophones on t h e s o l i d r o c k was made but 

o f t e n f r u s t r a t e d by t h e deep ovei-burden o f weathered g r a n i t e and/or 

s o i l . Open s h a l l o w p i t s vfere dug a t t h e Dartm.oor, Bodmin Moor, 

Hensbarrovj" and C a r n m e n e l l i s s i t e s v/hile t h e s t r e a m l i n e d geophones 

a t the Land's End s t a t i o n were augured i n t o 3 or hft deep h o l e s . 

Ko c a . l i b r a t i o n s o f i n s t r u m e n t s were m.ade a t any o f these f i v e 

s t 3 . t i o n s . 

G. S c i l l y I s l e s s t a t i o n s (49°55.4'N., 6°lG.4'W) 

F.K. r e c o r d i n g s were made o f two v e r t i c a l VJillmore 

Mark I I seismometers s e t a p p r o x i m a t e l y kQO metres a p a r t and 
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re c o r d e d a t h i g h and low g a i n l e v e l s . The s t a t i o n r e c o r d e d 

most o f the 45 s h o t s . I t was op e r a t e d by a team from the 

UKAEA seismology u n i t sit B l a c k n e s t under the d i r e c t i o n o f 

Dr. H.I.S, T h i r l a v f a y , 

H. French S t a t i o n 1 (48°33.1'N.j 4°l4.5'¥) 

I . French s t a t i o n 2 (48°27.9'N., 4°10.6'W) 

J. French s t a t i o n 3 (48°23.2'K., 4°07.6'¥) 

IC. P"rench s t a t i o n 4 (48°17.8'K., 4°04.2'¥) 

L. French s t a t i o n 5 (48°15.0'N., 4°01.6'W) 

M. French s t a t i o n 6 (48°08.2'N., 3°58.0'¥) 

N. Fronch s t a t i o n 7 (48°02.5'N., 3°52.7'W) 

0. I^rench s t a t i o n 8 (47°56.7'H., 3°52.0'¥) 

P. French s t a t i o n 9 (47°53.1'N., 3°^i-6.9'W) 

Q. French s t a t i o n 10 (47°35.6'K., 2°42.8'¥) 

These t e n s t a t i o n s viere p o r t a b l e s e i s m i c s t a t i o n s 

c o n s i s t i n g o f s i n g l e seismometers, the out|)uts o f which were 

r e c o r d e d on paper. The s t s . t i o n s were s e t up i n n o r t h w e s t e r n 

France e x t e n d i n g l i n e 5 from Landerneau t o Eosporden. S t a t i o n s 

1 and 8 proved t o be u s e l e s s b u t a l l t h e o t h e r s t a t i o n s r e c o r d e d 

most o f t h e l i n e 3 s h o t s . 

11. Eskdalemuir a r r a y s t a t i o n (55°20.0'H., 3°09.6'¥) 

T h i s i s the UKJIEA s e i s m i c a r r a y s t a t i o n c o n s i s t i n g o f 

F.M. r e c o r d i n g s o f an 'L' shaped a r r a y o f 20 W i l l i a o r e Mark I I 

seismometers ( I c / s ) , The s t a t i o n i s d e s c r i b e d by T r u s c o t t (1965) 
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S i g n a l t o n o i s e l e v e l s were low because o f t h e l a r g e distemces 
o f the s t a t i o n from t h e sh o t s b u t most o f t h e l i n e 3 shots were 
r e c o r d e d by t h e s t a t i o n and t h e dat a i s i n c o r p o r a t e d i n t h i s 
s t u d y . 

I n a d d i t i o n t o the above l 8 l3-nd s t a t i o n s i t was 

hoped t h a t a sonobuoy s t a t i o n would have been occupied ha.lfway 

a.long l i n e 2 w h i l e l i n e s 2 and 3 were b e i n g shot and t h a t t h i s 

s t a t i o n would then be removed t o the end o f l i n e 1 f o r the f i n a l 

l i n e o f s h o t s . u n f o r t u n a t e l y , i n c l e m e n t ttfeathei" c o n d i t i o n s vieve 

expected and the s t a t i o n s were n o t s e t up. The o t h e r c a s u a l t y 

vfas a lemd s t a t i o n i n s t a l l e d nes.r S t . David's Pembrokeshire by 

the Birmingha.m U n i v e r s i t j i - Geophysical group. S e v e r a l problems 

were encountered r e n d e r i n g the dat a unusable, 

From t h e f o r e g o i n g i t i s obvious t h a t a l t h o u g h t h e 

shot f i r i n g r o u t i n e was m e t i c u l o u s l y handled by t h e Hydrographies 

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

d i f f i c u l t i e s . The e f f e c t o f these shortcomings w i l l become 

apparent l a t e r . I n s p i t e o f t h i s , l a r g e aiaounts o f d a t a were 

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

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

^•2 P^jj-j- p r e p a r a t i o n 

A l l t h e dat a c o l l e c t e d from t h e B r i t i s h and I r i s h 
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s t a t i o n s v/as used i n t h i s s t u d y . Eevoy (1969) has been w o r k i n g 
w i t h the d a t a c o l l e c t e d f r o m t h e French s t a t i o n s b u t t h e P~v/ave 
da t a from these s t a t i o n s has been communicated t o Durhecca by 
M. Hevoy and i s a l s o i n c o r p o r a t e d i n t h i s s t u d y . 

As a f i r s t o p e r a t i o n a l l t h e magnetic tape r e c o r d i n g s 

of a l l t h e s h o t s were p l a y e d out on t o paper. D o u b t f u l a r r i v a l s 

on the F.M. r e c o r d s were enhanced by fr e q u e n c y f i l t e r i n g f o r 

i d e n t i f i c a t i o n purposes o n l y . Bo f i l t e r i n g was a p p l i e d t o the 

d i g i t a l r e c o r d s . F i r s t a r r i v a l o nsets o f u n f i l t e r e d r e c o r d s 

we.re read o f f t o the nea^rest 0,01 second and c o r r e c t e d t o 

a b s o l u t e t i m e by addi n g i n the time encoder cori'-ections. T r a v e l 

times o f f i r s t a r r i v a l s were then c a l c u l a t e d and c o r r e c t e d t o a 

sea l e v e l datum by ad d i n g the approximate h e i g h t c o r r e c t i o n s ( t j ^ ) 

g i v e n by :-

'̂ h - shot depth - s t a t i o n h e i g h t 
5km/sec 

I n most cases t h i s term i s o f the or-der o f -0.05sec. 

Another s l i g h t a d j ustment v/as made because o f the 

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

are a c c u r a t e t o w i t h i n 200 metres b u t i t w i l l be n o t e d t h a t t h e 

shot p o s i t i o n s w i t h t h e l e a s t u n c e r t a i n t y a.re known o n l y t o w i t h i n 

500 metres. SoEie of t h e more d i s t a n t shot p o s i t i o n s are knovm 

o n l y t o w i t h i n 2 or 3km. At c l o s e ranges, assuming a v e l o c i t y 

o f 5km /sec, a d i s t a n c e e r r o r o f 0.5km i s e q u i v a l e n t t o a t i m i n g 

r r o r o f 0.1 second and a t l a r g e ranges, assuming a v e l o c i t y o f e 
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8lcm/sec, a d i s t a n c e e r r o r o f 1km i s e q u i v a l e n t t o a t i m i n g 

e r r o r i n excess o f O.lsec. I t i s t h o u g h t t h a t o n l y i n a few 

cases i s t h e u n c e r t a i n t y l e s s than O.lsec. Thus t h e t r a v e l 

t i m e s have been c o r r e c t e d t o the n e a r e s t 0.03 second. T h i s 

c o r r e c t i o n i s h a r d l y necessary b u t i t servies. t o emphasise t h e 

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

t h e y have been used t h r o u g h o u t t h i s s t u d y . 

Shot - s t c i t i o n ranges were c a l c u l a t e d on a d i g i t a l 

computer u s i n g two d i f f e r e n t methods, the one a c t i n g as an 

independent check on the o t h e r . The f i r s t method, o r i g i n a l l y 

progrsoamed by A, L. Lucas C1966) uses f o r m u l a 5 g i v e n by 

B u l l e n (1963, page 155) . I'he second, method, c l a i m e d t o be 

much Hiore a c c u r a t e a t s h o r t ranges, i s known as the Thomas 

method which has been used i n many /imerican r e f r a c t i o n 

e x periments ( S t e i n h a . r t , p e r s o n a l communication). I n f a c t 

b o t h methods gave ranges which are v / i t h i n 0.2km o f each o t h e r 

and i n most cases w i t h i n 0.1km b u t t h e r e s u l t s g i v e n by the 

Thomas method are used i n t h i s s t u d y . 

Appendix B l i s t s the onset t i m e s , ranges, sea l e v e l 

datum c o r r e c t i o n s and f i r s t a r r i v a l t r a v e l t i m e s f o r a l l t h e 

s h o t s r e c e i v e d a t a l l t h e s t a t i o n s . D o u b t f u l a r r i v a l s have 

n o t been i n c l u d e d . 

A f u r t h e r p r e p a r a t i o n o f t h e d a t a t a k e s the form o f 

sta c k e d r e c o r d s o f i n d i v i d u a l s hots a t each r e c o r d i n g s t a t i o n . 

I n d i v i d u a l t r a c e s o f sh o t s are mounted a t t h e i r r e s p e c t i v e 
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d i s t a n c e s on a reduced t i ' a v e l t i m e , d i s t a n c e framework. 

The reduced t r a v e l t i m e i s g i v e n by the r e l a t i o n : 

T -, = T ̂  , - A / 6 . 0 c a l c observed 

^vhere T ^ i s the reduced t r a v e l t i m e i n sees, c a l c 

T , , i s the observed t r a v e l t i m e i n sees, observed 

A i s t h e rsmge betv^xeen shot and s t a t i o n , 

6,0 i s a v a l u e s e l e c t e d a.s an e s t i m a t e o f 

c r u s t a l P-v/ave v e l o c i t y . 

The s c a l e chosen i s such t h a t 5sec a l o n g the time a x i s equals 

40kra a l o n g t h e d i s t a n c e a x i s which i s a s c a l e t h a t o t h e r s 

t i s i n g t h i s t e c h n i q u e , n o t a b l y Landisman ( p e r s o n a l communicEition), 

are a d v o c a t i n g as a s t a n d a r d . I t was found t h a t t r a c e d drawings 

o f the s e i s m i c r e c o r d s p r o v i d e d the e a s i e s t form o f d i s p l a y . 

The use o f these s t a c k e d r e c o r d s w i l l become apparent i n a l a t e r 

c h a p t e r . 
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CHAPTEE 3 

The c l a s s i c a l method o f i n t e r p r e t a t i o n o f t h e south 

vest Engla.nd s e i s m i c r e f r a c t i o n d a t a i n terms o f homogeneous 

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

I t i s a l s o assessed i n terms o f i t s u s e f u l n e s s f o r t h e i n t e r 

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

i n h e r e n t i n the method are di s c u s s e d and, i n p a r t i c u l a r , the 

problem o f inhomogeneity i s emphasised. The upper c r u s t a l 

v a r i e i t i o n s i n the v i c i n i t y o f the s h o t s o f the soubh west 

England experiment are d e s c r i b e d and t h e a d j u s t m e n t s t o .the 

tr3-vel t i m e s which were made t o c o r r e c t f o r these v a r i a t i o n s 

are p r e s e n t e d . The t r a v e l time graphs o f f i r s t c i r r i v a l d a t a 

o n l y a t each r e c e i v i n g s t a t i o n are d e s c r i b e d and i n t e r p r e t e d 

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

t e r m a n a l y s i s a p p l i e d t o ti^'o d i f f e r e n t s e t s o f d a t a are a l s o 

g i v e n and t h e e f f i c a c y o f such an approach t o the a n a l y s i s o f 

d a t a from t h e south west Engla.nd experiment i s d i s c u s s e d . 

3.1 The c l a s s i c a l method 

I n a d d i t i o n t o the assumption o f homogeneous plane 

l a y e r i n g , t h e c l e ^ s s i c a l method a l s o assumes t h a t the l a y e r s 

e x h i b i t a s t e p - l i k e i n c r e a s e o f v e l o c i t y v / i t h d e p t h . T r a v e l 

t i m e - d i s t a n c e graphs are c o n s t r u c t e d and s t r a i g h t l i n e s are 
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f i t t e d t o t h e d a t a , i n t h i s case, by the method o f l e a s t 
squares which has been programmed f o r use on the IBM 36O/67 
computer (see Appendix D ) , For the simple case o f a h o r i z o n t a l 
l a y e r o v e r l y i n g a h a l f space, the t r a v e l time graph t a k e s the 
form o f two segments, the i n v e r s e slopes o f which r e p r e s e n t the 
v e l o c i t i e s above and below t h e d i s c o n t i n u i t y . The depth t o the 
d i s c o n t i n u i t y i s g i v e n by t h e f o r m u l a 

Z 
\ ^ 1 "0 

where Z = depth t o d i s c o n t i n u i t y , 

T^= time i n t e r c e p t f o r segment, 

VQ= v e l o c i t y above the d i s c o n t i n u i t y , 

v e l o c i t y below the d i s c o n t i n u i t y . 

The above f o r m u l a can be m o d i f i e d f o r t h e m u l t i - l a y e r case. 

I n c r u s t a l s t r u c t u r e . s t u d i e s t h i s method has been 

found t o be the most e f f e c t i v e i n t h e e v a l u a t i o n o f basement 

and sub-Moho v e l o c i t i e s and i n the d e t e r m i n a t i o n o f c r u s t a l 

t h i c k n e s s e s . I t has been used as the b a s i s f o r r e f r a c t i o n 

e x periments i n most p a r t s o f the w o r l d . Many r e f e r e n c e s 

may be g i v e n here b u t the r e a d e r i s r e f e r r e d t o James and 

S t e i n h a r t (I966) who g i v e a c r i t i c a l r e v i e w and comprehensive 

b i b l i o g r a p h y o f e x p l o s i o n s t u d i e s i n the p e r i o d I 9 6 O - I965. 
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The s t a t i s t i c a l u n c e r t a i n t i e s i n h e r e n t i n t h e 

s e i s m i c r e f r a c t i o n method are d i s c u s s e d i n d e t a i l by S t e i n h a r t 

and Meyer ( I 9 6 I ) , The b a s i c assumption o f p l a n a r homogeneous 

l a y e r s e x h i b i t i n g s t e p - l i k e i n c r e a s e s o f v e l o c i t y w i t h depth 

are o f t e n v i o l a t e d i n the f i e l d . Thus t h e r e are s e v e r a l sources 

o f e r r o r i n h e r e n t i n the a c q u i s i t i o n o f l e a s t squa^res v e l o c i t i e s 

and depths t o r e f r a c t o r s f r o m t r a v e l t i m e da.ta. They are l i s t e d 

below 

( i ) E r r o r s i n s h o t / s t a t i o n p o s i t i o n , 

( i i ) E r r o r s i n p i c k i n g o n s e t s , 

( i i i ) D e v i a t i o n s o f the i n t e r f a c e i r o m a p l a n e , 

( i v ) 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 

( v ) Surface i r r e g u l a r i t i e s ( t o p o g r a p h i c d i f f e r e n c e s ) , 

( v i ) Hidden changes o f v e l o c i t y w i t h d e p t h , 

( v i i ) N o n - r e v e r s a l o f r e f r a c t i o n l i n e s . 

Items ( i ) , ( i i ) , ( i i i ) and ( i v ) w i l l appear as r e s i d u a l s 

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

e s t i m a t e o f u n c e r t c i i n t y . C o r r e c t i o n s can be a p p l i e d t o m i nimise 

the u n c e r t a i n t y due t o i t e m ( v ) b u t i t e m s ( v i ) and ( v i i ) w i l l 

p r o v i d e sources o f e r r o r which are more d i f f i c u l t t o assess. 

Any h i d d e n changes o f v e l o c i t y w i t h depth vjlll r e s u l t 

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

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

v e l o c i t i e s . An u n r e v e r s e d v e l o c i t y i s , i n i t s e l f , u n r e l i a b l e 
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and can g r e a t l y increase the estims-tes of u n c e r t a i n t i e s on 

other values dependent upon i t f o r t h e i r e v aluation. A 

pro p e r l y planned r e f r a c t i o n experiment should elim i n a t e the 

p o s s i b i l i t y of an unreversed v e l o c i t y , Hov/ever, even the 

best planned experiment i s not able to cater f o r a l l event

u a l i t i e s and some r e f r a c t i o n l i n e s , or p a r t s thereof, may be 

unreversed by the f a i l u r e of a c e r t a i n shot or s t a t i o n required 

to give f u l l r e v e r s a l . 

For the south west England experiment the estimates of 

u n c e r t a i n t i e s were c a l c u l a t e d i n the form of standard e r r o r s on 

the v e l o c i t y and time i n t e r c e p t values given by l e a s t squares. 

The f o l l o w i n g sections presenting a l l the v e l o c i t i e s obtained 

i n the experiment by the l e a s t squares method w i l l include 

discussions on the r e l i a b i l i t y of these values. Unreversed 

p o r t i o n s of the l i n e s have been recognised and steps have been 

taken where possible to minimise the u n c e r t a i n t i e s r e s u l t i n g 

from t h i s p o t e n t i a l source of e r r o r . A histogram of t r a v e l 

time r e s i d u a l s from l e a s t squai'es l i n e s reveals t h a t t h e i r 

d i s t r i b u t i o n i s symmetrical and almost normal (see fig. 1 5 ) . 

Therefore the author i s confident t h a t , except where s t a t e d , 

the v e l o c i t y values given are r e l i a b l e w i t h i n the 95?̂  confidence 

l e v e l i n d i c a t e d by tv^ice the standard e r r o r s . On the assumption 

of there being no changes of v e l o c i t y w i t h depth^the depth 

estimates given are also r e l i a b l e w i t h i n the 959* confidence 
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l e v e l i n d i c a t e d by twice t h e i r standard e r r o r s . 

3.2 Adjustments f o r upper c r u s t a l v a r i a t i o n 

The c l a s s i c a l method has been applied to the f i r s t 

a r r i v a l t r a v e l time data of the south v/est England r e f r a c t i o n 

experiment. Attempts have been made to make allowances f o r 

the varying thicknesses of sedimenta^ry m a t e r i a l which are known 

to be present throughout the regio n . For l i n e 1, t h i s was a 

r e l a t i v e l y simple matter. I t v;as noted from previous work i n 

the area (see Chapter 1 of t h i s t h e s i s ) t h a t the seismic sts-tions 

set up e a r l i e r i n the v i c i n i t y of t h i s l i n e i n d i c a t e d a t h i c k e n i n i 

wedge of sediments at i t s western end. Most of the short 

r e f r a c t i o n p r o f i l e s were unreversed and there i s no g r a v i t y 

c o n t r o l of the area so t h a t true sediment thickness can only 

be estimated. Table 1 gives the sedimentary delay time f o r 

each shot p o s i t i o n of l i n e 1 used i n t h i s p r e l i m i n a r y i n t e r 

p r e t a t i o n . These values were c a l c u l a t e d using the sedimentary 

thicknesses i n d i c a t e d by the e c i r l i e r s t a t i o n s , and 'were added 

to the f i r s t a r r i v a l tra,vel times of the l i n e 1 shots, 

Ebr l i n e s 2 and 3 there i s very l i t t l e seismic c o n t r o l 

of the shallow s t r u c t t i r e s . However, a g r a v i t y p r o f i l e along 

the two l i n e s was undertaken i n 1966 and 1967 by the U n i v e r s i t y 

of Durham and the Bouguer anomaly p r o f i l e i s shô r̂n i n f i g . 1 6 . 

The p r o f i l e i s being i n t e r p r e t e d by t i r , B. Ward as pa r t of the 



Table 1. Sedimentary delay times f o r the l i n e 1 shots 

Shot no. Delay time (sec) 

1 .52 

2 .33 

3 .22 

k .15 

5 .12 

6 .11 

7 .08 

8 .07 

9 .07 

10 .06 

11 .05 

12 .05 

13 .05 

1^ .05 

15 .05 

16 .05 

17 .05 

18 .05 

20 .05 
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M.Sc. course at Durham but the author has attempted a simple 
i n t e r p r e t a t i o n of p a r t of i t aided by personal communication 
w i t h Mr. Ward, The main features are the three g r a v i t y lows. 
The c e n t r a l low has been i n t e r p r e t e d by Bot t , Day and Masson-
Smith (1958) and V/ard (personal communication) to be caused by 
the south west England g r a n i t e b a t h o l i t h . The southern low i s 
i n t e r p r e t e d by Ward (personal communication) to be a mass of 
g r a n i t i c m a t e r i a l extending to approximately 6 km depth, 'The 
northern low i s assumed to be the westviard extension of the 
sedimentary basin reported by B l u n d e l l et a l (I968). An 
i n t e r p r e t a t i o n of the northern anomaly i n terms of sedimentary 
depths i s shown i n the lowest section of fig. 2 2 . A density 
contrast of -O.I5 gm/cc and the smoothed Bouguer anomaly curve 
shown i n fig.2 2 v/ere assumed and depths were c a l c u l a t e d using 
a computer programme (NTBAP) developed by A l l e r t o n (I968) a.t 
Durham U n i v e r s i t y . A sedimentary v e l o c i t y of 3.0 km/sec was 
used to c a l c u l a t e the sedimentary delay times a t each shot 
p o i n t . However, i t was found t h a t these delays increased the 
s c a t t e r of the t r a v e l time data at both the I r i s h and Land's End 
st a t i o n s and, i n the absence of any other i n f o r m a t i o n , no 
corr e c t i o n s have been applied to the data froia l i n e 2, 

The problem of l i m i t e d data also occurs along l i n e 3. 

The short seismic r e f r a c t i o n p r o f i l e s about 50 km to the east 

of the l i n e give i n d i c a t i o n s of a wedge of sediments t h i c k e n i n g 

southi-vards to about 3 to 4 km depth i n the middle of the Channel 
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(see Chapter 1). These p r o f i l e s were mostly unreversed 
and i t i s unc e r t a i n how the sediments vary l a t e r a l l y e s p e c i a l l y 
i n the region of l i n e 3. The g r a v i t y p r o f i l e gives no 
i n d i c a t i o n of a g r a v i t y low immediately to the south of Land's 
End and, indeed, maintains a r e l a t i v e l y uniform high l e v e l f o r 
some distance betvieen the two southern lows. Thus estimates 
of sedimentary delay times cannot be cal c u l a t e d w i t h c e r t a i n t y 
and no c o r r e c t i o n s have been applied to the data from t h i s l i n e . 

3.3 F i r s t a r r i v a l t r a v e l time graphs 

F i r s t a r r i v a l t r a v e l time graphs f o r every s t a t i o n 

are presented i n t h i s s e c t i o n . The t r a v e l times have been 

p l o t t e d i n t h e i r reduced form (T -£5/6) against distance ( ^ ) , 

The s t r i k i n g feature of a l l these graiphs (except those of 

Dartmoor and Eskdalemuir, which only give one segment) i s t h a t 

the data i s best f i t t e d by two major s t r a i g h t l i n e segments 

w i t h a crossover distance of about 120 km. The a r r i v a l s 

representing seismic waves which have t r a v e l l e d distances 

greater than 120 laa f i t l i n e s g i v i n g v e l o c i t y estimates of 

approximately 8.0 km/sec. These a r r i v a l s are i n t e r p r e t e d as 

the head wave from the Mohorovicic d i s c o n t i n u i t y at the base 

of the crust and w i l l subsequently be r e f e r r e d to as 

a r r i v a l s . The other a r r i v a l s , representing seismic waves 

which have t r a v e l l e d less than 120 km, f i t l i n e s which give 

v e l o c i t y estimates of a l i t t l e lower than 6.0 km/sec. 
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These a r r i v a l s are i n t e r p r e t e d as the hes-d wave r e f r a c t e d 

from the c r y s t a l l i n e baseaient and Mill subsequently be r e f e r r e d 

to as P a r r i v a l s . The r e s u l t s given by the l e a s t squares 

process, which has been applied to the t r a v e l time data of a l l 

the s t a t i o n s , are given i n t a b l e 2. 

No secondary a r r i v s i l s have been picked from the 

data at any of the s t a t i o n s . The amplitude of the f i r s t 

a r r i v a l out t o about 120 km f a l l s o f f r a p i d l y and becomes 

almost l o s t i n noise near t h a t distance. A second a r r i v a l 

which f o l l o w s the a r r i v a l s at distances greater than 120 km 

and a r r i v e s approximately at the c a l c u l a t e d P time i s not 

thought to be a true P^ a r r i v a l because of i t s large amplitude. 

This matter w i l l be discussed f u r t h e r i n a l a t e r chapter. 

Secondary P^ a r r i v a l s , a t distances less than 120 km, have not 

been recognised at any st3.tion although they w i l l be present. 

They are masked by other, more energetic a i - r i v a l s coming i n at 

a s i m i l a r time. 

At close ranges one or two of the s t a t i o n s give 

evidence of lower v e l o c i t y segments and most s t a t i o n s show 

small p o s i t i v e P i n t e r c e p t s . There i s also considerable 
S 

s c a t t e r of the data about the s t r a i g h t l i n e segments. These 

observations r e f l e c t the v a r i a b i l i t y of the near-surface 

g e o l o g i c a l s t r u c t u r e w i t h an i r r e g u l a r basement surface and 

l a t e r a l i r r e g u l a r i t i e s i n the topmost la y e r s of the Earth's 

c r u s t . These layers consist generally of v a r i a b l e thicknesses 



Table 2. Eesults of the l e a s t squares process of f i t t i n g s t r a i g h t 

l i n e s to the t r a v e l time data of the south west England 

experiment 
Standard 

Standard e r r o r on No, 
e r r o r on Time time of 

S t a t i o n Line Phase V e l o c i t y V e l o c i t y i n t e r c e p t interee.pt Obs. 
Dartmoor 1 P 

n 
Bodmin Moor 1 P 

n 
Bodmin Moor 1 P 
Garnmenellis 1 P 
Garnmenellis 1 P 

g Land's End 1 P 
n. 

Land's End 1 p 
g 

S c i l l y I s l e s 1 P^ 
S c i l l y I s l e s 1 P east 
S c i l l y I s l e s 1 P^ west 
Waterford 2 P 

n Waterford 2 P 
g 

Land's End 2 P n 
Land's End 2 TJ 

Eskdalemuir 2 P 
n 

Land's End 3 P 
n Land's End 3 P 
g 

French s t s . 3 P n 
French s t s . 3 P 

g 

8.00 + .07 5.55 + .23 15 
7.93 + .0^ 5.̂ 6 + .13 11 
5.77 + .10 -0.12 + .31 5 
7.98 + .06 5.80 + .20 8 
5.92 + .03 0.36 + .06 8 
7.99 + .08 5.57 + ,25 8 
5.88 + .03 0.18 .06 10 
7.72 + .16 ^.97 + A3 
5.9^ + .03 0.19 + .02 6 
5.79 + .03 -0,10 + .07 8 
8.62 + .09 8.06 + .24 7 
5.88 + .07 1.0^ + .17 6 
8.15 + ,.29 6,68 + 5 
5.62 + ,06 0.03 + .15 7 
8,18 + .12 7.59 + .93 12 
7.63 + .38 6.09 + .93 3 
5.6l + .07 0.15 + .17 8 
8.07 + .05 6.lif + .12 12 
5.80 + .07 0.24 + .19 22 
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of low v e l o c i t y sediments and l o c a l l y , i n the g r a n i t e b a t h o l i t h 

area, of weathered gx-anite. 

The t r a v e l time graphs and i n t e r p r e t a t i o n of the 

r e s u l t s from each l i n e of shots w i l l now be considered 
separately, 

3.3.1 Line 1 t r a v e l time graphs 

Only s t a t i o n s s i t u a t e d along the l i n e of the shots 

have been used i n t h i s study of the l i n e . The French and 

I r i s h s t a t i o n s received one or two of.these shots but not 

enough to p l o t on a t r a v e l time graph. The a r r i v a l s could 

not be seen, even a f t e r processing, on the Eskdalemuir array 

records. The t r a v e l times are corrected f o r the i n f e r r e d 

wedge of sediments at the western end of the l i n e and the 

t r a v e l time graphs of i n d i v i d u a l s t a t i o n s are described below. 

(a) Dartmoor (fig,17) 
A l l the shot p o i n t s f o r t h i s s t a t i o n f a l l i n the P ^ n 

range ( i . e . "y 120 km). Sever-al of the more d i s t a n t shots 

provided onsets which were d i f f i c u l t to p i c k w i t h c e r t a i n t y 

and they are not included. 

(b) Bodmin Moor (fig.17) 

The two w e l l - d e f i n e d segments, P̂ , a-uA P^, are 

observed. 
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(c) Carnmenellis ( f i g . l S ) 

The two well-defined segments, P̂^ and P̂ , are observed 

here e.lso. The a r r i v a l from shot 13 at a dista.nce of about 80 km 

i s approximately h a l f a second l a t e r than v;ould be expected and i t 

has not been included i n the l e a s t squares f i t . 

(d) La.nd's End ( f i g . l S ) 

The P^ segment i s v j e l l - d e f i n e d but the segment i s 

s l i g h t l y curved i n the range 0-50 km i n the form of a t r a v e l 

time graph of a r r i v a l s representing seismic waves x\rhich have 

t r a v e l l e d through a medium having a steady increase of seismic 

v e l o c i t y w i t h depth. However, t h i s form of graph can also 

r e s u l t from a t h i c k e n i n g wedge of sediment. The maximum delay 

i s only about 0.25 sec representing a maximum thickness of 1.0 km 

assuming a sedimentary v e l o c i t y of 2.5 km/sec. At distances of 

approximately 55 and 72 km the two a r r i v a l s are s l i g h t l y e a r l y . 

These p o i n t s represent shots 12 and 13 which were exploded close 

to the shores of the S c i l l y I s l e s and, presumably, upon the 

outcropping g r a n i t e v/ith no consequent sedimentary delay time. 

(e) S c i l l y I s l e s (fig.19) 

The a r r i v a l s at t h i s s t a t i o n form two groups, one 

comprising a r r i v a l s t r a v e l l i n g from west to east and the other 

comprising a r r i v a l s t r a v e l l i n g i n the opposite direct.'.on. The 

P̂  v e l o c i t y i s low which r e f l e c t s the problem of the t h i c k e n i n g 
wedge of sediments at the western end of the l i n e . The standard 

e r r o r of the slope of the l i n e i s large and t h i s r e f l e c t s the 
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paucity of p o i n t s and inaccuracies of the delay times used i n 

the analysis i n order to make alloxArances f o r the vredge of 

sediments. The s c a t t e r on the western P,̂, l i n e can be explained 
S 

by an uncorrected v a r i a t i o n i n thickness of sediments beneath 
shots 3 to 8. The etistern P l i n e gives a s l i g h t l y higher 

g 
ve3.ocity than the western one but the di f f e r e n c e i s not s i g n i f i c a n t . 

S l i g h t l y v a r y i n g sediment thicknesses on e i t h e r side of the S c i l l y 

I s l e s could account f o r t h i s v a r i a t i o n , 

3.3.2 I n t e r p r e t a t i o n of l i n e 1 t r a v e l time data 

The P v e l o c i t y measured at a l l the s t a t i o n s i s g 
remarkably constant v/ i t h i n the e r r o r l i m i t s given. The estimates 

of v e l o c i t y at each s t a t i o n can be combined to give an o v e r a l l 

estimate of P v e l o c i t y of 5.85 i .03 km/sec. This v e l o c i t y g 
represents the seismic P-wave velocitty v;ithin the gr a n i t e and 

i t i s p e r t i n e n t here to look at the vmrk which has been c a r r i e d 

out on the behaviour of P-wave v e l o c i t i e s i n gran i t e s under 

varying pressure and temperature c o n d i t i o n s . 

Birch (1958, 1960), studying the e f f e c t s of pressure 

only, found t h a t the P-wave v e l o c i t y i n gr a n i t e s increased 

r a p i d l y t o pressures equivalent to about 3 ̂  depth and t h e r e a f t e r 

increased only slowly as the pressure increased to the equivalent 

of a c r u s t a l thickness of 30 km. Hughes and Maurette (1956), 

studying the combined e f f e c t s of temperature and pressure, found 
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s i m i l a r r e s u l t s to those of Birch except th a t the v e l o c i t y 

tended to remain consta.nt or decrea.se a l i t t l e a f t e r the i n i t i a l 

increase of v e l o c i t y v j i t h depth. Thus there i s evidence t h a t 

the P-wave v e l o c i t y w i t h i n a gremite i s almost constant below a 

depth of about 3 km but t h a t there i s a considerable increase 

of v e l o c i t y down to t h i s depth. 

Assuming the r a t e of. increase of v e l o c i t y with depth 

i n d i c a t e d by B i r c h (I96O), the energy of shots more than 20 km 

away from a s t a t i o n w i l l have t r a v e l l e d down to about 3 km and 

thus should i n d i c a t e the maximum v e l o c i t y present i n the g r a n i t e . 

For the south west England experiment few shots are s i t u a t e d 

l e s s than 20 km away from each s t a t i o n w i t h the r e s u l t t h a t the 

v e l o c i t y obtained from the t r a v e l time data should represent 

t h i s maximum v e l o c i t y . Nevertheless, a study of the t r a v e l 

time graphs i n d i c a t e s t h a t the near shots do tend to weight 

the estim3.tes of the v e l o c i t y to lower values and thus i t i s 

expected t h a t the maximum v e l o c i t y may be a l i t t l e higher, 

perhaps about 5.9 - 5.95 km/sec. However, because of the 

evidence t h a t the P-wave v e l o c i t y tends to decrease a l i t t l e 

w i t h increased pressure and temperature, i t may be assumed t h a t 

5.85 km/sec i s a reasonable estimate of the mean v e l o c i t y w i t h i n 

the g r a n i t e . The s i g n i f i c a n c e of t h i s observation w i l l be 

discussed i n a l a t e r chapter. 
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The v e l o c i t y seen at a l l the s t a t i o n s except ths-t 

of the S c i l l y I s l e s i s also remtirkably constant. The combined 

estimate i s 7.95 - .05 km/sec. However, t h i s v e l o c i t y has been 

obtained l o o k i n g i n the d i r e c t i o n of shot to s t a t i o n , i . e . i t i s 

the apparent v e l o c i t y i n one d i r e c t i o n only. I n order to obtain 

an estimate of the true v e l o c i t y and to ca l c u l a t e the dip ( i f 

any) of the Moho, the l i n e may be reversed by p l o t t i n g the t r a v e l 

times of the f i r s t a r r i v a l of a p a r t i c u l a r shot at each of the 

recording sta.tions. I n t h i s v/ay the apparent v e l o c i t y i n the 

d i r e c t i o n s t a t i o n s to shots can be ascertained. There i s s t i l l 

the problem t h a t the apparent v e l o c i t i e s have been measured i n 

d i f f e r e n t p o r t i o n s of the l i n e , i . e . i n the region of the shots 

and i n the region of the s t a t i o n s . I f the dip of the r e f r a c t o r 

changes along the l i n e , the true v e l o c i t y i s impossible to 

c a l c u l a t e . I f the r e f r a c t o r can be assumed to be a plane 

dipping u n i f o r m l y across the whole region then the tv/o apparent 

v e l o c i t i e s can be used to give an estimate of the r e a l 

v e l o c i t y and the dip of the r e f r a c t o r . 

This ha-s been done f o r l i n e 1 of t h i s experiment. 

The f i r s t a r r i v a l t r a v e l time data f o r shots 3» 5j 7 and 8 

a r r i v i n g at the Land's End, Carnmenellis, Bodmin Moor and 

Dartmoor sta-tions were f i t t e d by a l e a s t squares s t r a i g h t l i n e 

i n the usual manner. I f the angle of dip i s small (4. 3°) 

then the r e a l v e l o c i t y i s the averag- of the apparent 
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v e l o c i t i e s i n both d i r e c t i o n s . By f i t t i n g a s t r a i g h t l i n e 

to the t r a v e l time data of a nuraber of shots at an equal 

number of s t a t i o n s one obt.ains t h i s average v e l o c i t y . 

Thus the r e a l v e l o c i t y i s found to be 8.0? i .0? km/sec. 

This would i n d i c a t e t h a t the Moho i s dipping at an angle 

of 34 minutes tovfards the west but because of the e r r o r s 

involved, t h i s dip can be regarded as n e j j l i g i b l e . 

Moho 

r u l y reve] 

V e r t i c a l scale 
exaggerated 

D = 

G = 
L. E, = 

S. I . = 
5, 8, 18 = 

Dartmoor. 

Bodmin Moor, 

Carnmenellis. 

La,nd' B End. 

S c i l l y I s l e s , 
shot numbers• 

Fi g . 20, The extent of l i n e 1 g i v i n g a t r u l y reversed 

Pj, v e l o c i t y . 
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The above r e s u l t has assumed t h a t the Moho i s a 

plane dipping uniformly across the whole region. I f the 

apparent v e l o c i t i e s i n both d i r e c t i o n s could be measured 

i n the same region then a. t r u l y reversed P^ v e l o c i t y and 

an estimate of dip would be obtciined. Fig.20 shov/s the 

extent to which t h i s can be done f o r l i n e 1. The apparent 

v e l o c i t y given by the t r a v e l time data from shots 8 to l8 

as seen at the Dartmoor s t a t i o n i s the apparent v e l o c i t y i n 

one d i r e c t i o n benea.th the S c i l l y I s l e s and Land's End s t a t i o n s . 

S i m i l a r l y , the apparent v e l o c i t y given by the a r r i v a l times 

of any shot at the S c i l l y I s l e s , Land's End, Ccirnmenellis and 

Bodmin Moor s t a t i o n s i s the apparent v e l o c i t y i n the opposite 

d i r e c t i o n i n the same regio n . The joosition and length 

of the reversed section depends on the c r i t i c a l distance 

which i s the distance between the source and p o i n t of 

emergence of a ray which has been c r i t i c a l l y r e f l e c t e d 

at the Moho, I t w i l l be shoim i n a leit e r chapter t h a t 

t h i s distance i s about 65 faa. Therefore the reversed 

p o r t i o n extends from about 32 km ¥SW of the S c i l l y I s l e s 

to approximately l6 km ENE of the Land's End s t a t i o n , a 

distance of about 108 km. 



3.16 

Shot 3 v/as the only shot i n the P̂  range at a l l four 

s t a t i o n s . I t gives an apparent P̂  v e l o c i t y i n one d i r e c t i o n 

of 7.91 - . I ' l - km/sec. The Dartmoor data gives an apparent 

v e l o c i t y i n the opposite d i r e c t i o n of 8,00 i ,12 km/sec. 

Therefore, w i t h i n the e r r o r l i m i t s given there i s no s i g n i f i c a n t 

dip of the Moho beneath the region of the S c i l l y I s l e s and Land•s 

End s t a t i o n s and the P̂  v e l o c i t y i s not s i g n i f i c a n t l y d i f f e r e n t 

from, the apparent v e l o c i t y i n the d i r e c t i o n shots to s t a t i o n s . 

However, because only one shot was used to give the reversed 

v e l o c i t y t h i s estimate of r e a l P̂  v e l o c i t y i s not as accurate 

as t h a t gained by using the four shots sjid s t a t i o n s . Thus the 

p r e f e r r e d estimate of r e a l P̂  v e l o c i t y along l i n e 1 i s 8.07 -

,07 km/sec. 

The i n d i v i d u a l values of i n t e r c e p t time, P and P 
^ • g n 

v e l o c i t y f o r each s t a t i o n were s u b s t i t u t e d i n the depth formula 

given cit the beginning of t h i s cha.pter and the r e s u l t s are given 

i n table 3. The c r u s t a l thickness thus estimated assumes t h a t 

the crust i s homogeneous 'rfith the P v e l o c i t y remaining constant 

throughout. I t v j i l l be shown l a t e r t h a t the v e l o c i t y increases 

w i t h depth w i t h i n the c r u s t r e s u l t i n g i n a higher average c r u s t a l 

v e l o c i t y and a corresponding increase i n the c r u s t a l thickness. 

The r e s u l t s do not s i g n i f i c a n t l y d i f f e r from s t a t i o n to s t a t i o n . 

Thus the combined estimate of c r u s t a l thickness along l i n e 1 i s 

22.8 - 1.1 km which w i l l be a minimum estimate of the t r u e c r u s t a l 

thickness i n the v i c i n i t y of the s t a t i o n s . 



s t a t i o n Depth 

Dartmoor 

Bodmin Moor 

Carnmenellis 

Land's End 

S c i l l j r I s l e s 

21.55 - 1.67km (P v e l , 

22.96 - 2.03km 

24.16 - 1.08km 

23.37 - 2.32km 

21.75 - 3.97kia 

= 5.85km/sec assumed) 

Table 3. Minimum depths to the Moho f o r s t a t i o n s along l i n e 1 
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The small p o s i t i v e P i n t e r c e p t s i n d i c a t e t h a t the 
g 

main c r u s t a l laj'-er i s covered by a l a y e r of low v e l o c i t y m a t e r i a l , 

e i t h e r weathered g r a n i t e or sediments. Except at the end of the 

l i n e where the sediments are assumed to reach about 2 km thickness, 

the low v e l o c i t y m a t e r i a l i s c a l c u l a t e d to be about 0.5 km t h i c k , 

assuming a sedimentary v e l o c i t y of 2.5 km/sec. This f i g u r e i s 

an a.verage one but i t does show t h a t only a t h i n veneer of a low 

v e l o c i t y m a t e r i a l e x i s t s along l i n e 1 and, i n subsequent i n t e r 

p r e t a t i o n s of t h i s l i n e , i t has been ignored, 

3,3« 3 Line 2 t r a v e l time graphs 

The Land's End, I r i s h and Eskdalemuir s t a t i o n s only 

have been" used i n the analysis of l i n e 2. Other s t a t i o n s received 

i n s u f f i c i e n t a r r i v a l s from the shots of t h i s l i n e to p l o t t r a v e l 

time graphs. The t r a v e l times have not been corrected f o r 

upper c r u s t a l delays. 

(a) Waterford ( f i g . 2 1 ) 

The P̂  segment i s well-defined w i t h an apparent v e l o c i t y 

of 8.6 i .09 km/sec. The P segment shows t h a t shots 42, 43 and 

44 have pro g r e s s i v e l y l a r g e r p o s i t i v e r e s i d u a l s but t h a t r e s i d u a l s 

from shots 45 southwards are s i m i l a r . A l l the shots g i v i n g P̂ , as 

a f i r s t a r r i v a l i t u a t e d i n the region of the low Bouguer 

anomaly, i n t e r p r e t e d as the westerly extension of a sedimentary 

b 3.sin i n the I r i s h Sea (see section 3.2). Shots 42, 43 and 44 
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are situ-ated ovei' deepening parts of the bs^sin so t h a t the 

l e a s t squares P v e l o c i t y of 5.88 km/sec ma-y not be a good 

estimate of the P v e l o c i t y i n t h i s r e g i o n . 

(b) Land's End ( f i g . 2 1 ) 

The s c a t t e r on the data from t h i s s t a t i o n i s l a r g e . 

I t i s a l l the more d i f f i c u l t to explain f o r the P segment 

when one notes t h a t the t r a v e l times of the same shots f i t a 

good P̂  segment at the I r i s h s t a t i o n . The t r a v e l time of 

shot 31 has been ignored i n the l e a s t squares a n a l y s i s . At 

f i r s t s i g h t both the P and P v e l o c i t i e s would seem to be 
g n 

s i g n i f i c a n t l y d i f f e r e n t from those at the other end of the l i n e . 

The p o s s i b i l i t y t h a t t h i s i s not a c o r r e c t assumption w i l l be 

discussed i n a l a t e r s e c t i o n , 

(c) Eskdalemuir ( f i g . 1 9 ) 

A l l the shots from l i n e 2 are i n the P^ range, A l e a s t 

squares f i t of a l l the data except shot 27 gives a P̂  v e l o c i t y of 

8.l8 i .12 km/sec. However, the s c a t t e r of the data makes i t 

d i f f i c u l t to obtain a r e l i a b l e estimate of the v e l o c i t y . 

The a r r i v a l from shot 27 i s d i f f i c u l t to pick i f i t h c e r t a i n t y 

and i t s approximate p o s i t i o n marks a d i s c o n t i n u i t y i n the t r a v e l 

time graph which w i l l be discussed l a t e r . 

3.3.̂ + I n t e r p r e t a t i o n of l i n e 2 t r a v e l time data 

The reason f o r the greater u n c e r t a i n t i e s i n the v e l o c i t i e s 
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given by the t r a v e l time data from t h i s l i n e can be found i n 

the f a c t t h a t the t r a v e l times have been uncorrected f o r upper 

c r u s t a l v a r i a t i o n . The presence of the sedimentary basin i n 

the northern h a l f of the l i n e creates a major problem i n t h i s 

respect, 

There i s not enough i n f o r m a t i o n availa-ble f o r more 

r e l i a b l e estimates of these v e l o c i t i e s to be obtained but at 

l e a s t some reasonable values can be assumed from the data of 

che northern h a l f of the l i n e i n order to e x t r a c t a l i t t l e 

more i n f o r m a t i o n concerning the shape and depth of t h i s basin. 

A P v e l o c i t y of 5.9 km/sec and a P v e l o c i t y of 8.1 km/sec 

have been assumed to c a l c u l a t e P and P r e s i d u a l s (observed ~ 
g n 

c a l c u l a t e d ) at the I r i s h , Land's End and Eskdalemiiir s t a t i o n s 

f o r shots ^2 to 24. The r e s i d u a l gra.phs, presented i n f i g . 2 2 , 

are s i m i l a r l y shaped confirming the f a c t t h a t p a r t , i f not most, 

of the observed s c a t t e r i s caused by v a r i a t i o n s i n the upper 

c r u s t a l l a y e r s . I f these v a r i a t i o n s are assumed to be due to 

varying thicknesses of low v e l o c i t y m a t e r i a l w i t h i n a sedimentary 

basin, then estimates of the thicknesses of t h i s m a t e r i a l at each 

shot p o i n t can be obtained using the P r e s i d u a l s . The basin 
S 

has been assumed t o be b a s i c a l l y weige~shaped t h i c k e n i n g i n a 

southerly d i r e c t i o n away from the I r i s h coast. The thicknesses 

thus obtained are shown i n f i g . 2 2 , These estimates can'be 

increased or decreased by changing the sedimentary v e l o c i t y or 
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by assuming a d i f f e r e n t basic shape. However, the v e l o c i t y 

of 3,0 km/sec i s th a t i n d i c a t e d by B l u n d e l l et a l (I968) and 

the assumption of a wedge-like shape would appear to be 

reasonaible i n t h i s case. The apparent d i f f e r e n c e i n shape 

and depth of the basin as revealed by the seismic data when 

compared w i t h t h a t given by the g r a v i t y data can be explained 

most probably by the f a c t t h a t the grs-vity data has not been 

corrected f o r cross-coupling e r r o r s . However, the high frequency 

components seen superimposed upon the broad g r a v i t y low may be 

r e a l and p o s s i b l y due to shallov/ phenomena w i t h i n the basin 

i t s e l f . 

Assuming the sedimentary depths given by the P 

r e s i d u a l s then P̂  delay times due to the presence of these 

sediments ca.n be c a l c u l a t e d f o r the Eskdalemuir and Land's End 

s t a t i o n s . I f the observed a r c h - l i k e shape of the r e s i d u a l 

graphs i s due s o l e l y to the presence of the sedimentary basin 

then the s u b t r a c t i o n of these delays from the P r e s i d u a l s 
n 

should r e s u l t i n i t s t o t a l disappearance (see open c i r c l e s on 

f i g . 2 2 ) . For the Eskdalemuir data t h i s would appear to be 

the case but f o r the Land's End data the shape i s modified 

only s l i g h t l y . This may be due to observational e r r o r s but 

i t i s equally possible t h a t i t could be r e a l . The s i g n i f i c a n c e 

of t h i s p o s s i b i l i t y w i l l be discussed i n a l a t e r chapter. 

The u n r e l i a b i l i t i e s of the P and P v e l o c i t i e s 
n g 

obtained from the data of shots 25 to 21 are too l a r g e f o r 



u s e f u l i n f o r m a t i o n to be extracted from r e s i d u a l s . The P^ 

v e l o c i t y of 5.60 km/sec i s suspic i o u s l y low when compared w i t h 

the 5.8 km/sec v e l o c i t y found by Merriweather (see Chapter 1 

of t h i s t h e s i s ) . Shots 25 and 26 are s i t u a t e d over the southern 

margin of the sedimentary basin and thus a r r i v a l s from these shots 

w i l l be delayed,weighting the P v e l o c i t y estimate to a lower 

v a l i i e . Therefore i t i s proba.ble th a t the r e a l P v e l o c i t y i s 
g 

i n excess of 5.6 Ian/sec, The geological s i m i l a r i t i e s n o r t h 

and south of Land's End tend to suggest t h a t the P v e l o c i t i e s 

should be s i m i l a r a lso. I t w i l l be shown i n a l a t e r section 

t h a t the P v e l o c i t y south of Land's End i s 5.8 km/sec and i t 

i s thought l i k e l y that t h i s i s a b e t t e r estimate of the r e a l 

P v e l o c i t y along the southern pa r t of l i n e 2. The apparent 
S 

d i f f e r e n c e of P v e l o c i t y i n the northern and southern regions 
S 

of l i n e 2 i s therefore not thought to be as great as the t r a v e l 

time data would suggest. 

The v e l o c i t y , as given by the t r a v e l time data at 

the I r i s h s t a t i o n , i s unusu3.11y high. The t r a v e l times of 

a r r i v a l s from the shots of the southern h a l f of l i n e 2 at the 

Eskdalemuir s t a t i o n also form a higher v e l o c i t y segment than 

the P̂  value given by a l l the data from t h i s s t a t i o n . On 

the other hand the P̂  v e l o c i t y seen at the Land's End s t a t i o n 

i s more normal although the s c a t t e r of the data i s l a r g e . 

This d i f f e r e n c e i n P^ v e l o c i t y as seen from the tv»'o ends of the 
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l i n e may be explained by the presence of a dip of the Moho 

towards the n o r t h . However, the amount of dip and true P^ 

v e l o c i t y are d i f f i c u l t to obtain w i t h c e r t a i n t y because of 

two major problems. F i r s t l y , the distance between the I r i s h 

and Land's End s t a t i o n s i s not large enough to permit overlap 

of the tv.'o segments thus apparent v e l o c i t i e s 3.re seen f o r 

d i f f e r e n t regions of the l i n e . (This problem i s overcome to 

some extent when the Eskdalemuir and Land's End s t a t i o n s are 

used. I n t h i s case the P̂  segments overlap i n the region of 

shots k2 t o 26 and thus the northern pa.rt of the l i n e can be 

properly reversed.) Secondly, the standard e r r o r s on the 

apparent v e l o c i t i e s are large and the P^ v e l o c i t y i s not 

accurately known. However, assuming t h i s v e l o c i t y t o be 

5.8 km/sec, and tha t the Moho dips u n i f o r m l y along Lhe l i n e 

of shots, the apparent v e l o c i t i e s seen a t the I r i s h and Land's 

End s t a t i o n s give a Moho dip of I.5 degrees towards the n o r t h 

w i t h a r e a l P^ v e l o c i t y of 8.35 km/sec. The Eskdalemuir and 

Land's End P^ v e l o c i t i e s give a r e a l P̂  v e l o c i t y of 8.22 km/sec 

and a Moho dip of 0,5 degrees i n a n o r t h e r l y d i r e c t i o n . I n 

s p i t e of the large u n c e r t a i n t i e s involved there i s thus some 

evidence of a northward dipping Moho somewhere along l i n e 2 

w i t h a s l i g h t l y higher P̂  v e l o c i t y than th a t found along l i n e 1. 

The f a c t t h a t the g r a v i t y r e g i o n a l tends to decrease northwards 

along the northern h a l f of the l i n e i s i n agreement w i t h a 

northvfard t h i c k e n i n g crust i n t h i s r e g i o n . 
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The above estimates of dip and sub-Moho v e l o c i t y 

have been obtained assuming a homogeneous layer above the Moho 

w i t h a v e l o c i t y of 5.8 km/sec. The d i s c o n t i n u i t y i n the 

region of shots 26 and 27 on the Eskdsilemuir t r a v e l time graph 

has already been noted (see section 3 .3 .3) . This d i s c o n t i n u i t y 

coincides approximately w i t h the steep g r a v i t y gradient along 

the g r a v i t y p r o f i l e described'in section 3.2 which can be 

i n t e r p r e t e d as being caused by the simple inwardly dipping, 

possibly f a u l t bounded margin of the sedimentary basin. An 

a l t e r n a t i v e i n t e r p r e t a t i o n of t h i s gradient may be tha t i t i s 

caused by a t h r u s t from the south c a r r y i n g denser m a t e r i a l over 

l e s s dense sedimentary m a t e r i a l beneath (see fig. 2 3 ) . This 

5.0 km/sec iediments 

Moho 

Pig.23. Suggested s t r u c t u r e i n the upper ci-ust a.long 
the southern h a l f of l i n e 2. 
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gradient coincides w i t h the approximate westward extension of 

the l i n e of the g r a v i t y gradient over Exmoor described by 

Bo t t , Day and Masson-Smith (1958) and A l Sadi (I967). This 

has been i n t e r p r e t e d by them to be a t h r u s t which has c a r r i e d 

the outcropping Devonian rocks northward across a large basin 

of Carboniferous and Devonian rocks, 

A southward t h i c k e n i n g v/edge of higher v e l o c i t y 

m a t e r i a l r e s t i n g on lower v e l o c i t y m a t e r i a l would have the 

e f f e c t of pro g r e s s i v e l y decreasing the reduced t r a v e l times 

of seismic waves tr a n s m i t t e d from shots s i t u a t e d on the wedge 

to the I r i s h and Eskdalemtiir s t a t i o n s (see fig. 2 3 ) . This 

would r e s u l t i n an anomalously high value f o r the apparent P̂  

v e l o c i t y as seen at these two s t a t i o n s . I t i s ca l c u l a t e d 

t h a t a r e a l P̂  v e l o c i t y of 8,0 km/sec would become an apparent 

v e l o c i t y of 8.6 km/sec at the I r i s h s t a t i o n i f a wedge of high 

v e l o c i t y m a t e r i a l was present t h i c k e n i n g from 0 to 5 km i n the 

region between shots 26 and 30 at the expense of less dense 

sedimentary m a t e r i a l bene-ath. Depending on the exact nature 

of the wedge, the Moho could then be f l a t - l y i n g or s l i g h t l y 

dipping i n e i t h e r d i r e c t i o n at le a s t along the southern h a l f 

of l i n e 2. The evidence f o r t h i s suggestion of a t h r u s t i s 

tenuous but i t i s i n the author's opinion t h a t the seismic 

dai-a from the region south of shot 26 may be b e t t e r explained 
by such a complex s t r u c t u r e than by the assumption of a Moho 

dipping u n i f o r m l y along the lengt h of l i n e 2, 
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3•3.5 Line 3 t r a v e l time graphs 

Arriva.ls recorded at the Land's End s t a t i o n and at 

the French s t a t i o n s 2, 3, 4, 5, 6, 7i 9 and 10 are presented 

here. No c o r r e c t i o n s f o r varying thicknesses of sediments 

have been incorporated i n the t r a v e l time data. 

(a) Land's End ( f i g . 2 4 ) 

The P and P segments are not at a l l obvious. 
g n 

Shots 39, kO and kl only are i n the P̂  range thus the l e a s t 

squares v e l o c i t y of 7.6 - .38 km/sec i s u n r e l i a b l e as the 

large standard e r r o r suggests. The P segment e x h i b i t s 
g 

an o f f s e t between shots 35 and 36. The l e a s t squares P^ 

v e l o c i t y using shots 32 to 39 i s 5.6I - .07 km/sec and the 

r e l i a b i l i t y of t h i s estimate vlll be discussed i n a l a t e r 

s e c t i o n . 

(b) French s t a t i o n s ( f i g . 2 4 ) 

The data a v a i l a b l e from these s t a t i o n s i s severely 

l i m i t e d by the poor q u a l i t y of the seismograms. Paper records 

only v/ere obtained and the outputs of the seismometers Virere not 

f i l t e r e d before recording. Consequently^long period micro-

seismic noise tends to obscure a r r i v a l s p s i r t i c u l a r l y of d i s t a n t 

events. 

I n s u f f i c i e n t data, i s av8.ilable from any one s t a t i o n 

to give a good estimate of the apparent P̂  v e l o c i t y . Therefore 
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a l l t h e a r r i v a l s have been p l o t t e d on a s i n g l e graph t o 

which a s t r a i g h t l i n e segment has been f i t t e d by l e a s t squares. 

T h i s g i v e s an e s t i m a t e o f t h e r e a l v e l o c i t y assuming t h a t 

the Moho i s a u n i f o r m l y d i p p i n g plane s u r f ; i c e . The v e l o c i t y 

i s thus e s t i m a t e d t o be '6,07 - .05 km/sec a l t h o u g h the r e l i a b i l i t y 

o f chis v a l u e i s p r o b a b l y n o t as good as i t s s t a n d a r d e r r o r would 

suggest. 

Apparent P v e l o c i t i e s were o b t a i n e d by f i t t i n g l e a s t 

squares l i n e s t o t h e d a t a o f the French s t a t i o n s 2 , 3» 5 scad 

6. These gave v e l o c i t i e s o f about 5 .7 km/sec. Jz i s known 

from the geology o f t h e are a t h a t t h e t h i c k n e s s o f IOM v e l o c i t y 

m a t e r i a l i n c r e a s e s g e n e r a l l y n o r t h w a r d s from t h e B r i t t a n y coe^st. 

T h i s v e l o c i t y e s t i m a t e w i l l , t h e r e f o r e , be anomalously low. 

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

t i m e s o f a r r i v a l s from i n d i v i d u a l s h o t s t o s e v e r a l s t a t i o n s 

i s a p p r o x i m a t e l y 5 .85 km/sec. T h i s i s an e s t i m a t e o f the 

apparent P v e l o c i t y i n t h e d i r e c t i o n s t a t i o n s t o s h o t s . 
S 

A l e a s t squares f i t o f a l l the P d a t a g i v e s a v e l o c i t y o f 

5.80 i .07 km/sec. T h i s i s assumed t o be t h e b e s t e s t i m a t e 

o f the r e a l P v e l o c i t y a v a i l a b l e f r o m t h e d a t a . 

3 . 3 . 6 I n t e r p r e t a t i o n o f l i n e 3 t r a v e l t i m e d a t a 

A s t u d y o f t h e r e s i d u a l s f r o m t h e l e a s t squares 

; r a i g h t l i n e shows t h a t t h e y are a l l l e s s than - 0 .1 sec 
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which would suggest t h a t t h e Moho i s n o t d i p p i n g s i g n i f i c a n t l y . 

Hevoy ( I 9 6 9 ) concluded from a more s o p h i s t i c a t e d s t u d y o f t h e 

da t a t h a t t h e r e i s no s i g n i f i c a n t d i p o f t h e Moho i n t h e r e g i o n 
between shot 38 and t h e French s t a t i o n 7 . I'he a u t h o r v/ould 

extend t h e r e g i o n s beneath which t h e r e i s a f l a t - l y i n g Moho t o 

itnclude most o f the sh o t s f r o m l i n e 3 SLnd adds t h a t t h e r e i s 

no s i g n i f i c a n t d i f f e r e n c e between t h e sub-Moho v e l o c i t y a l o n g 

t h i s l i n e and a l o n g l i n e 1, 

Assuming a v e l o c i t y o f 5 .8 km/sec and a v e l o c i t y 

o f 8.07 km/sec, the e s t i m a t e o f minimum t h i c k n e s s o f t h e main 

c r u s t a l l a y e r i s c a l c u l a t e d t o be 22 ,5 - 1.8 km. T h i s i s an 

e s t i m a t e o f t h e average t h i c k n e s s o f t h e main c r u s t a l l a y e r 

from t h e p o s i t i o n o f shot 33 t o the French s t a t i o n 1 0 . I t 

has been shown t h a t t h e t h i c k n e s s o f t h e low v e l o c i t y sedim

e n t a r y m a t e r i a l i s expected t o be o f t h e o r d e r o f 3 km i n the 

c e n t r a l pa.rt o f the l i n e o f s h o t s t h i n n i n g t o zero t h i c k n e s s 

near the French c o a s t . The t r a v e l t i m e d a t a have n o t been 

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

made t o o b t a i n r e v e r s e d P and P v e l o c i t i e s , t h e v a l u e s t h u s 
n. g 

o b t a i n e d may be s l i g h t l y i n e r r o r . The o v e r a l l e f f e c t will 

be t h a t the minimum e s t i m a t e o f t h i c k n e s s o f t h e main c r u s t a l 

l a y e r g i v e n above w i l l t e n d t o be am o v e r e s t i m a t e i n the r e g i o n 

o f the sh o t s and an u n d e r e s t i m a t e i n t h e r e g i o n o f t h e s t a t i o n s , 

i . e . t h e depth t o t h e bo t t o m o f the main c r u s t a l l a y e r i s 
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p r o b a b l y c o n s t a n t buc t h e t h i c k n e s s o f t h e l a y e r i s decrea.sed 

a t t h e expense o f t h e low v e l o c i t y sedimentary m a t e r i a l i n the 

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

I n o r d e r t o e l u c i d a t e the s t r u c t u r e o f the uppermost 

c r u s t a l l a y e r s a l o n g l i n e 3f Pg a^id P^ r e s i d u a l s have been 

c a l c u l a t e d i n a s i m i l a r manner t o those f o r l i n e 2 . A few 

o b s e r v a t i o n s o f the shots f r o m t h e n o r t h e r n end o f t h e l i n e 

r e c o r d e d a t t h e S c i l l y I s l e s and Bodmin Moor s t a t i o n s are a l s o 

used h e r e . I t i s found t h a t i f the P v e l o c i t y i s assumed t o 
S 

be 5 .6 km/sec l o i - the n o r t h e r n end o f t h e l i n e t h e n some o f 

the r e s i d u a l s a t the S c i l l y I s l e s , Land's End and Bodmin Moor 

s t a t i o n s are n e g a t i v e . A v e l o c i t y o f 5 .8 km/sec i s r e q u i r e d 

t o make a ^ l l these r e s i d u a l s p o s i t i v e and i t i s concluded t h a t 

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

n o r t h e r n p a r t o f l i n e 3 . I t i s thus n o t s i g n i f i c a n t l y 
d i f f e r e n t f r o m t h a t found i n the s o u t h . T h e r e f o r e a P v e l o c i t y 

g 

o f 5 .8 km/sec and a v e l o c i t y o f 8 ,0 km/sec h3.ve been assumed 

f o r the c a l c u l a t i o n o f the r e s i d u a l s which are p r e s e n t e d i n 

f i g . 2 5 . 

The P r e s i d u a l graphs o f a l l s t a t i o n s f o r sh o t s 32 

t o 37 e x h i b i t a s i m i l a r shape. A r r i v a l s f r o m s h o t s 3^ and 35 

are delayed r e l a t i v e t o the o t h e r s h o t s . T h i s d e l a y i s r e a l 

because of t h e s i m i l a r i t y a t a.11 s t a t i o n s . The v a r i a b i l i t y 

may be expla.ined by the a z i m u i h a l v a - r i a t i o n o f the d i r e c t i o n 

betx^reen s h o t s and s t a t i o n s and by t h e presence of o b s e r v e i t i o n a l 

e r r o r s . 
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The i n t e r p r e t a t i o n o f t h i s shape i n terms o f v a r i a t i o n 

i n v e l o c i t y - depth s t r u c t u r e i s n o t a simple one. I t i s 

p o s s i b l e t h a t i t c o u l d r e f l e c t the topography o f t h e basement 

beneath changing t h i c k n e s s e s o f low v e l o c i t y b u t homogeneous 

sediment. Fig.2 5 p r e s e n t s such an i n t e r p r e t a t i o n , A 

sedimentary l a y e r v j i t h a v e l o c i t y o f 3 . 0 km/sec i s assumed 

t o be r e s t i n g on an u n d u l a t i n g b,asement s u r f a c e . The t h i c k n e s s 

o f the sediments i n c r e a s e s southvra.rds t o rea.ch a maximum near 

shot 35 . The sedimentary b a s i n then t h i n s c o n s i d e r a b l y beneath 

s h o t s 36 and 37 . A s t u d y o f the l i t e r a t u r e d e a l i n g w i t h 

s edimentary depths i n t h i s r e g i o n r e v e a l s t h a t t h e cone o f 

c r i t i c 3 . 1 1 y r e f r a c t e d waives from shot 36 i s s i t u a t e d over vrtiat 

i s p o s t u l a t e d t o be t h e deepest p a r t o f a sedimentary b a s i n 

e x t e n d i n g a l o n g the E n g l i s h Channel (see Day e t a l 1956, 

H i l l and Vine I 9 6 5 ) . Even a l l o w i n g f o r i n c o n s i s t e n c i e s i n 

the d a t a o f Day e t a l , due m a i n l y t o n o n - r e v e r s a l o f the 

r e f r a c t i o n l i n e s a t many o f t h e s e i s m i c s t a t i o n s , i t would be 

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

r e g i o n o f t h i s s h o t . Thus an a l t e r n a t i v e e x p l a n a t i o n must 

be found. 

The vjork o f Day e t a l (1956) on t h e depths o f 

bounda r i e s w i t h i n the sedimentary sequence shows t h a t a s a d d l e 

l i k e s t r u c t u r e occurs above t h e basement i n t h e r e g i o n under 

s t u d y . I t i s p o s t u l a t e d t h a t the r e s i d u a l graph shape 



3.30 

d e s c r i b e d above i s due t o t h e i n c r e a s e d t h i c k n e s s o f r e l a t i v e l y 

h i g h v e l o c i t y P a l a eozoic r o c k s a.t the expense o f lovj v e l o c i t y 

Mesozoic r o c k s and p o s s i b l y o f basement m a t e r i t i l i n the r e g i o n 

s o u t h o f shot 35 . There are so many v a r i a b l e s i n t h i s p i c t u r e 

t h a t any a t t e m p t t o e s t i m a t e r e l s - t i v e t h i c k n e s s e s f r o m the 

so u t h west England experiment d a t a i s umve^ranted. 

The P r e s i d u a l graphs f o r t h e French 2 , 3 and 5 
O 

s t a t i o n s a l s o e x h i b i t a s i m i l a r i t y o f shape. The o t h e r French 

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

the sake o f c l a r i t y . Very l i t t l e can be i n f e r r e d from the 

p a t t e r n o f t h e r e s i d u a l s because t h e r e i s no a z i m u t h a l 

v a r i . ' - t i o n i n t h e s t a t i o n s g i v i n g these graphs. The r e l a t i v e 

d e l a y s are s m a l l enough t o be c o m p l e t e l y e x p l a i n e d by shot 

p o s i t i o n e r r o r s . I n f a c t , the c o m p l e t e l y o p p o s i t e t r e n d 

e x h i b i t e d by the Land's End P^ r e s i d u a l s would t e n d t o c o n f i r m 

t h a t t h i s i s t h e case. 

3. ̂ - Time terms 

The t i m e term approach t o the i n t e r p r e t a t i o n o f 

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

and VJillmore (1957) and ¥illmore and B a n c r o f t ( I 9 6 0 ) , has 

been used i n t h e a n a l y s i s o f data f r o m s e v e r a l s e i s m i c 

r e f r a c t i o n e x p e r i m e n t s , n o t e i b l y by B e r r y and V/est (1966a) 

vj-ith a l a t e r r e - i n t e r p r e t e i t i o n by O'Brien ( 1968) , by Smith, 
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S t e i n h a r t and A l d r i c h (I966) and by B l u n d e l l and Parkes (I968). 
The method v«as a p p l i e d t o the f i r s t a r r i v a l t r e i v e l time d a t a 

c o l l e c t e d f r o m the south west England experiment u s i n g the 

c o m p u t a t i o n a l t e c h n i q u e d e s c r i b e d by B e r r y and Vjest (1966a) 

and programmed f o r the IBM 36O/67 computer. A d e s c r i p t i o n o f 

the programme and l i s t i n g appears i n Appendix E. 

As has alrea^dy been i n d i c a t e d , an e x a m i n a t i o n o f t h e 

t r a v e l t i m e curves shows t h a t t h e t r a v e l t i m e d a t a can be 

d i v i d e d i n t o two groups, each o f which i s associa.ted w i t h a 

p a r t i c u l a r r e f r a c t i n g h o r i z o n . Each t r a v e l time observa.tion 

can be d i v i d e d i n t o t h r e e p a r t s ; f i r s t l y , t he time taken f o r 

a s e i s m i c Mare t o t r a v e l from a shot t o a d e t e c t o r a t t h e sub-

r e f r a c t o r v e l o c i t y , n e g l e c t i n g the presence o f t h e upper l a y e r ; 

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

the shot and s t a t i o n by t h e seis m i c waves t r a v e l l i n g a t a l o w e r 

v e l o c i t y down t o and up from the r e f r a c t i n g h o r i z o n . W i t h i n 

each group, t h e r e f o r e , the t r a v e l t i m e d a t a betv/een a system 

o f shots and s t a t i o n s ca.n be f i t t e d by a s e r i e s o f e q u a t i o n s 

of the type 

T. . = A. ./v + a. + b . , 

where T^^ = the t h e o r e t i c a l t r a v e l t i m e between the i t h 

shot and t h e j t h s t a t i o n , 

V = v e l o c i t y below t h e r e f r a c t o r , 

a^= i t h shot ti m e t e r m , 

b j s = j t h s t a t i o n t i m e t e r m . 
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I n an experiment i n v o l v i n g n sh o t s and m s t a t i o n s 

i t can be seen t h a t a maximum o f n x m t . r a v e l t i m e o b s e r v a t i o n s 

i s p o s s i b l e . I n p r a c t i c e some o f these o b s e r v a t i o n s w i l l n o t 

be made. Hovjever, t h e r e w i l l be s u b s t a n t i a l l y more o b s e r v a t i o n s 

than the a + m number o f time terms and one v e l o c i t y which are 

th e unknoxTOs. Thus i t i s p o s s i b l e t o a p p l y the method o f 

l e a s t squares t o f i n d a s e t o f n + m t i m e terms and, o p t i o n a l l y , 

t h e v e l o c i t y v which b e s t f i t the above system o f e q u a t i o n s . 

There i s a problem i n t h a t t h e s o l u t i o n t h u s gained v / i l l n o t 

be unii|ue w i t h the time terms b e i n g determined o n l y t o w i t h i n 

an a d d i t i v e c o n s t a n t . One i m p o r t a n t r e q u i r e m e n t , t h e r e f o r e , 

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

a t l e a s t one shot and s t a t i o n p o s i t i o n o r the a r b i t r a r y a s s i g n 

ment o f a n u m e r i c a l v a l u e t o one o f the time terms. 

For t h e south west England experiment shot 21 was 

exploded on g r a n i t e w i t h i n 6 km o f the Land's End s t a t i o n . 

Shot 13 was exploded s i m i l a r l y 'with r e s p e c t t o t h e S c i l l y I s l e s 

s t a t i o n . These tvjo p a i r s were t h u s used t o s a t i s f y t h e i n t e r 

change r e q u i r e m e n t . 

Before the r e s u l t s are p r e s e n t e d i t must be emphasised 

t h a t t h e use o f t h e t i m e t e r m approach f o r t h e i n t e r p r e t a t i o n 

o f the so u t h ¥/est England da t a i s q u e s t i o n a b l e f o r s e v e r a l 

re;-,sons. F i r s t l y , i m p l i c i t i n the method i s the a.ssumption 

t h a t the v e l o c i t y beneath t h e r e f r a c t o r i s c o n s t a n t . We have 
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seen t h a t t h e r e i s some evidence from t h e data that t h i s i s 

n o t the case as f a r as the so u t h v/est England experiment i s 

concerned. A p o s s i b l e highei" P^ v e l o c i t y i s i n d i c a t e d a l o n g 

l i n e 2 v/hen compared w i t h l i n e 1 . Secondly, the d i s t r i b u t i o n 

o f s h o t s and s t E i t i o n s i s n o t i d e a l f o r such an approach. The 

method r e q u i r e s a d i s t r i b u t i o n such t h a t f u l l y r e v e r s e d coverage 

i n the v i c i n i t y o f each shot and. s t a t i o n i s a c q u i r e d . I n t h i s 

vjay t r u e s t i b r e f r a c t o r v e l o c i t i e s are o b t a i n e d . Unbiased time 

t e r m v a l u e s , except those r e p r e s e n t i n g p o i n t s near the p e r i p h e r y 

o f the c o n f i g u r a t i o n o f sh o t s and s t a t i o n s , can then be c a l c u l a t e d 

and any t r e n d s e x h i b i t e d by t h e time terms v . ' i l l be r e a l . For t h e 

sou t h west England experiment i t has been shox^n t h a t some p o r t i o n s 

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

e s p e c i a l l y the case f o r t h e P, t r a v e l t i m e d a t a v/here s h o r t 

s e c t i o n s o f l i n e 1 o n l y are r e v e r s e d i n t h e r e q u i r e d manner. 

T h i r d l y , t h e p o t e n t i a l number o f o b s e r v a t i o n s ha.s been c o n s i d e r a b l y 

reduced f o r the v a r i o u s reasons which have a l r e a d y been mentioned 

i n Chapter 2 . Thus i n s e v e r a l cases t h e r e i s o n l y one o b s e r v a t i o n 

o f a p a r t i c u l a r s h o t . The e f f e c t o f these problems villi be seen 

i n t h e r e s u l t s o f the a n a l y s i s . 

The d a t a were d i v i d e d i n t o two groups, one r e p r e s e n t i n g 

P a r r i v a l s and the o t h e r , P a r r i v a l s . D o u b t f u l d a t a such as g n 
the o b s e r v c i t i o n o f shot 13 a t t h e C a r n m e n e l l i s s t a t i o n ifere 

removed and t r a v e l time d a t a u n c o r r e c t e d f o r the t h i c k e n i n g 
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wedge o f sediment a t the end o f l i n e 1 were used. The 

formulae g i v e n by B e r r y a.nd West a,re used t o g i v e e s t i m a t e s 

o f the s t a t i . ' s t i c a l u n c e r t a . i n t i e s i n h e r e n t i n the t i m e terms. 

The s t a n d a r d d e v i a t i o n s quoted r e p r e s e n t the i n c o n s i s t e n c y 

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

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

terms themselves. Because o f the problems enumerated above 

these are minimum u n c e r t a i n t i e s . I f t h e assumptions i n h e r e n t 

i n the method eire a p p l i c a b l e t o a p a r t i c u l a r s e t o f dat a then 

t h e y can be re g a r d e d as r e l i a J b l e b u t i f t h e r e i s any v i o l a t i o n 

o f t h e assumptions t h e n anomalous t r e n d s w i l l occur i n t h e time 

terms which w i l l n o t be apparent i n the u n c e r t a i n t y e s t i m a t e s . 

S o l u t i o n s l e a v i n g the v e l o c i t j r as an unknovm t o be determined 

by the l e a s t squares process were o b t a i n e d f o r each d a t a s e t 

as w e l l as s o l u t i o n s o b t a i n e d by c o n s t r a i n i n g the v e l o c i t y t o 

a number o f f i x e d v a l u e s . The f i t o f t h e time t e r m model t o 

the o b s e r v a t i o n a l d a t a was mea.sured by u s i n g the s t a n d a r d 

d e v i a t i o n o f t h e s o l u t i o n as g i v e n by B e r r y and ¥est. 

P . s o l u t i o n 

A l i s t o f t h e P time terms and the s u b - r e f r a c t o r 
S 

v e l o c i t y i s g i v e n i n t a b l e The v e l o c i t y o b t a i n e d was 

d e r i v e d f r o m t h e l e a s t squares process 3.s one o f t h e unknowns. 

A s e t o f c o n s t r a i n e d v e l o c i t i e s v/as used t o i n d i c a t e the change 

i n t h e goodness o f f i t o f t h e model t o the o b s e r v a t i o n a l d a t a 



Table 4. P time 
S 

terms 

R e f r a c t o r v e l o c i t y = 5.82km/sec Standard d e v i a t i o n o f the 

s o l u t i o n = 0.2sec 

S h o t / s t a t i o n Time term Standard Standard No. 0 
name sec d e v i a t i o n e r r o r obs. 

Shot 5 L i n e 1 0.07 1 
6 ti -0.07 1 
7 ! l -0.16 1 
8 i i 0.07 1 
9 i t -0.17 0.02 0.01 2 

10 f! -0.08 0 . 0 4 0,02 3 11 n OiO 0.02 0.01 3 12 f! -0.08 0.01 0.01 3 S c i l l y I s l e s n 0.01 0.19 0.03 27 Shot Ih f» 0.13 0.05 0.03 3 15 li -0.12 0.55 0.28 4 
16 tl 0.06 0,06 0.03 4 
17 1 ) 0.06 0.07 0 . 0 4 4 
18 !t 0.03 0 . 0 4 0.02 4 
19 i ! 0 . 2 2 0.23 0.17 2 
20 11 0.15 0.13 0.07 4 

Land's End !! 0.08 0 , 1 4 0.03 28 
C a r n m e n e l l i s (! 0.09 0.34 0.11 10 
Bodmin Moor I t -0.03 0 . 1 4 0,04 15 W a t e r f o r d L i n e 2 0-,12 0.0 0.0 8 Shot 42 H 0.03 

0.0 
1 

43 n 0.69 1 
tl 0.87 1 

45 » 0.89 1 
22 n 0.87 1 
23 i ? 0.61 1 
24 ?t 0.66 1 
25 n 0.55 0 . 0 0.0 2 26 ii 0.74 

0.0 
1 

27 n 0.21 0.15 0.09 3 28 !1 0.39 0 . 2 4 0 . 1 4 3 29 tt 0.12 0.20 0 . 1 2 3 30 t i 0 . 2 4 0.18 0.11 3 31 fi -0.34 0.07 0.04 3 Land's End fi 0.08 0 . 1 4 0,03 28 



:able h (Gontd.) P time terms 
S 

R e f r a c t o r v e l o c i t y = 5.82fcm/sec Standard d e v i a t i o n o f t h e 
s o l u t i o n = 0.2sec 

S h o t / s t a t i o n Time t e r m Standard Standard No. o f 
name sec d e v i a t i o n e r r o r obs. 

Land' s End L i n e 3 0.08 0 . 1 4 0,03 28 
Shot 32 t ! 0.07 0.06 0.03 3 

33 H 0.13 0 . 1 0 0.06 3 
34 H oAi 0.10 0.06 3 
35 ti 0.56 0.27 0,19 2 
36 n 0.30 0.08 0.06 2 
37 I ! 0A5 0.08 0.06 2 
38 t r 0.71 0.06 0.03 4 
39 i ! 0 . 4 6 0.05 0.02 4 
ho ii 0.63 0.08 0.03 6 
kl u 0.38 0.07 0.03 6 

French 2 f i -0.23 0.06 0.03 5 
3 ft -0.15 0.06 0.03 4 
h i 1 -0.16 0.05 0.02 4 
5 (! -0.07 0.05 0.03 3 
6 !•) -0.43 0.20 0 , 1 4 2 
7 H -0 . 2 4 0 ,01 0,01 2 
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as a f u n c t i o n o f the v e l o c i t y (see f i g , 2 6 ) . However, the 

shot - s t a t i o n c o n f i g u r a t i o n i s n o t o f the type necessary t o 

o b t a i n good v e l o c i t y c o n t r o l (see Parks 1967 ) . For t h i s 

reason t h i s P s o l u t i o n must be assumed t o be u n r e l i a b l e , g ' 
a l t h o u g h the s u b r e f r a c t o r v e l o c i t y and time term v a l u e s seem 

t o be o f t h e r i g h t o r d e r i n most cases. 

P s o l u t i o n n 

'xwo P^ s o l u t i o n s were a t t e m p t e d . F i r s t l y , one 

i n c l u d i n g t h e dat a from the l i n e 3 s h o t s and French s t a t i o n s 

and, secondly, e x c l u d i n g them. The r e s u l t s from -each s o l u t i o n 

are p r e s e n t e d i n t a b l e s 5 and 6. Once aga i n the v e l o c i t i e s 

o b t a i n e d were d e r i v e d from the .least squares process as one o f 

the unknowns. Ifc v-as n o t i c e d i n t h e f i r s t s o l u t i o n th9.t a l l 

the French s t a t i o n t i m e terms were c o n s i d e r a b l y l e s s than t h e 

l i n e 3 shot t i m e terms. The d i f f e r e n c e i s l a r g e enough t o be 

assumed u n r e a l and t o be due t o the poor c o n t r o l o f v e l o c i t y 

t h a t i s o b t a i n e d a l o n g t h i s l i n e . S e v e r a l s t a t i o n s are 

s i t u a t e d a t one end o f a l i n e o f s h o t s and o n l y , f o u r obse^rv-

a t i o n s o f those shots are seen from t h e o t h e r end o f t h e l i n e , 

A v / e i g h t i n g system c o u l d be d e v i s e d t o o f f - s e t t h i s problem 

b u t as t h e r e are o n l y f o u r o b s e r v a t i o n s from t h e one d i r e c t i o n 

i t v/as n o t t h o u g h t w o r t h v / h i l e . T h e r e f o r e the l i n e 3 and French 

s t a t i o n s d a t a were abandoned f o r the second s o l u t i o n . 



Table 5. P^ time terms, f i r s t s o l u t i o n 

R e f r a c t o r v e l o c i t y = 8.04km/sec 

Standard' d e v i a t i o n o f t h e s o l u t i o n = 0.23sec 

Time term Standard Standard No. o f 
S h o t / s t a t i o n name sec d e v i a t i o n e r r o r obs. 

Shot 1 L i n e 1 3.74 • 3> JL .07 3 2 i i 3.41 .09 ,05 3 
3 H 3.07 .13 .06 5 
4 ») 3 .17 .02 ,01 2 
5 S I 3.20 .08 .05 3 
6 t t 3.02 .06 3 
7 I I 3.26 .16 .08 4 
8 T t 3.10 .05 .02 5 
9 ! l 2 .86 .01 0 2 

10 !! 2.77 1 
11 S! 2.8o .22 .15 2 
12 f ! 2,75 .04 .03 2 

S c i l l y I s l e s I I 2.75 .07 .03 7 
Shot l 4 f r 2,86 .07 .04 3 

15 f ? 2.96 .01 .01 2 
16 I f 3.01 .19 ,13 2 
17 t ? 2 ,78 .03 .02 2 
18 !5 2 ,84 1 
19 r i 2 .79 1 
20 i i 2.85 1 

Land's End ?! 2.63 .14 .03 16 
C a r n m e n e l l i s i i 3.00 .06 .02 8 
Bodmin Moor I I 2.94 .23 .06 14 
Dartmoor !f 2.79 .10 .03 13 
Eskdalemuir L i n e 2 3.06 .17 .05 13 W a t e r f o r d ! l 3.17 .16 .05 12 
Shot 42 s r 3.26 

.05 
1 

43 n 3 • ^2 1 
44 H 3.65 .09 .06 2 
45 i t 3.83 .16 n I L J L 2-
22 ! I 3.66 .35 .20 3 
23 f t 3.48 .07 .05 2 
24 i ! 3.73 .29 .21 2 
25 t l 3.49 .19 .11 3 26 f t 3.33 .46 .32 2 
27 1! 3.52 .35 .24 2 
28 H 3.37 .20 .14 2 



Table 5. (Cen t . ) P t i m e terms, f i r s t s o l u t i o n n ' 

R e f r a c t o r v e l o c i t y = 8.04km/sec 

St3-ndard d e v i a t i o n o f t h e s o l u t i o n = 0.23sec 

Time term s t a n d a r d Standard No. o f 
S h o t / s t a t i o n name sec d e v i a t i o n e r r o r obs. 

Shot 29 L i n e 2 3.37 .05 .04 2 
30 I f 3.12 .19 .13 2 

Land's End I I 2.63 .14 .03 16 
Land•s End L i n e 3 2,63 .14 .03 16 
Shot 33 f t ^.38 1 

34 t ! 4,43 1 
35 H 4.48 .12 .06 4 
36 ! ( 4.25 .16 ,08 3 
37 il 4.23 .34 .24 2 
38 !! 4.70 .10 .06 3 
39 rr 4,54 .26 .18 2 
40 I f 4.49 .30 .17 3 
41 !! 4,83 .56 .33 3 

French 2 I I 1.65 ,02 .01 3 
3 li 1.65 »IL!!.. .08 2 
4 I t .34 .24 2 
5 i l 1.58 .21 •3 
7 I ! 1.57 .16 .09 3 
9 I I 1,74 .19 2 

10 ! l 1.27 .37 .21 3 



Table 6. P, n time terms, second s o l u t i o n 

".Refractor v e l o c i t y = 8.03km/sec 

.Standard d e v i a t i o n o f t h e s o l u t i o n = 0.17sec 
S h o t / s t a t i o n name Time term Standard s t a n d a r d No. 

sec d e v i a t i o n e r r o r Ob 

Shot 1 L i n e 1 3.72 .09 .05 3 
2 It 3.39 .10 .06 3 
3 I I 3.09 .16 .07 5 
k- fi 3.13 .01 .01 2 

ft 3.21 .02 .01 3 r D tt 3.0'if .05 .03 3 
7 (i 3.28 .18 .09 4 
8 ! ! 3.11 .05 .02 3 
9 (1 2.90 .03 .04 2 

10 I! 2,85 1 
11 U 2.85 .25 .18 2 
12 i ! .07 .05 2 

S c i l l y I s l e s fl 2«9 .06 .02 7 
Shot 1^ !! 2.90 .05 .03 3 

13 !I 2.98 .01 .01 2 
16 n 3.0^ .18 .13 2 
17 tr 2.80 .03 .02 2 
lo ti 2.86 1 
19 If 2.81 1 
20 n 2.86 1 

Land's End tj 2.72 .10 .03 13 
C a r n m e n e l l i s fl 3.03 .06 .02 8 
Bodmin Moor n 2.89 .13 .04 13 
Dartmoor ft 2.79 .11 .03 13 
Eskdailem-uir L i n e 2 3.16 .16 .05 13 
I r e l a n d i ! 3.20 .15 .03 12 
Shot hZ tr 3.23 1 

^3 tt 3.^0 1 
fl 3.61 .12 .08 2 

k3 tt 3.79 .09 2 
22 It 3.66 .29 .17 2 
23 II 3. hk .04 .03 2 
zh tt 3.69 .25 .18 2 
25 It 3.51 .19 .11 3 
26 tt 3.32 .47 .33 2 
27 II 3.51 .34 .24 2 
28 It 3.38 .19 .13 2 
29 ( I 3.38 ,oh .03 2 
30 It 3.12 ,18 .13 2 

Land's 35nd » 2.72 .10 .03 13 



SOLUTION 

7.6 7 .8 8 .0 8.2 

V E L O C I T Y K M / S E C 

8 .4 

P SOLUTION 

0.3H 

5.6 5.8 6.0 

VELOCITY KM / S E C 

f i g . 2 6 . The s t a n d a r d d e v i a t i o n o f t h e s o l u t i o n versus 
the r e f r a c t o r v e l o c i t y f o r the P (2nd s o l u t i o n ) 
and P t i m e term s o l u t i o n s . ^ 
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T h i s has l i t t l e e f f e c t on the r e m a i n i n g time t e r i i s 

which r e f l e c t s the poor i n t e r r e l a t e d n e s s o f the d a t a from 

l i n e 3 w i t h t h a t from t h e o t h e r l i n e s . The s u b r e f r a c t o r 

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

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

v e l o c i t i e s was a p p l i e d t o t h e d a t a i n a s i m i l a r manner t o t h a t 

o f the P d a t a . The r e s u l t i n g changes o f standai'd d e v i a t i o n 

w i t h v e l o c i t y are g i v e n i n f i g . 2 6 . The s h o t - s t a t i o n c o n f i g u r 

a t i o n i s b e t t e r as f a r as t h i s s o l u t i o n i s concerned b u t t h e r e 

i s s t i l l a p o s s i b l e problem o f s u b r e f r a c t o r v e l o c i t y v a r i a t i o n . 

However, the r e s u l t s f r o m t h i s s o l u t i o n are assiimed t o be 

r e l i a b l e enough f o r t h e observed t r e n d s t o be r e a l . 

The time terras are seen t o i n c r e a s e g e n e r a l l y towards 

the west a l o n g l i n e 1. T h i s i s almost c e r t a . i n l y due t o the 

e f f e c t o f the wedge o f sediments a t the western end o f the l i n e . 

The t i m e 'zerms are a l s o r e l a t i v e l y l a r g e i n the n o r t h e r n h a l f 

of l i n e 2 r e f l e c t i n g t h e d e l a y times i n t r o d u c e d by t h e presence 

of t h e s e d i m e n t a r y b a s i n i n t h i s r e g i o n . 

U n f o r t u n a t e l y the s t r u c t u r e o f the upper c r u s t a l l a y e r s 

i s n o t w e l l enough known f o r these t i m e terms t o be c o n v e r t e d t o 

d e p t h s . A more r e l i a b l e e v a l u a t i o n o f t h e t i m e terms would 
O 

have been u s e f u l i n t h i s r e s p e c t . However, a f e a t u r e o f the 

t i n i e term approach i s that d a t a f r o m d i f f e r e n t experiments 

d i s t r i b u t e d t h r o u g h time can be combined t o g e t h e r as l o n g as 
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some o f t h e s t a t i o n o r shot p o s i t i o n s are r e - o c c u p i e d , '/Ihen 

the v e l o c i t y - d e p t h d i s t r i b u t i o n t h r o u g h o u t the r e g i o n i s known 

i n more d e t a i l then t h e dat a from t h e south west England experiment 

may be used i n c o n j u n c t i o n w i t h the new dat a t o g i v e even b e t t e r 

e s t i m a t e s o f the time terms and o f the depths t h e y r e p r e s e n t . 
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CHAPTER k 

The r e s u l t s d e s c r i b e d so f a r have been those d e r i v e d 

from the a n a l y s i s o f f i r s t a ^ r r i v a l t r a v e l time d a t a o n l y . 

They are i m p o r t a n t i n tha,t t h e y form t h e f o u n d a t i o n upon v;hich 

the f i n a l i n t e r p r e t a t i o n o f a l l t h e data w i l l be based. F i r s t 

a r r i v a l onaets are t h e l e a s t ambiguous o f those a l o n g a s e i s m i c 

r e c o r d and t h u s t h e r e l i a b i l i t y o f these r e s u l t s s h o u l d be w e l l 

known. However, a s t u d y .of l a t e r a r r i v a l s i s necessary i f a 

complete and f u l l y m e a n i n g f u l i n t e r p r e t a t i o n i s t o be accomplished. 

The problem o f r e c o g n i s i n g d i s c r e t e phases and o f 

p i c k i n g t h e i r onset t i m e s i s i n c r e a s e d by the presence o f a 

h i g h background o f n o i . e which i s u s u a l l y p r e s e n t a l o n g a s e i s m i c 

r e c o r d a f t e r t h e f i r s t a r r i v a l . T h i s i s m a i n l y due t o the presence 

o f - i g n a l generated n o i s e produced by t h e l o c a l s t r u c t u r e 

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

t e l e s e i s m i c waves are i n v o l v e d , t h e n o i s e may form r e c o g n i s a b l e 

phases which can be t r a c e d from one d e t e c t o r t o the n e x t 

(Key 1967, 1968). I n e x p l o s i o n seismology such coherence i s 

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

energy w i t h no l a s t i n g c h a r a c t e r from d e t e c t o r t o d e t e c t o r . 

T h i s c h a p t e r d e s c r i b e s methods which have been used 

t o process l a t e r , as w e l l as f i r s t , a r r i v e i l s on t h e r e c o r d s . 

The r e s u l t s are p r e s e n t e d and used w i t h those o b t a i n e d from 
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t h e f i r s t a r r i v a l t r a v e l t i m e d a t a t o g i v e an o v e r a l l 

i n t e r p r e t a t i o n i n terms o f v e l o c i t y - depth s t r u c t u r e . 

4,1 Stacked r e c o r d s 

The stacked r e c o r d s , prepared i n t h e manner d e s c r i b e d 

i n Chapter 2, can g i v e a complete p i c t u r e o f a l l t h e a r r i v a l s 

seen a t each p a r t i c u l a r s t a t i o n . I f c e r t a i n phases can be 

c o r r e l a t e d over l a r g e d i s t a n c e s from t r a c e t o t r a c e then i t i s 

f a ^ i r l y c e r t a i n t h a t t h e y a r e i m p o r t a n t and w o r t h y o f f u r t h e r 

i n s p e c t i o n . Any i s o l a . t e d b u r s t s o f energy can be r e c o g n i s e d 

and e l i m i n a t e d as f a r as t h e broa.d i n t e r p r e t a t i o n i s concerned. 

The s t a c k e d r e c o r d s are t h e r e f o r e used t o i n d i c a t e p e r s i s t e n t 

secondary phases, a s t u d y o f which can improve t h e o v e r a l l 

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

A stud;/ o f these r e c o r d s r e v e a l s a b a s i c p a t t e r n o f 

a r r i v a l s w hich i s common t o a l l of them. There are minor 

v a r i a t i o n s b u t t h e o v e r a l l p i c t u r e p r e s e n t e d by each r e c o r d 

i s remark8.bly c o n s i s t e n t e s p e c i a l l y f o r the l i n e 1 s h o t s . As 

an example, t h e r e c o r d o f t h e shots o f l i n e 1 as r e c e i v e d a t 

the Land's End s t a t i o n i s shown i n f i g , 2 7 . Stacked r e c o r d s 

o f the l i n e 1 s h o t s a t t h e S c i l l y I s l e s , Bodmin Moor and 

Ga r n m e n e l l i s s t a t i o n s , t h e l i n e 2 s h o t s a t t h e W a t e r f o r d and 

Land's End s t a t i o n s , and t h e l i n e 3 s h o t s a t the Land's End 

and French s t a t i o n s w i l l be p r e s e n t e d i n t h e f o l l o w i n g s e c t i o n s . 



Fig.27. The stacked record of the l i n e 1 shots at the 
Lcind's End station. 
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The major f e a t u r e o f a l l these r e c o r d s , as e x e m p l i f i e d 

by t h a t shown i n fig.27? i s t h e presence o f a l a r g e a m p l i t u d e 

secondary a r r i v a l which appears a b r u p t l y a t a d i s t a n c e o f about 

60-80 km and a t a reduced t i m e (T - A/6.0) o f about +2 t o +3 
seconds (see t r a c e o f shot 12 on f i g . 2 7 ) . I n n e a r l y a l l cases 

t h i s a r r i v a l can be c o r r e l a t e d f r o m shot t o shot and a t g r e a t e r 

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

a r r i v a l s . On most r e c o r d s many o t h e r phases a r r i v e v ^ i t h i n 

a few seconds a f t e r t h e P and P phases a t d i s t a n c e s g r e a t e r 

t h a n about 80 km b u t t h e r e i s no o t h e r phase 'which i s as 

p e r s i s t e n t as t h i s l a r g e a m p l i t u d e secondary phase. Shear 

waves are p r e s e n t on most r e c o r d s r u n n i n g d i a g o n a l l y a c r o s s 

them and t h e y e x h i b i t s e v e r a l f e a t u r e s v;hich w i l l be d e s c r i b e d 

i n l a t e r s e c t i o n s . Surface waves s.re p r e s e n t on the t r a c e s 

o f near s h o t s a t most s t a t i o n s b u t t h e i r p e r i o d s are l e s s than 

one second and are o f l i t t l e use f o r i n t e r p r e t s . t i o n purposes. 

The a u t h o r i s aware t h a t o t h e r i m p o r t a n t phases are 

p r o b a b l y p r e s e n t on these r e c o r d s b u t t h e i r i n t e r p r e t L* i OH i. s 

always ambiguous. I t w i l l be shown t h a t t h e r e i s no a m b i g u i t y 

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

and thus t h e r e s t of t h i s c h a p t e r i s m a i n l y concerned w i t h t h i s 

a r r i v a l and i t s use i n t h e i n t e r p r e t a t i o n o f t h e d a t a from the 

s o u t h west England e x p e r i m e n t . 



k,2 Amplitude measurements 

I n many r e f r a c t i o n experiments d e s c r i b e d i n t h e 

l i t e r a t u r e l i t t l e a t t e n t i o n i s p a i d t o the a m p l i t u d e 

c h a r a - c t e r i s t i c s o f the va^rious phases, except f o r a few n o t a b l e 

e x c e p t i o n s ( B e r r y and West 19661?,Roller 1965? R i c h a r d s 196O, 
V/erth, Hertast and S p r i n g e r I962). A st u d y o f the problems 

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

t h a t some a t t e m p t s h o u l d be made t o r e c o n c i l e t h e a m p l i t u d e -

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

models proposed. 

The problems o f a m p l i t u d e measurement and i n t e r p r e t a t i o n 

are d e s c r i b e d i n d e t a i l by S t e i n h a r t and Meyer ( I 9 6 I ) . The main 

problems are those due t o i n s t r u m e n t a l c h a r a c t e r i s t i c s , changing source 

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

For the s o u t h vrest England experiment the problem o f changing 

source c o n d i t i o n s i s m i n i m i s e d by the f a c t t h a t a l l t h e shots 

were o f t h e sa.me s i z e , t h e y a l l exploded on the sea bed and 

none o f chem 'blew o u t ' . There are s t i l l problems o f v a r i a t i o n 

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

a t each shot p o i n t b u t t h i s i s n o t th o u g h t t o be o f major 

i m p o r t a n c e , The e f f e c t s o f l o c a l v a r i a t i o n s i n t h e v i c i n i t y 

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

are always t a k e n from one seismometer and as f a r as t h i s 
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experiment i s concerned, i t i s thoug h t t h a t the major problem 

i s the i n s t r u m e n t a l one. The f r e q u e n c y response o f the system 

a t t h e S c i l l y I s l e s i s v j e l l known (see f i g , 2 8 ) , but the f r e q u e n c y 

response curve f o r the system a t t h e Bodmin Moor and Ga r n m e n e l l i s 

s t a t i o n s has had t o be c a l c u l a t e d u s i n g an assumed seismometer 

damping c o e f f i c i e n t o f 0,27 (see f i g , 2 8 ) . The ex a c t v a l u e o f 

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

much from t h a t a.ssumed. Frequency response curves f o r the 

B.P, svjamp geophones a t the Land's End s t a t i o n are n o t a v a i l a b l e 

and those o f t h e systems a t t h e VJaterford and French s t a t i o n s 

are unknovm. However, i n s p i t e o f these d i f f i c u l t i e s , 

a m p l i t u d e measurements a t t h r e e o f the sta.tions may be assumed 

t o be r e l i a b l e enough f o r i n t e r p r e t a t i v e purposes. 

Maximum peak t o peak a m p l i t u d e s o f the f i r s t fev/ 

c y c l e s o f t h e P^, P^ and l a r g e a m p l i t u d e aecianda.©yr. a r r i v a l s a t the 

C a r n m e n e l l i s , Bodmin Moor and S c i l l y I s l e s s t a t i o n s were 

measured and the dominant fr e q u e n c y o f t h e a r r i v a l was n o t e d . 

A f t e r a d j u s t m e n t f o r f r e q u e n c y response and changes i n g a i n , 

th e measurements were p l o t t e d on t h e a m p l i t u d e - d i s t a n c e graphs 

shown i n f i g , 2 9 . A m p l i t u d e s o f t h e same phases a t o t h e r 

s t a t i o n s have been measured b u t the u n c e r t a i n t i e s are much 

l a r g e r and t h e curves are n o t p r e s e n t e d h e r e , 

4.3 V e l o c i t y f i l t e r i n g 

V e l o c i t y f i l t e r i n g i s a n o t h e r p r o c e s s i n g t e c h n i q u e 
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which has been a p p l i e d t o t h e d a t a t o a i d r e c o g n i t i o n o f 

phases. S e v e r a l o f t h e r e c o r d i n g s t a t i o n s c o n s i s t o f a r r a y s 

o f seismometers. I n r e c e n t y e a r s t h e use o f such a r r a y s has 

become w e l l e s t a b l i s h e d i n seismology. I n r e f r a c t i o n s e i s 

mology, a r r a y s are used t o improve s i g n a l t o n o i s e r a t i o s , t o 

i n d i c a t e a p p a rent v e l o c i t i e s o f c o h e r e n t a r r i v a l s a c r o s s t h e 

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

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

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

t h e o r y o f s e i s m i c a r r a y s . One o f t h e most comprehensive 

t r e a t m e n t s i s t h a t o f B i r t i l l and VJhiteway (I965). They d e a l 

t h o r o u g h l y w i t h t h e t h e o r y and i n d i c a t e t h e optimum s i z e s and 

shapes o f a r r a y s which s h o u l d be used, A s p e c i a l r e p o r t by 

the UKAEA (I965) has a s e c t i o n on a r r a y d e s i g n and p r o c e s s i n g 

methods w h i l e I y e r (I968) d e s c r i b e s a method o f wave-number 

f i l t e r i n g a p p l i c a b l e t o a r r a y d a t a . 

The main p r o c e s s i n g method used i n t h i s s t u d y i s t h a t 

o f v e l o c i t y f i l t e r i n g w i t h t h e purpose o f o b t a i n i n g the apparent 

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

^apparent v e l o c i t i e s can t h e n be used t o i d e n t i f y t h e phases 

v A i c h g i v e i n f o r m a t i o n about the s t r u c t u r e o f the media i n 

the v i c i n i t y o f the a r r a y . I n t h i s p a r T ; i c u l a r s t u d y a s i m i l a r 

method has been a p p l i e d t o b o t h analogue and d i g i t a l d a t a , 

S y a l l (1964) d e s c r i b e s i t as t h e U.K. method and compai-es i t 

w i t h o t h e r methods aimed a t a c h i e v i n g s i m i l a r r e s u l t s . 
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Seismometer o u t p u t s are delayed by amounts e q u i v a l e n t 

t o a s p e c i f i e d v e l o c i t y a cross t h e a r r a y . The o u t p u t s are 

t h e n s p l i t i n t o two groups and summed. The sums are t h e n 

m u l t i p l i e d t o g e t h e r ( c r o s s c o r r e l a t e d ) and smoothed by 

i n t e g r a t i n g over a t i m e window. The o p e r a t i o n i s r e p e a t e d f o r 

a number o f d i f f e r e n t v e l o c i t i e s and the maximum va l u e o f t h e 

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

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

th e a r r a y . An a z i m u t h a l search can a l s o be made by assuming 

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

d i f f e r e n t a z i m u t h s . 

For t h e Bodmin Moor a.nd Dartmoor a r r a y s t h e analogue 

apparatus developed by t h e IJKAEA seismology u n i t was used t o 

process t h e F.M. r e c o r d e d d a t a i n i t s analogue f o r m . Delay 

i n c r e m e n t s are i n s e r t e d by r u n n i n g a tape l o o p over a bank 

o f r e p l a y heads, the amount o f d e l a y b e i n g c o n t r o l l e d by t h e 

speed o f t h e l o o p . The d a t a i s t h e n frequency f i l t e r e d 

b e f o r e i t i s processed on an analogue computer, A 2,0 second 

e x p o n e n t i a l windox^j i s used i n t h e smoothing o p e r a t i o n . The 

pen r e c o r d e r o u t p u t c o n s i s t s o f t r a c e s r e p r e s e n t i n g successive 

stages o f t h e p r o c e s s i n g sequence. However, v a r i o u s problems 

were encountered, n o t lee;.st o f which v;as t h a t o f t h e unequal 

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

i n a c c u r a t e d e l a y s and i t was decided f i n a l l y t h a t no r e l i a b l e 
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phase v e l o c i t i e s c o u l d be measured u s i n g the analogue a p p a r a t u s . 

Measurements o f phs.se v e l o c i t i e s on 'che selamogroMS themselves 

were a l s o assumed t o be u n r e l i e i b l e because o f t h e i n a c c u r a c i e s 

i n v o l v e d i n meeisuring the onset t i m e s across so Ghort an a r r a y . 

For t h e Land's End a r r a y a d i g i t a l p r o c e s s i n g method 

wsis used, A computer programme' was w r i t t e n i n F o r t r a n IV f o r 

use on the IBM 36O/67. A d e s c r i p t i o n and l i s t i n g o f t h i s 

programme a.ppears i n Appendix F. A f t e r t h e i n s e r t i o n o f d e l a y s , 

f o u r o u t p u t s from each arm o f the a r r a y are summed and m u l t i p l i e d 

t o g e t h e r , Alchough t h e d i g i t i s i n g i n t e r v a l i s .01 second, an 

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

t o be i n t r o d u c e d . A square time windo^^^ of 0.2 seconds i s used 

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

d u r i n g t h e p-rocessing. 

I t was found t h a t t h e phase v e l o c i t y o f a discrete 

a r r i v a l t r a v e l l i n g across t h e a r r a y c o u l d be meeisured t o within 

- 0.1 km/sec (see Appendix F ) . However, the r e l i a b i l i t y o f 

the phase v e l o c i t i e s o b t a i n e d from t h e programme may be impaix-ed 

by s e v e r a l f a x t o r s . F i r s t l y , the programme assumes plane i-iave 

f r o n t s and t h u s , because o f t h e s i z e o f t h e Land's End a r r a y , 

the phase v e l o c i t i e s o f a r r i v a l s which have t r a v e l l e d l e s s t h a n 

about 15 km \f±ll be measured i n a c c u r a t e l y . Secondly, the 

a r r i v a l o f two phases t o g e t h e r w i l l r e s u l t i n t h e phase 

v e l o c i t y g i v e n by the programme h a v i n g a v a l u e proba.bly some-where 



bet'ween the r e a l phase v e l o c i t i e s o f b o t h a r r i v a l s . T h i r d l y , 

i f " the coherence o f s. p a r t i c u l a r a r r i v a l i s poor f o r guij re.;:ison 

t h e n t h e r e may be some aanbiguity i n the r e s u l t g i v e n by t h e 

i:>ro.gramme. N e v e r t h e l e s s , a s t u d y o f the se i s m i c r e c o r d s 

themselves will s u p p l y most o f the i n f o r m a t i o n vv'hich w i l l 

i n d i c o - t e whether a p a r t i c u l a r phase v e l o c i t y i s r e l i a b l e or n o t . 

The r e s u l t s o b t a i n e d f r o m t h i s programrae are p r e s e n t e d i n 

Appendix F. 

As no o n - l i n e graph p l o t t e r i s a v a i l a b l e on the 

360/67, the o u t p u t o f t h i s progrcimme c o n s i s t s o f punched cards 

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

T h i s data, i s f e d i n t o an IBH" I I 3 0 computer emd p l o t t e d on the 

graph p l o t t e r i«iith the criid o f a computer progranune w r i t t e n by 

Mr. C.i-J.A, B r o w i t t o f t h e Geology .Department, U n i v e r s i t y o f 

Durham (see Appendix G). The v e l o c i t y f i l t e r e d r e c o r d o f 

shot 2 i s shown as an example i n t h e p u l l - o u t supplement a t 

the bach o f t h i s t h e s i s . 

h,k The a n a l y s i s and interprefcacion o f a l l the d a t a 

T h i s s e c t i o n d e s c r i b e s the r e s u l t s o b t a i n e d from the 

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

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

seccndai-y a r r i v a . 1 and d e s c r i b e s i t s use i n the d e t e r m i n a t j on 

o f the e v e n t u a l c r u s t a l models which are proposed f o r the 

t h r e e l i n e s o f the s o u t h west .England ex p e r i m e n t . 
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4,4.1 A n a l y s i s o f and a r r i v a l s 

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

C a r n m e n e l l i s and S c i l l y I s l e s s t a t i o n s and a r r i v a l s a t t h e 

Bodmin Moor s t a t i o n are shov/n i n f i g . 2 9 . The r a p i d decrease 

i n a m p l i t u d e o f the P^ a r r i v a l and t h e more g e n t l e decrease 

of t h a t o f t h e P a r r i v a l i s typica-1 o f the b e h a v i o u r o f these n 
two phases (see B e r r y and l/est 1966b, E o l l e r and Healy I 9 6 3 ) . 

A s i m i l a r p a t t e r n i s seen a t t h e Land's iind s t a t i o n . The 

r e l a t i v i ; l y l a r g e a m p l i t u d e o f t h e P^ a r r i v a l i s evidence o f 

a s t r o n g f i r s t o r d e r ( i . e . s t e p - l i k e ) v e l o c i t y d i s c o n t i n u i t y 

and the p e r s i s t e n c e o f these c i r r i v a l s f r o a i shot t o shot i s 

i n d i c a t i v e o f the e x t e n s i v e u n i f o r m i t y o f t h i s r e f r a c t o r . 

Phase v e l o c i t y measurements o f t h e P̂ . and P^ 

a r r i v a l s have been made f o r severa.l o f t h e l i n e 1 s h o t s . 

I n most cases the phase v e l o c i t i e s o f the P̂ , a r r i v a l s a.re 

i n t h e range 5.4 t o 5.6 kia/sec but those from s h o t s 15 and I8 

are c o n s i d e r a b l y l e s s a t 5.1 and 5.2 km/sec r e s p e c t i v e l y . 

The apparent P v e l o c i t y measured from shot I 8 i s p r o b a b l y 
S 

u n r e l i a . b l e because o f t h e p r o x i m i t y o f the shot t o t h e s t a t i o n 

b u t t h e r e i s no obvious e x p l a n a t i o n o f the low v a l u e o b t a i n e d 

from shot I 5 . The g e n e r a l l y low apparent v e l o c i t i e s o f t h e 

P„_ a r r i v a ^ l s when compared t o the P v e l o c i t y o b t a i n e d from 

the f i r s t a r r i v a l t r s t v e l time d a t a may be e x p l a i n e d by t h e 

presence o f a ' d i p ' o f t h e 5.85 km/sec r e f r a c t o r i n the 
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immediate v i c i n i t y o f t h e a r r a y . The s t a t i o n i s s i t u a t e d 

about 700 f t above sea l e v e l w i t h the l a n d s u r f a c e and, 

presumably, t h e r e f r a c t o r d i p p i n g towards t h e sea. The d i r e c t i o n 

o f d i p as f a r as l i n e 1 i s concerned i s , t h e r e f o r e , toviards the 

vrest and a d i p i n t h i s d i r e c t i o n o f no more than tv/o degrees 

vioulcL be adeauate t o e x p l a i n the low P phase v e l o c i t i e s . 
g 

Only f o u r o f t h e shots i n t h e range have been 

v e l o c i t y f i l t e r e d . Two o f them, s h o t s 1 and 2, g i v e unambig

uous P^ phase v e l o c i t i e s o f 7.9 km/sec t e n d i n g t o c o n f i r m t h a t 

t h e r e i s , a n almost f l a t - l y i n g Moho beneath t h e v i c i n i t y o f t h e 

s t a t i o n . Of the o t h e r twoiii t h e P a r r i v a l f r o m shot 4 has an 
^ n 

ambiguous phase v e l o c i t y o f 8.0 or 8.5 km/sec r e f l e c t i n g i t s 

poor coherence across t h e a r r a y w h i l e t h a t from shot 8 has a 

phase v e l o c i t y o f 7.7 km/sec. A s t u d y o f the seismograms o f 
t h i s shot i n d i c a t e the near-presence o f a secondary a r r i v a l 
w hich i s most l i k e l y t o be t h e cause o f the a p p a r e n t l y low 

P phase v e l o c i t y as measured by t h e programme, n 

4.4.2 A n a l y s i s o f l a t e r a r r i v a l s 

A p a r t from t h e l a r g e a m p l i t u d e secondary a r r i v a l 

which will be d e s c r i b e d i n t h e n e x t s u b s e c t i o n and t h e S-wave 

a r r i v a l s , t h e r e -are no o t h e r p e r s i s t e n t phases vhich c o u l d be 

used f o r i n t e r p r e t a t i o n purposes. I t i s expected t h a t some 

o f t h e a . r r i v a l s which are seen, e s p e c i a l l y i n t h e fev/ seconds 
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a f t e r t h e onset o f the and l a r g e a m p l i t u d e secondary 

a r r i v < a l s , are o f t h e n a t u r e o f r e f l e c t i o n s , r e f r a c t i o n s o r 

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

g r a n i t e m a r g i n s . T h e i r phase v e l o c i t i e s are u s u a l l y i n the 

range 5 . 6 t o 6 . 8 km/sec. 

A l t h o u g h t h e a u t h o r has s t u d i e d t h e S-waves i n l e s s 

d e t a i l , s e v e r a l f a c t s about them have emerged. F i r s t l y , the 

S-vfaves from t h e n e a r e r s h o t s have phase v e l o c i t i e s o f about 

3.3 km/sec wh i c h i s t h e expected S v e l o c i t y . Secondly, t h e 

a m p l i t u d e o f t h e S-wa.ves i n c r e a s e s suddenly a t a d i s t a n c e o f 

about 80 km. T h i r d l y , t h e phase v e l o c i t i e s o f these l a r g e 

3~wave a r r i v a l s are h i g h e r t h a n t h e S v e l o c i t y (about 4.2 
S 

km/sec) and t e n d t o i n c r e a s e s l i g h t l y as the source o f energy 

approaches t h e d e t e c t o r . They are t e n t a t i v e l y i n t e r p r e t e d as 

S-wave r e f l e c t i o n s f r o m t h e Moho b u t no fu . r t h e r s t u d y o f them 

has been made. 

4.4.3 The n a t u r e and use o f t h e l a r g e a m p l i t u d e secondary a r r i v a l 

The la.rge a m p l i t u d e secondary a r r i v a l i s i n t e r p r e t e d 

t o be p r e d o m i n a n t l y a wide angle ( s u p e r c r i t i c a l ) r e f l e c t i o n 

from the M o h o r o v i c i c D i s c o n t i n u i t y , h e n c e f o r t h d e s i g n a t e d PFlP. 

Three l i n e s o f evidence s u p p o r t t h i s i n t e r p r e t a t i o n . F i r s t l y , 

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

t o P and P are s i m i l a r t o those o f PMP i n t h e t h e o r e t i c a l 
g n 
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model used by B e r r y and West (1966b) t o c a l c u l a t e a m p l i t u d e s 

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

reaches a maximum a t a d i s t a n c e o f a p p r o x i m a t e l y 80 km w i t h 

a secondary peak, n o t p r e d i c t e d by the model, o c c u r r i n g a t 

v a r y i n g dista.nces w i t h i n t h e range o f I30 t o I60 km (see f i g . 2 9 ) . 

At d i s t a n c e s beyond about 80 loa t h e a m p l i t u d e o f t h i s a r r i v a l i s 

g e n e r a l l y a t l e a s t an o r d e r o f ma.gnitude l a r g e r t h a n the a m p l i t u d e 

o f P and beyond 120 km i t i s s i g n i f i c a n t l y l a r g e r than t h a t o f 

P^. Secondly, i t i s shown i n f i g s . 31) 32 and 33 t h a t t h e 

t r a v e l t i m e s o f these a r r i v a l s are f i t t e d by a curved l i n e 

a p p r o p r i a t e t o a Moho r e f l e c t i o n . T h i r d l y , i t i s found by 

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

i n c r e a s e s f r o m abotit 5.6 km/sec f o r t h e more d i s t a n t s h o t s , 

t h r o u g h 6.1 km/sec f o r shot 9 (114.2 I m ) , 7.1 km/sec f o r shot 11 

(83.6 Ian) t o 8.4 km/sec f o r shot 12 (73.7 km). T h i s p a t t e r n o f 

apparent v e l o c i t y i s t o be expected f o r a v/ide angle r e f l e c t i o n . 

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

a s y m p t o t i c t o P _̂ and a t the c r i t i c a l d,istance i t s h o u l d be e q u a l 
S 

t o t h a t o f P . 
n 

The PMP phase i s most u s e f u l i n t h a t i t can supplement 

th e i n f o r m a t i o n a l r e a d y gained from the f i r s t a r r i v a l s . The 

d i s t a n c e a t which i t a t t a i n s i t s maximum a m p l i t u d e can be used 

t o g i v e an estima,te o f t h e c r i t i c a l d i s t a n c e , where a r a y which 

has been c r i t i c a l l y r e f l e c t e d a t the Moho emerges a t t h e s u r f a c e . 
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linowledge o f t h i s parameter can be used i n c o n j u n c t i o n vilth 

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

depth t o t h e Moho, the recal depth t o the Moho and an average 

v e l o c i t y Virithin t.he c r u s t . The t h e o r y i s as f o l l o i f s :-

7^ 0 2, 
7 A¥ -6 

2, 
7 A¥ 

X = c r i t i c a l dista^nce, c 
= c r i t i c a l a n g l e . 

Consider a model o f the c r u s t (shown above) o f u n i f o r m 

t h i c k n e s s , average v e l o c i t y V^^, and v e l o c i t y a t t h e t o p V^, 

o v e r l y i n g a s u b s t r a t u m o f v e l o c i t y ^ ^0' J ' i ^ s t , l e t us 

suppose t h e c r u s t t o be o f u n i f o r m v e l o c i t y V̂ -̂  = V^. Then 

" i \ "0 (1) 

where T^ i s t h e i n t e r c e p t time o f t h e segment. 

I f the v e l o c i t y i n c r e a s e s ¥;ith d e p t h , t h e n ( l ) w i l l 

u n d e r e s t i m a t e t h e t r u e t h i c k n e s s , i . e . Z. T h e r e f o r e ( 1 ) 

g i v e s a minimum e s t i m a t e o f c r u s t a l t h i c k n e s s . 

On the o t h e r hand, t h e c r u s t t a l chickness f o r a 

u n i f o r m v e l o c i t y ¥q i s r e l a t e d t o the c r i t i c a l d i s t a n c e x^ by 
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I f t h e v e l o c i t y i n c r e a s e s w i t h d e p t h , t h e n (2) w i l l 

o v e r e s t i m a t e t h e t r u e t h i c k n e s s , i . e . Z. T h e r e f o r e 

f o r m u l a (2) g i v e s a maximum e s t i m a t e o f c r u s t a l t h i c k n e s s . 

I f we use V^^ i n p l a c e o f i n fo r m u l a e ( l ) and ( 2 ) , 

t h e n b o t h s h o u l d g i v e a good a p p r o x i m a t i o n o f t h e t r u e t h i c k n e s s Z, 

E s t i m a t e s o f Z and can then be o n t a i n e d by s o l v i n g the 

e q u a t i o n s as f o l l o w s :-

From (1) 
T . ¥ , 

7 — X 1 AY , s 

^AY 

and from (2) 

Z. = r 1 AY . (4) 
2 Y 

AY 
M u l t i p l y i n g (3) by (4) we have 

^2 . V, T . X 
Z •=• l i e 

and t h e r e f o r e 
/ Y t T . X ^ Z = 1 1 c . ( 5 ) 

2 

By s u b s t i t u t i n g 2 i n e i t h e r (3) o r (4) an e s t i m a t e 

o f Y ^ ^ i s o b t a i n e d t h u s 

W == ( 6 ) 
~JkZ' + X 

o r 

. 1 
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C r i t i c a l r e f l e c t i o n s have p r e v i o u s l y been used f o r 

the s e l e c t i o n o f h y p o t h e t i c a l models o f the E a r t h ' s c r u s t 

( S t e i n h a r t and Mayer I 9 6 I , B e r r y and West 1966b, R o l l e r and 

Healy I963). I n n e a r l y a l l o f these s t u d i e s , g e o m e t r i c r a y 

t h e o r y has been used t o compute the t h e o r e t i c a l p o s i t i o n o f x . 

Hov/ever, i t has been shown by Cerveny (I966) t h a t t h e use o f 

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

i n t h e r e g i o n o f the c r i t i c a l d i s t a n c e . He has found t h a t 

t h e a m p l i t u d e o f t h e r e f l e c t e d v/ave reaches i t s maximum n o t 

a t t h e c r i t i c a l d i s t a n c e b u t a t some p o i n t beyond i t , Gerveny 

g i v e s two reasons f o r t h i s . F i r s t l y , t h e head wave i n t e r f e r e s 

with t h e r e f l e c t e d wave f o r some d i s t a n c e beyond t h e c r i t i c a l 

p o i n t . Secondly, g e o m e t r i c r a y t h e o r y i s a poor a p p r o x i m a t i o n 

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

The s t a t i o n s a t S c i l l y I s l e s , C a r n m e n e l l i s and Bodmin 

Moor a l l i n d i c a t e a maximum a m p l i t u d e d i s t a n c e o f 8 0 i 5 km. 

The maximum a m p l i t u d e dista.nce o f PKP a t t h e Land's End s t a t i o n 

i s a l s o 80 i 3 km. The fr e q u e n c y c o n t e n t o f t h e a r r i v a l v a r i e s 

l i t t l e f rom s h o t t o shot a t Land's End and thus t h e observed 

maximum a m p l i t u d e as seen on the t r a c e f r o m shot 11 i s t h e r e a l 

maximum a m p l i t u d e . The c l o s e l y s i m i l a r e s t i m a t e f o r a l l f o u r 

s t a t i o n s i s t o be expected f o r a homogeneous c r u s t w i t h aa 

almost h o r i z o n t a l l o w e r boundary as i n d i c a t e d by t h e f i r s t 

a r r i v a l d a t a . A s i m i l a r v a l u e f o r t h i s parameter f o r t h e 

Dartmoor s t a t i o n has thus been assumed. I f t h i s maximum 
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a m p l i t u d e d i s t a n c e i s tciken t o be c o i n c i d e n t w i t h t h e c r i t i c a l 

d i s t a n c e , t h e n a.s shown above i t can be used t o o b t a i n an 

a b s o l u t e maximum e s t i m a t e o f c r u s t a l t h i c k n e s s . Hov/ever, 

we have seen t h a t t h e e s t i m a t e o f t h e r e a l c r i t i c a l d i s t a n c e 

i s improved by u s i n g Cerveny's r e s u l t s w i t h a consequent b e t t e r 

e s t i m a t e o f t h e maximum c r u s t a l t h i c k n e s s . For t h e f i v e s t a t i o n s 

under d i s c u s s i o n here, the c r i t i c a . 1 d i s t a n c e has th u s been r e -

e s t i m a t e d t o be 65 -• 5 km. 

Table 7 g i v e s the a b s o l u t e maximum c r u s t a l t h i c k n e s s e s , 

the b e t t e r e s t i m a t e s o f maximum c r u s t a l t h i c k n e s s u s i n g Cerveny 

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

v e l o c i t y f o r each s t a t i o n . The r e s u l t s from each s t a t i o n are 

n o t s i g n i f i c a n t l y d i f f e r e n t from one a n o t h e r . They g i v e an 

a b s o l u t e maximum c r u s t a l t h i c k n e s s o f 3 7 , 4 - 1 . 2 km and a 

b e t t e r e s t i m a t e o f maximum chickness u s i n g Cerveny o f 3 0 . 0 i 1 . 2 km. 

The e s t i m a t e o f r e a l c r u s t a l t h i c k n e s s i s 2 7 . 0 i 1 . 2 km and t h e 

e s t i m a t e d average c r u s t a l v e l o c i t y i s 6 . 1 5 . 1 3 km/sec. 

The main source o f e r r o r i n these e s t i m a t e s i s t h a t 

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

th e shots i s such t h a t an e s t i m a t e o f t h e maximum a m p l i t u d e 

d i s t a n c e i s o n l y r e l i a b l e v / i t h i n - 5 km. The e r r o r on the 

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

Cerveny i s d i f f i c u l t t o assess because o f the interdependence 

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

t o the observed maximum a m p l i t u d e d i s t a n c e . However, the a u t h o r 
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i s c o n f i d e n t t h a t i t w i l l be u n l i k e l y t o exceed t h a t quoted 

above. 

Vse have, t h e r e f o r e , a seemingly simple model o f t h e 

E a r t h ' s c r u s t a l o n g l i n e 1 c o n s i s t i n g o f a s i n g l e l a y e r , aToout 

2 7 . 0 km t h i c k , w i t h an average P-wave v e l o c i t y o f 6 . I 5 km/sec 

u n d e r l a i n by a f l a t - l y i n g Moho w i t h an upper ma.ntle P^ v e l o c i t y 

o f 8 . 0 7 inn/sec. The v e l o c i t y o f 6 . 1 5 km/sec, a l t h o u g h r e l a t i v e l y 

loxir as f a r as c r u s t a l v e l o c i t i e s are concerned, i s nevei-theless 

h i g h e r t h a n t h e 5 « 8 5 km/sec v e l o c i t y which has been shown t o be 

th e average v e l o c i t y viithin t h e g r a n i t e (see s e c t i o n 3 , 3 . 2 ) . 

T h i s means t h a t somewhere w i t h i n the c r u s t an i n c r e a s e o f 

v e l o c i t y w i t h depth must o c c u r . 

E s t i m a t e s o f t h e depth t o which t h e g r a n i t e extends 

are o f t h e o r d e r o f 10 t o 1 2 km ( B o t t e t a l 1 9 5 8 , M i d f o r d I 9 6 6 ) . 

I t i s p o s t u l a t e d t h a t t h e v e l o c i t y o f 5 . 8 5 km/sec extends t o 

t h i s depth (see s e c t i o n 3 . 3 . 2 ) , An i n c r e a s e o f v e l o c i t y 

must occur beneath t h i s l e v e l t o account f o r t h e average 

c r u s t a l v e l o c i t y o f 6 , 1 5 km/sec. The n a t u r e o f t h i s i n c r e a s e , 

whether a b r u p t or g r a d u a l , ought t o be apparent frorn the d a t a . 

I f the i n c r e a s e i s due t o an a b r u p t v e l o c i t y 

d i s c o n t i n u i t y t h e n head waves f r o m such a d i s c o n t i n u i t y s h o u l d 

be seen on t h e r e c o r d s a l t h o u g h n o t n e c e s s a r i l y as f i r s t 

a r r i v a l s . On t h e assumption o f a s t e p - l i k e v e l o c i t y 

d i s c o n t i n u i t y a t a depth o f 10 kai, an average lover c r u s t a l 
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v e l o c i t y o f 6.33 km/sec would be necessary bo g i v e the average 

c r u s t a l v e l o c i t y o f 6.15 km/sec. I f t h i s depth i s 12 Ian 

then t h e r e s u l t i n g average l o w e r c r u s t a l v e l o c i t y i s 6.52 km/sec. 

I t i s c a l c u l a t e d t h a t head v/aves f r o m a s t e p - l i k e d i s c o n t i n i i i t y a t 

about 10 t o 12 km s h o u l d be seen as f i r s t a r r i v a l s a t ranges 

betv/een about 100 and 120 km. No i n d i c a t i o n s o f any such f i r s t 

a r r i v a l s a r e seen on any o f t h e t r a v e l time graphs a l t h o u g h i t 

may be argued tha.t t h e r e are few s h o t s i n the a p p r o p r i a t e 

d i s t a n c e range with the r e s u l t t h a t t hey may be m i s t a k e n as 

p a r r i v a l s . To t e s t t h i s , t h e appai-ent v e l o c i t y o f the f i r s t 

a r r i v a l from shot 9 as r e c o r d e d a t the Land's End s t a t i o n 114 km 

away o b t a i n e d by v e l o c i t y f i l t e r i n g wa.s 5.3 km/sec. T h i s i s 

c l o s e t o t h e t y p i c a l P v e l o c i t y . Thus t h e r e i s no i n d i c a t i o n 
o 

o f a head wave from any i n t e r m e d i a t e r e f r a c t o r o c c u r r i n g as a 

f i r s t a r r i v a l . Nor does the v e l o c i t y f i l t e r i n g i n d i c a t e any 

p e r s i s t e n t secondary phase with an apparent v e l o c i t y o f the 

r i g h t o r d e r . Furthermore, t h e r e are no r e c o g n i s a b l e super

c r i t i c a l r e f l e c t i o n s from such a boundary. Thus t h e r e i s no 

evidence f o r any s i g n i f i c a n t a b r u p t i n c r e a s e s o f v e l o c i t y a t 

any depth w i t h i n the c r u s t beneath the g r a n i t e b a t h o l i t h . 

T h i s i m p l i e s t h a t t h e r e must be a g r a d u a l i n c r e a s e 

o f v e l o c i t y w5.th depth i n the lower c r u s t p o s s i b l y b e g i n n i n g 

a t a depth o f about 10 t o 12 km. The presence o f a lovier 

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

which s h o u l d be r e c o g n i s a b l e t o some e x t e n t on a se i s m i c r e c o r d . 

Let us assume a model o f the c r u s t c o n s i s t i n g o f an upper c r u s t a l 

l a y e r 1 1 km t h i c k w i t h a v e l o c i t y o f 5 . 8 5 loi/sec and a lower 

c r u s t a l l a y e r e x t e n d i n g t o a depth o f 27 Ion e x h i b i t i n g a l i n e a r 

i n c r e a s e o f v e l o c i t y with depth such t h a t the average c r u s t a l 

v e l o c i t y i s 6 . 1 5 km/sec. T r a v e l t i m e s have been c a l c u l a t e d 

f o r t h i s model f o r a l l t h e P phases which b r a v e l t h r o u g h such 

a s t r u c t u r e . The model and a reduced t r a v e l t i m e graph o f 

these phases are p r e s e n t e d i n f i g . 30. 

The e f f e c t o f a low e r c r u s t a l l a y e r e x h i b i t i n g an 

i n c r e a s e o f v e l o c i t y w i t h depth can be c l e a r l y seen. Three 

cusp p o i n t s are p r e s e n t , t h e most prominent o f vjhich i s a t 

65 km where P^ a r r i v a l s and s u p e r c r i t i c a l PI-IP a r r i v a l s are 

f i r s t seen. The P segment i s t a n g e n t i a l t o the PMP segment 
n 

a t t h i s p o i n t which i s a t t h e c r i t i c a l d i s t a n c e . At g r e a t e r 

d i s t a n c e s t h e two segments d i v e r g e w i t h t h e PMP curve e v e n t u a l l y 

r e a c h i n g a second cxisp p o i n t a t a d i s t a n c e o f l48 km. At t h i s 

p o i n t the PMP phase ceases t o e x i s t where i t has a r a y i n common 

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

t h e lower c r u s t a l l a y e r . T h i s d i s t a n c e w i l l be r e f e r r e d t o as 

the g r a z i n g i n c i d e n c e d i s t a n c e . The s h o r t segment between the 

p a i r o f cusps a t l48 and 1 2 6 km r e p r e s e n t s a r e f r a c t e d phase 

which has t r a v e l l e d most o f i t s p a t h i n t h e lower c r t i s t . The 
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o t h e r segment which i s a s y m p t o t i c t o t h e P^ segment r e p r e s e n t s 

a phase which has t r ' a v e l l e d most o f i t s p a t h i n the upper l a y e r s 

of the c r u s t . This l a t t e r phase i s a. guided wave t r a p p e d betvjeen 

the upper l a y e r s o f t h e l o w e r c r u s t and t h e ground s u r f a c e . I t i s 

analogous t o t h e c r u s t a l guided wave ¥, d e s c r i b e d by Hhurbet (I96O) 

and R y a l l and S t u a r t (I963) and thus I ' l i l l be d e s i g n a t e d P f o r 
S 

ihe purposes o f t h i s i n t e r p r e t a t i o n . 

The problem o f r e c o g n i s i n g these phases on a s e i s m i c 

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

e s p e c i a l l y i n the r e g i o n o f the s h o r t segment between the p a i r 

of cusps. I n t h i s r e g i o n f o u r phases a l l a r r i v e w i t h i n a s h o r t 

t i m e o f each o t h e r . On a r e c o r d i t i s u n l i k e l y t h a t s e v e r a l 

d i s c r e t e a r r i v a l s i - ^ i l l be seen. The most l i k e l y o b s e r v a t i o n 

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

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

i n t e r f e r e n c e o f t h e s e v e r a l phases X'/hich are a r r i v i n g i n such a 

s h o r t space o f t i m e . The secondary a m p l i t u d e maxima seen on 

the S c i l l y I s l e s , Ca.rnmenellis and Bodmin Mooi- r e c o r d s may be 

e x p l a i n e d i n t h i s w?ay. At d i s t a n c e s g r e a t e r than t h e secondary 

a m p l i t u d e maxima the phase v/hich seemed t o be a c o n t i n u a t i o n o f 

the PMP phase i s shown t o be the c o m p l e t e l y d i f f e r e n t P phase. 

The b a s i c c r u s t a l model used t o c a l c u l a t e t r a v e l t i m e s 

(see f i g . 30) was proposed because o f the o b s e r v a t i o n t h a t a 

g r a d u a l i n c r e a s e o f v e l o c i t y w i t h depth must occur beneath the 
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g r a n i t e . The model has been shown t o p r o v i d e an e x p l a n a t i o n 

o f the i m p o r t a n t secondary a m p l i t u d e maximum o f PMP a t each 

s t a t i o n . I t has p r o v i d e d no evidence c o n t r a d i c t i n g v.'ith any 

o t h e r o b s e r v a t i o n s which have been made and i s t h e r e f o r e 

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

l i n e - 1 o f the s o u t h west England ex p e r i m e n t . 

Assuming the i n c r e a s e o f v e l o c i t y w i t h depth t o be 

l i n e a r , t h e knov/ledge o f t h e c r i t i c a l d i s t a n c e (0-j^) and the 

g r a z i n g i n c i d e n c e d i s t a n c e (G2) can be used t o o b t a i n e s t i m a t e s 

o f the depth a t which t h e i n c r e a s e o f v e l o c i t y b e g i n s . The 

t h e o r y by which C-ĵ  and are used i s g i v e n i n Appendix H. 

Two n o n - l i n e a r simultaneous e q u a t i o n s i n K ( t h e c o n s t a n t o f 

i n c r e a s e o f v e l o c i t y ) and Z-ĵ  ( t h e t h i c k n e s s o f the upper c r u s t a l 

l a y e r ) are o b t a i n e d v-ihich are s o l v e d by a s u b s t i t u t i o n method 

on the computer. 

T h i s method heis been a p p l i e d t o the d a t a f r o m t h e 

o c i l l y I s l e s , C a r n m e n e l l i s and Bodmin Moor s t a t i o n s . A majoi' 

problem w i t h t h i s method i s t h a t o f t h e a c c u r a t e measurement 

o f A consequence o f the i n t e r f e r e n c e o f t h e s e v e r a l pha.ses 

i n t h e r e g i o n o f the s h o r t segment between the two cusps i s t h a t 

the observed maximum a m p l i t u d e d i s t a n c e i s p r o b a b l y n o t e x a c t l y 

a t t h e r e a l d i s t a n c e b u t some way b e f o r e i t . The problem o f 

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

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



distance, I n t h i s case, however, no t h e o r e t i c a l evidence i s 

a v a i l a b l e vmich could help i n the a c q u i s i t i o n of a b e t t e r 

estimate of the r e a l Q,^, Thus the observed secondary maximum 

amplitude distances have been used as the best a v a i l a b l e 

estimates of Ĉ . I'he values of ¥Q (the velocit;/- i n the upper 

c r u s t a l l a y e r ) , (the v e l o c i t y immediately below the c r u s t , 

i . e . v e l o c i t y ) , H (the t o t a l c r u s t a l t h i c k n e s s ) , and 

used i n the computation f o r each s t a t i o n and the r e s u l t s thus 

obtained s.re presented i n ta b l e 8, I t was found tha-t the 

s o l u t i o n i s more s e n s i t i v e to e r r o r s i n than to those i n Ĝ . 

For instance i f underestimated by 10 km the estimate of 

depth 3^ i s decreased by 1 km only. 

The r e s t i l t s indica^te t h a t the v e l o c i t y begins to increase 

a.t a depth of about 10 km at a p o i n t 80 km IfSV/ of the Bodmin Moor 

s t a t i o n and at a depth of 12,5 laa gibout o? km ¥S¥ of the S c i l l y 

I s l e s . The apparont increase i n the thickness of the uniform 

upper la y e r towards the west i s thought to be s i g n i f i c a n t although 

i t may not be as great as estimated. The major s i g n i f i c a n c e of 

these r e s u l t s i s t h a t they confirm t h a t a r e l s i t i v e l y uniiorBi 

c r u s t a l l a y e r i n t e r p r e t e d as g r a n i t e extends to a depth of 

about 10 or 11 km. 

Line 1, f i n a l i n t e r p r e t a t i o n 

She v e l o c i t y - d e p t h model of the Earth's crust along 
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l i n e 1 i s presented i n fig.3'-i-. I n order to t e s t the f i t of the 

.iiiodel, t r a v e l times of various phases have been c a l c u l a t e d f o r 

each s t a t i o n and compared to those observed. Stacked records 

of the S c i l l ; ^ I s l e s , Garnrnenellis and Bod-min Moor s t a t i o n s are 

presented i n f i g s . 51, 52 and 55 r e s p e c t i v e l y w i t h l i n e s i n d i c a t i n g 

the ca.lculated t r a v e l times f o r the p a r t i c u l a r P and P v e l o c i t i e s 
a '•^ 

as seen at each s t a t i o n i n a d d i t i o n to the PMP and P phases 
S 

c a l c u l a t e d assuBiing the model. Because of the problems of 

recognising the onsets of d i s c r e t e a r r i v a l s i n the region of the 

short segment between the p a i r of cusps (see f i g , 5 0 ) , t r a v e l times 

of the P phase have only been ca l c u l a t e d f o r distances beyond 
S 

where the PMP phase disappears. 
For the Bodinin Moor and S c i l l y I s l e s s t a t i o n s the f i t 

of the PMP pha.se i s good, pi^edicted onsets c t l l being w i t h i n 

0.1 sec of those observed. For the Garnmenellis s t a t i o n the 

f i t i s not so good although the major discrepancy seen on the 

trace from shot 15 i s explained by the f a c t t h a t the whole trsice 

i s disj)la,ced by h a l f e. second (see f i r s t a r r i v a l t r a v e l time data, 

secbion 5.5.1). The goodness of f i t of the P̂^ phase i s d i f f i c u l t 

t o evaluate f o r the Garnmenellis and S c i l l y I s l e s s t a t i o n s a.nd at 

the Bodmin Moor s t a t i o n f o r some shots i t i s ra.ther poor. When 

the model i s applied to the Land's End d.atci i t i s found thsit the 

P f i t i s good w i t h a l l but one of the predicted onsets f a l l i n g 
O 

w i t h i n 0,1 sec of the observed. However, there 



Fig.31. 
S c i l l y I s l e s s t a t i o n . 





Fig,32. The stacked record of the l i n e 1 shots at the 
Carnmenellis s t a t i o n . 
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Fig.33. The stacked record of the l i n e 1 shots at the 
Bodmin Moor s t a t i o n . 
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i s a discrepancy i n the f i t of the PHP phases from the two 

nearer shots. I n both cases the observed t r a v e l time of 

t h i s phase i s 0.2 sec l a t e r than t h a t predicted although 

the observed onsets of t h i s phase from the other shots are 

close to t h e i r p r e d i c t e d times. 

The discrepancy i n the t r a v e l time of the P̂  a r r i v a l 

and t h a t of the PMP a r r i v a l at the c r i t i c a l distance as seen 

i n f i g s , 51, 52 and 55 i s evidence th a t the P^ v e l o c i t i e s 

observed at each s t a t i o n are underestimates of the r e a l P 
n 

v e l o c i t y . This agrees w i t h the r e s u l t s obtained from the 

r e v e r s a l of the l i n e using four shots and four s t a t i o n s . 

I t i s possible therefore t h a t there may be a s i g n i f i c a n t dip 

along l i n e 1 , However, i t i s thought more l i k e l y t h a t the 

adjustments t o the f i r s t a r r i v a l t r a v e l time data may not have 

f u l l y compensated f o r the e f f e c t s of the wedge of sediments at 

the end of the l i n e w i t h the r e s u l t i n g underestimates of r e a l 

P̂  v e l o c i t y . There may be a dip of the Moho towards the west 

along l i n e 1 but i t w i l l almost c e r t a i n l y be much less than the 

3k minutes i n d i c a t e d by the f i r s t a r r i v a l t r a v e l time data. 

The o v e r a l l f i t of the model to the t r a v e l time data 

i s good although there are some inconsistencies most of which 

f a . l l w i t h i n the e r r o r l i m i t s which have been quoted. The major 

discrepancy i s t h a t of the f i t of the ca l c u l a t e d t r a v e l times of 

the PMP a r r i v a l to those observed at the Land's find s t a t i o n 

although t h i s may e a s i l y be explained w i t h i n the basic framework 
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of the model proposed here, A s l i g h t adjustment i n the 

thiclaiess of the upper c r u s t a l l a y e r or a s l i g h t l y d i f f e r e n t 

assumption of the type of increase of v e l o c i t y with depth v/ould 

be enough to explain the discrepancy. Heliable amplitude 

measurements at t h i s s t a t i o n may have provided the r e a l explanation. 

The c r u s t a l model presented i n f i g . 3^ has evolved from 

measurements of botli seismic r e f r a c t i o n and r e f l e c t i o n data. Only 

unambiguous phases a.long the seismic record have been used i n i t s 

evaluation and due respect has been paid to the e r r o r s i n v o l v e d . 

The model has been shown to f i t the observed t r a v e l times of 

various phases and also to provide an explanation of the 

amplitude c h a r a c t e r i s t i c s of the important secondary phases. 

I t i s d i f f i c u l t t o obtain any other niodel v/hich explains the 

Biajor observations as itell and as simply as t h i s one. 

However, t h i s i n t e r p r e t a t i o n has been obtained assuming 

t h a t there are no v e l o c i t y reversals w i t h i n the c r u s t . Their 

presence i s d i f f i c u l t to detect although a few workers, notably 

Gutenburg (1950, 1931, 195^, 1955), Mueller and Landisman (1966), 

Landisman and Mueller (I966) and Fuchs and Landisman (I966) have 

presented evidence of lovf v e l o c i t y channels at d i f f e r e n t l e v e l s 

w i t h i n the c r u s t . The work of Fuchs and Landisman i s e s p e c i a l l y 

i n t e r e s t i n g i n tha t the stacked records they present are s i m i l a r 

i n many respects to those of the south west England experiment. 

The major d i f f e r e n c e i s t h e i r i n t e r p r e t a t i o n of the presence of 

a low v e l o c i t y l a y e r at a depth of 8 to 11 km. A c a r e f u l study 
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has been made of the data from the south west England experiment 

f o r evidence s i m i l a r to tha t upon which Fuchs and Landisman 

base t h e i r i n t e r p r e t a t i o n . The l i t t l e there i s may be explained 

more ea.sily i n terms of the model proposed here. As has already 

been discussed (see s e c t i o n 5.5.2) there may be a s l i g h t decrease 

of v e l o c i t y with depth w i t h i n the g r a n i t e but t h i s w i l l c e r t a i n l y 

not be of the order of t h a t envisaged by Gutenburg and Fuchs and 

Landisman. The present author would not disagree w i t h the 

possible presence of a low v e l o c i t y channel along the p r o f i l e s 

of Fuchs and Landisman i n Germany but the data from the south 

\-/est England experiment presents very l i t t l e evidence f o r such 

a cha.nnel and i t s presence along any of the p r o f i l e s of t h i s 

experiment i s un3-ikely. 

The model i n f i g . 5^ i s therefore p r e f e r r e d and 

presented as a f e a s i b l e model of the c r u s t a l s t r u c t u r e along 

l i n e 1 , The geological i m p l i c a t i o n s of t h i s model w i l l be 

discussed i n the next chapter. 

k.4.5 Line 2, r e s u l t s and i n t e r p r d a t i o n 

Several problems a r i s e i n the i n t e r p r e t a t i o n of the 

data from t h i s l i n e . F i r s t l y , no r e l i a b l e amplitj.ide-distance 

measurements can be made because of the unknown nature of the 

frequency responses at both the V/aterford and Land's End s t a t i o n s . 

Secondly, several of the channels at the Land's End array were 

not ^^l'orking p r o p e r l y f o r shots to 24 so tha t there are no 
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r e l i a b l e v e l o c i t y f i l t e r i n g r e s u l t s f o r these shots. Most of 

the remaining shots from t h i s l i n e have not been a v a i l a b l e 

f o r processing because of the computer in p u t problem which i s 

described i n Appendix C, T h i r d l y , there i s no unambiguous 

model f o r the f i r s t a r r i v a l data. Thus the i n t e r p r e t a t i o n of 

the r e s u l t s from t h i s l i n e i s r a t h e r speculative i n ns-ture. 

Stacked records of the Waterford and Land's End s t a t i o n s 

are presented i n f i g s . 55 and 56. A stacked record of the 

Eskdalemuir s t a t i o n wsis not prepared because of poor s i g n a l to 

noise r a t i o s and because, f o r most shots, only P̂  a r r i v a l s w i t h 

phase v e l o c i t i e s of about 8,1 km/sec were d i s c e r n i b l e . The 

Land's End record e s p e c i a l l y i s more complicated than those 

described f o r l i n e 1 but the PMP a r r i v a l i s c l e a r l y v i s i b l e on 

both records reaching a ma.ximum amplitude at a distance of about 

65 km from the Land's End s t a t i o n and 80 km from the v/aterford 

s t a t i o n . 

I t has been shown i n section 5.5.4 t h a t there i s some 

evidence of a dip of the Moho towards the no r t h along the nor'-hern 

h a l f of l i n e 2. The seismic data do not give r e l i a b l e estimates 

of the amount of dip or the r e a l P^ v e l o c i t y . However, the 

re g i o n a l g r a v i t y gradient of about -0,06 mgals/km northwards i s 

consistont w i t h an increase of c r u s t a l thickness from 2? Icra i n 

the region of shot 26 to about 50 km beneath the Waterford s t a t i o n 

representing a Moho dip of about one degree. 



Fig.35. The stacked record of the l i n e 2 shots at the 
Waterford'station. 





Fig,36. The stacked record o.f the l i n e 2 shots 
at the Land's End s t a t i o n . 
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The maximum amplitude distance of PMP at the Land's 

End s t a t i o n i s leas than t h a t observed f o r l i n e 1, I t i s 

estimated t h a t the average c r u s t a l v e l o c i t y i s about 6.25 km/sec 

i n the southern p a r t of the l i n e and 6.20 km/sec i n the northern 

p a r t . I n view of the u n c e r t a i n t i e s i n v o l v e d , these estimates 

are not considered to be s i g n i f i c a n t l y d i f f e r e n t from those 

obtained f o r l i n e 1. 

There i s also a possible secondary maximum amplitude 

of PHP at greater distances (see traces of shot 25 at the Land's 

End s t a t i o n and shot 24 at the Waterford s t a t i o n ) . This means 

that there may be an increase of v e l o c i t y w i t h depth i n the lower 

p a r t of the c r u s t . However, a p e r s i s t e n t P phase i s d i f f i c u l t 

t o recognise on e i t h e r record. 

There are many other phases on these records e s p e c i a l l y 

from the more d i s t a n t shots on the Land's End record. For example, 

a phase showing a s i m i l a r trend to the a r r i v a l s ca.n be seen 

approximately 3 seconds behind the f i r s t a r r i v a l s from shots 44 

to 24. S phases a.re also present although t h e i r onsets are 

d i f f i c u l t to p i c k i n most cases. However, i n the absence of 

any r e l i a b l e methods of analysis of these records no f u r t h e r 

i n t e r p r e t a t i o n of the data from t h i s l i n e has been attempted. 

A c r u s t a l model i s presented i n f i g . 34 but i t s unreliaible 

nature must be emphasised. 



4,4.6 Line 3,< r e s u l t s and i n t e r p r e t a t i o n 

A s i m i l a r probleia regarding the measurement of 
amplitudes occurs f o r t h i s l i n e also. Hovjever, the OTerall 
i n t e r p r e t ; ! t i o n of the dsita i s more r e l i a b l e than t h a t of l i n e 2 
because of the a v a i l a b i l i t y of a few v e l o c i t y f i l t e r i n g measure
ments and the more r e l i a b l e nature of the f i r s t a r r i v a l t r a v e l 
time r e s u l t s . 

The stacked record f o r the Land's End s t a t i o n i s 

presented i n f i g . 37. I t i s s l i g h t l y less complicated than 

the records of l i n e 1 and l i n e 2 at the same s t a t i o n . The PMP 

phase i s prominent on the traces of shots 35 'to 38 w i t h i t s 

maximum amplitude distance estimated to be about 75 kHi, I t s 

apparent v e l o c i t y increases from 7.1 km/sec f o r shot 38 (109.4 km) 

to ,8.1 km/sec f o r shot 35 (6O.6 km). A secondary amplitude 

maximum may occur at a distance of l 4 0 km (see trace of shot 40, 

f i g . 37). S phaaes are v i s i b l e on a l l traces but t h e i r onsets 

are mostly d i f f i c u l t to p i c k w i t h c e r t a i n t y . No other p e r s i s t e n t 

phases are seen on t h i s record. 

Some of the stacked records of the French stations are 

presented by Revoy (I969) but a composite record of the P a r r i v a l s 

only i s presented here ( f i g . 38). The most prominent feature of 

t h i s record i s the presence of the large amplitude secondary P 

a r r i v a l s . The sudden increase i n amplitude of the FMP a r r i v a l 

at a distance of about 80 km and the secondary increase i n 



Fig,37. The stacked record of the l i n e 3 shots 
at the Land's End s t a t i o n . 





Fig,38, The stacked record of the l i n e 3 shots at 
the French s t a t i o n s . 
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amplitude at a distance of about l60 Ion are c l e a r l y seen. 

A study of the i n d i v i d u a l French s t a t i o n s i n d i c a t e s t h a t the 

frequency content of t h i s phase chtanges l i t t l e from shot to shot 

and t h a t the maximum amplitude distance at each stata-on f a l l s i n 

the range 75 to 85 km. Thus the estimate of 80 i 5 km i s 

thought t o be a r e l i a b l e estimate of the r e a l maximum amplitude 

distance. 

The observation of t h i s distance has been used i n a 

s i m i l a r manner to t h a t f o r l i n e 1. The c r i t i c a l distance i s 

assumed to be 65 5 km using Cerveny. The estimate of 

absoltite maximum c r u s t a l thickness i s 38,8 - 2.5 km and a 

b e t t e r estimate of the maximum crusta.1 thickness i s 31.5 -• 2.4 km. 

The estimate of r e a l c r u s t a l thickness i s 28,4 - 1,1 km and the 

average c r u s t a l v e l o c i t y i s 6.O8 - ,11 km/sec. For the same 

reason as t h a t given i n section 3.3.^) the above estimate of 

r e a l c r u s t a l thicloaess includes the varying thicknesses of 

sediment knovm to be present i n the 'region of the shots. 

The estimates of r e a l c r u s t a l thickness and average c r u s t a l 

v e l o c i t y are not s i g n i f i c a n t l y d i f f e r e n t from those along l i n e 1, 

I f there i s a d i f f e r e n c e i n the average c r u s t a l v e l o c i t i e s as 

seen along both l i n e s , then i t i s explained by the f a c t t h a t 

the e f f e c t s of the sedimentary low v e l o c i t y l a y e r s have not 

been completely eliminated i n the estimation of the c r u s t a l 

v e l o c i t y along l i n e 3. The e f f e c t i s thus to weight the 

avera.ge v e l o c i t y t o a. s l i g h t l y lower value. 
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Thus the c r u s t a l model along the region of the l i n e 3 

shots and French s t a t i o n s consists of a h o r i z o n t a l l a y e r about 

28 km t h i c k underlain by the Moho w i t h an uppei- mantle P̂  

v e l o c i t y of 8.07 km/sec. The average crustsil v e l o c i t y i s 

6,08 km/sec and the upper p a r t s of the c r u s t a l l a y e r i n the 

region of the shots consists of up to 3 km of low v e l o c i t y 

sediments, 

The nature of the increase of v e l o c i t y w i t h i n the 

c r u s t required to give an average c r u s t a l v e l o c i t y of 6.08 

km/sec i s more d i f f i c u l t to a s c e r t a i n f o r t h i s l i n e than i t i s 

f o r l i n e 1. Sevoy (I969) i n d i c a t e s a s t e p - l i k e increase of 

v e l o c i t y at a depth of 17.5 km with a s u b - r e f r a ctor v e l o c i t y 

of 6,57 km/sec and a t o t a l c r u s t a l thickness of 27.3 km. 

This gives an average c r u s t a l v e l o c i t y of 6,12 km/sec which, 

together w i t h t h a t of the estimate of r e a l c r u s t a l thickness, 

agrees c l o s e l y w i t h the f i n d i n g s of the present author. 

Hov/ever, the evidence given by Revoy f o r such an intermediate 

r e f r a c t o r i s tenuous. Head waves from such a r e f r a c t o r are 

alxvays secondary a r r i v o t l s and the l i n e f i t t e d by Eevoy 

i n d i c a t i n g t h i s phase i s based upon a r r i v a l s seen only on two 

or three tr a c e s . On most traces there i s no sign of an 

a r r i v a l anywhere near the p r e d icted time. The few v e l o c i t y 

f i l t e r i n g r e s u l t s a v a i l a b l e from the Land's End s t a t i o n 

provide l i t t l e evidence of t h i s r e f r a c t o r and thus i t s 

presence i s d o u b t f u l . 
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More r e l i a b l e evidence of the nature of t h i s increase 

i s present i n the form of the secondary amplitude meiximum of 

the PMP phcise on both the French and Land ' s End records. I n 

a s i m i l a r manner to t h a t shovm f o r l i n e 1 t h i s secondary 

amplitude maximum i s evidence f o r a gradua.1 increase of 

v e l o c i t y w i t h depth. This i s thought to be the most l i k e l y 

s i t u a t i o n along t h i s l i n e . However, no estimates of the depth 

at vAich the increase may begin can be made without r e l i a b l e 

amplitude measurements. 

The c r u s t a l model thus proposed f o r l i n e 3 i s t h a t 

given i n f i g . 34. The model has been assumed i n the c a l c u l a t i o n 

of t r a v e l times of the PMP phase, A l i n e representing t h i s 

phase has been drawn on the Land's End record ( f i g . 37). 

Except foi- shot 38 the calculated,!, t r a v e l times f a l l w i t h i n 

0.1 sec of the obsex'Ved t r a v e l bimes. The model also f i t s 

the i n d i v i d u a l French s t a t i o n records reasonably v;ell although 

the l i n e representing the PMP a r r i v a l s i s not drawn on f i g . 38 

because of the large number of seismic traces. Thus the 

estimates of r e a l c r u s t a l thiclcness and average c r u s t a l 

v e l o c i t y presented here are thought to be r e l i a b l e w i t h i n the 

e r r o r l i m i t s given. Apart from the suggestion of a! gradual 

increase of v e l o c i t y w i t h depth, no f u r t h e r r e l i a b l e ! i n f o r m a t i o n 

regarding the s t r u c t u r e w i t h i n the cr u s t along t h i s l i n e has 

been obtained. 
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f .5 Conclusion 

The i n t e r p r e t a t i o n of the south west England 

experiment data presented here has been based l a r g e l y upon 

the use of the PMP a r r i v a l . I t s presence on these records 

has been proved almost c o n c l u s i v e l y by amplitude and v e l o c i t y 

f i l t e r i n g measurements and by the goodness of f i t of the 

observed t r a v e l times to those c a l c u l a t e d f o r i t . More r e l i a b l e 

estimates of r e a l c r i i s t a l thickness and average c r u s t a l v e l o c i t y 

have been obtained by using i t i n conjunction w i t h the f i r s t 

a r r i v a l t r a v e l time r e s u l t s . I t s importance ha.s been 

demonstrated also i n the eve.luation of s t r u c t u r e s w i t h i n the 

cr u s t especiallj'- f o r media e x h i b i t i n g suspected gradual 

increases of v e l o c i t y w i t h depth. 

The presence of t h i s phase i s not confined to t h i s 

experiment. Both Berry and West (1966b) and Ho l l e r and 

Healy (I963) present amplitude measurements w i t h s i m i l a r 

c h a r a c t e r i s t i c s to those described here of a phase which 

they i n t e r i ^ r e t e d t o be PMP, I n t h e i r cases, however, the 

secondary amplitude maxima are not explained. The stacked 

records of Fuchs and Landisman (1966) show a s i m i l a r set of 

large amplitude secondary a r r i v a l s which could equally v/ell 

be explained by the type of s t r u c t u r e envisaged here as th a t 

proposed by them. I t i s the author's opinion t h a t gradual 

increases of v e l o c i t y w i t h depth w i t h i n the crust are probably 
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more widespread than i s u s u a l l y i n d i c a t e d . Section 4,4.3 

has described- hov/ such increases can be recognised and how 

t h e i r extent and ma-gnitude can be mea-sured. A more r e a l i s t i c 

model of c r u s t a l s t r u c t u r e can thus be obtained v,/hich may help 

i n the understanding of the nature of the mat e r i a l s and the 

processes t h a t occur w i t h i n the c r u s t . 
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CHAPTEH 5 

The r e s u l t s from the analysis of the da.ta from the 

south west England experiment have so f a r been presented i n the 

form of v e l o c i t y - d e p t h models along the three r e f r a c t i o n l i n e s 

(see f i g . 34). The f i r s t section of t h i s chapter compares the 

broad c r u s t a l s t r u c t u r e obtained here w i t h t h a t i n other regions 

of the B r i t i s h I s l e s , The second section discusses' the 

ge o l o g i c a l i n t e r p r e t a t i o n of the r e s u l t s e s p e c i a l l y x-fith regard 

to the problem of o r i g i n of the g r a n i t e . A f i n a l section provides 

suggestions f o r the design of f u t u r e c r u s t a l s t r u c t u r e experiments 

around the B r i t i s h I s l e s i n the l i g h t of the experience gained 

from the south vest England experiment and the general sta.ndard 

of the data c o l l e c t e d : from previous seismic experiments i n the 

r e g i o n , 

5.1 Comparative c r u s t a l s t r u c t u r e around the B r i t i s h I s l e s 

The nearest p r o f i l e to those of the south west England 

experiment i s t h a t of Bunce et a l (see f i g . 4). They suggest 

t h a t the Moho i s dipping southwards along the l i n e from about 

16 km depth at the northern end to about 25 km at the southern 

end w i t h a P^ v e l o c i t y of 7.7 Ion/sec, The poor weather 

conditions experienced and the f a c t t h a t the P^ a r r i v a l would 

be seen as f i r s t a r r i v a l s only along a short segment of the 
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l i n e may mean th a t t h i s i n t e r p r e t a t i o n i s considerably i n e r r o r . 

This i s r e f l e c t e d i n the t e n t a t i v e way i n which Bunce et a l 

present t h e i r mode].. 

P r o f i l e s shot o f f the c o n t i n e n t a l margin south \fest 

of the p r o f i l e of Bunce et a l may be more r e l i a b l e . Most of 

these p r o f i l e s show a t y p i c a l oceanic crust w i t h c r u s t a l 

thicknesses varying from about l 4 km near the c o n t i n e n t a l 

margin to about 10 km i n deeper vjater areas (Ewing and Ewing 1959j 

H i l l and Laughton 1954), Crustal v e l o c i t i e s seem to vary 

considerably but the P̂  v e l o c i t i e s are a l l about 7.8 km/sec which 

i s s i g n i f i c a n t l y less than t h a t found i n the south west England 

experiment and i n other experiments on the she l f around the 

B r i t i s h I s l e s (see below). 

One of the more recent c r u s t a l s t r u c t u r e experiments 

c a r r i e d out i n the B r i t i s h I s l e s i s t h a t reported by B l u n d e l l 

and Parks (I969). They present the r e s u l t s of a time term 

analysis of the data c o l l e c t e d from a seismic experiment undertaken 

i n the southei*n I r i s h Sea i n I965. Although the author would 

challenge t h e i r P s o l u t i o n because they have used P data as 
g S 

w e l l as P i n the evaluation of the P^ time terms, the remaining 

r e s u l t s are probably r e l i a b l e w i t h i n the e r r o r l i m i t s given. 

There are s i g n i f i c a n t d i f f e r e n c e s between the c r u s t a l 

s t r u c t u r e i n the southern I r i s h sea region and tha t along l i n e s 1 

and 3 of the south west England experiment. The main d i f f e r e n c e 
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i s t h a t there i s r e l i a b l e evidence f o r an i n t r a c r u s t a l 

r e f r a c t o r at a depth of about 24 km beneath the I r i s h sea 

w i t h a s u b r e f r a c t o r v e l o c i t y of about 7.3 km/sec. The upper 

c r u s t a l v e l o c i t y was found to be about 6.l4 km/sec and thus, 

f o r any f i n i t e thickness of the lower c r u s t a l l a y e r , the 

average c r u s t a l v e l o c i t y beneath the upper c r u s t a l sedimentary 

l a y e r w i l l be s i g n i f i c a n t l y l a r g e r i n t h i s region than zh&t 

found i n souch west England. The depth to which the 7.3 km/sec 

lay e r extend.s, i . e . the depth to the Moho, i s d i f f i c u l t t o 

a s c e r t a i n w i t h c e r t a i n t y because of the u n r e l i a b i l i t i e s of the 

P̂  time terms. P̂  a r r i v a l s were recorded only at the Eskdale-

muir and Rookhope s t a t i o n s i-ifith the r e s u l t t h a t c o n t r o l on the 

v e l o c i t y was poor. However, t h e i r estimate of 29.9 2.4 km 

i s probably r e l i a b l e wdthin the e r r o r l i m i t s given. Thus there 

i s evidence of a s i g n i f i c a n t d i f f e r e n c e i n average c r u s t a l 

v e l o c i t y between the two regions and a possible d i f f e r e n c e i n 

t o t a l c r u s t a l thickness. 

The average value of the P^ time terms f o r the 

southern I r i s h sea region given by B l u n d e l l and Parks i s 

3.34 sec. This i s s i g n i f i c a n t l y l a r g e r than t h a t obtained 

along l i n e 1 of the south west England experiment (2.99 sec) 

but s i m i l a r to t h a t found along l i n e 2 (3.44 sec). Most of 

the d i f f e r e n c e t h a t i s observed can be a t t r i b u t e d to the 

v a r i a t i o n s i n sedimentary thicknesses present at each survey 
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p o i n t b u t no f u r t h e r comparison i s x m r r a n t a b l e u n t i l the 

time terms from t h e I r i s h sea are o b t a i n e d more r e l i a b l y . 

I n f o r m a t i o n about the c r u s t a l s t r u c t u r e beneath 

n o r t h e r n B r i t a i n i s p r o v i d e d by t h e e x p l o s i o n programme c a r r i e d 

our. t o c a l i b r a t e t h e UKASA se i s m i c a r r a y a t Eskdalemuir. The . 

r e s u l t s have been i n t e r p r e t e d i n terms o f c r u s t a l s t r u c t u r e by 

Agger an.d Carpenter ( I 9 6 5 ) . A time term a n a l y s i s was a p p l i e d 

t o b o t h t h e P and P d a t a . However, i n b o t h cases the g n 
r e q u i r e m e n t f o r i n t e r c h a n g e was n o t f u l f i l l e d , t h u s n e c e s s i t a t i n g 

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

p r e s e n t i n each s o l u t i o n . Also f o r the P s o l u t i o n , b o t h P 

and P d a t a were used a l t h o u g h the p o s s i b i l i t y t h a t t h e 

secondary P a r r i v a l s c o u l d be a phase e q u i v a l e n t t o P was 
o 

r e c o g n i s e d . The r e l i a b i l i t y o f t h e time terms depends l a r g e l y 

upon the r e l i a b i l i t y o f t h e value chosen f o r t h e a r b i t r a r y 

c o n s t a n t . For t h e P̂ , case t h i s v a l u e can be assumed r e a s o n a b l y 

a c c u r a t e l y b u t as Agger and Carpenter p o i n t out "the a r b i t r a r y 

c o n s t a n t f o r the d a t a i s s u b j e c t t o a much wider range, 

w i t h l i t t l e g e o l o g i c a l or o t h e r g e o p h y s i c a l evidence t o 

guide t h e c h o i c e " . 
There i s c o n s i d e r a b l e v a r i a t i o n i n the P time t e r m 

n 

t h u s o b t a i n e d . The v a l u e o b t a i n e d f o r t h e Eskdalemuir s t a t i o n 

was 2,87 sec. Those obtcained f r o m the I r i s h sea and south 

west England experiments ^^rere 3»04 and 3.1^- sec r e s p e c t i v e l y . 
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Assuming t h a t the va l u e chosen f o r the a r b i t r a r y c o n s t a n t was 

a reasonable one then t h i s d i f f e r e n c e may be e x p l a i n e d by the 

f a c t t h a t poor v e l o c i t y c o n t r o l weis o b t a i n e d by b o t h the I r i s h 

Sea and s o u t h vjest England experiments whereas f u l l y r e v e r s e d 

coverage was o b t a i n e d i n t h e Eskdalerauir c a l i b r a _ t i o n s experimexat. 

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

vailue found i n t h e regjion o f the s t a t i o n s a l o n g the sou t h west 

England p e n i n s u l a ( c f , 2.72 sec a t Land ' s End, 2.89 sec a t 

Bodain Moor). The P v e l o c i t y o b t a i n e d from t h e time term 

s o l u t i o n was 6,12 ~ .06 km/sec. T h i s was assumed t o extend 

a l l the Viray doxim t o the bottom o f the c r u s t i n the e s t i m a t i o n 

o f c r u s t a l t h i c l m e s s e s . These e s t i m a t e s v#ere 27.1 km a t the 

Eskdalemuir s t a t i o n and 25.1 km a t t h e Rookhope s t a t i o n . 

E s t i m a t e s o f c r u i a l t h i c k n e s s a t t h e shot p o i n t s ranged from 

22.3 km f o r shot 5W t o 3^.2 km f o r shot 1¥. 

The v e l o c i t y w i t h i n the c r u s t i s almost c e r t a i n l y 

h i g h e r t h a n P^, thus t h e t r u e c r u s t a l t h i c k n e s s e s are p r o b a b l y 

l a r g e r t h a n those g i v e n above. I t i s thus suggested t h a t t h e 

c r u s t beneath n o r t h e r n Engl3.nd i s s i g n i f i c a n t l y t h i c k e r t h a n 

t h a t i n the sou t h west England area. The v e l o c i t y o b t a i n e d 

by Agger and Carpenter (7.99 - .10 km/sec) i s n o t s i g n i f i c a n t l y 

d i f f e r e n t f r o m t h a t found elsewhere i n the B r i t i s h I s l e s . No 

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

n o r t h e r n England area i s a v a i l a b l e b u t i t i s suspected t h a t 

i t i s ifflore comparable t o t h a t i n the so u t h e r n I r i s h Sea than 

t o t h a t i n s o u t h west England. 
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One f u r t h e r o b s e r v a t i o n g i v e n by Agger and Carpenter 
vias t h a t o f t h e p o s s i b l e presence o f an i n t r a c r u s t a l r e f r a c t o r 
as r e v e a l e d by v e l o c i t y f i l t e r i n g measurements a t t h e Esfcdalemuir 
a r r a y . T h i s would agree w i t h the o b s e r v a t i o n s o f Key e t a l (I963) 
who r e c o g n i s e d on some loca.1 earthquake r e c o r d s an a r r i v a l which 
was i n t e r p r e t e d t o be a P* a r r i v a l a s s o c i a t e d w i t h an i n t e r 
mediate l a y e r . T h i s would be a d d i t i o n a l evidence o f a h i g h e r 
average c r u s t a l v e l o c i t y i n th::..s r e g i o n , Hoifever, the presence 
o f such a la.yer i n the v i c i n i t y o f t h e Eskdalemuir s t a t i o n vjas 
n o t i n s i s t e d upon by Agger and Carpenter. 

Two measurements o f P^ v e l o c i t y i n t h e Worth Sea are 

g i v e n by C o l l e t t e e t a l (I967) and Sornes (I968). G o l l e t t e 

e t a l shot two u n r e v e r s e d r e f r a c t i o n l i n e s , one o f which was 

across t h e Dogger Bank, The p r e l i m i n a r y a n a l y s i s o f t h i s 

l i n e gave e s t i m a t e s o f t h e c r u s t a l t h i c k n e s s o f 30 km and a 

P^ v e l o c i t y o f 8.3O km/sec a l t h o u g h subsequent e x a m i n a t i o n o f 

the data has r e v e a l e d t h a t a P^ v e l o c i t y o f 8.13 km/sec i s 

j u s t as l i k e l y . Sornes obt i n e d a v e l o c i t y o f 8.12 km/sec 

from a l i n e 'of s h o t s between Norway and Scotle^nd b u t the c r u s t a l 

v e l o c i t y i s n o t r e l i a b l y knovm and e s t i m a t e s o f c r u s t a ^ l t h i c k n e s s 

are n o t p r e s e n t e d . These e s t i m a t e s o f P^ v e l o c i t y are t h u s 

p r o b a b l y n o t s i g n i f i c a n t l y d i f f e r e n t from those found elsewhere 

around B r i t a i n , 

The evidence p r o v i d e d by t h e Southern I r i s h and 

Eskdalemuir c a l i b r a t i o n experim.ents suggest t h a t the c r u s t beneath 
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t h e more n o r t h e r l y p a r t s o f B r i t a i n may be s i g n i f i c a n t l y 

t h i c k e r t h a n t h a t beneath s o u t h west England, Also t h e r e i s 

r e l i a b l e evidence thaat, a t l e a s t beneath the s o u t h e r n I r i s h ,Sea 

and p r o b a b l y more w i d e l y i n n o r t h e r n B r i t a i n , the average c r u s t a l 

v e l o c i t y i s s i g n i f i c a n t l y l a r g e r than t h a t i n t h e south west. 

The s i g n i f i c a . n c e o f these o b s e r v a t i o n s i-flll be di s c u s s e d i n 

the n e x t s e c t i o n , 

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

vjest England experiment 

T h i s experiment has n o t been p r i m a r i l y concerned w i t h 

the g e o l o g i c a l n a t u r e o f the s u r f a c e l a y e r s i n the south west 

England r e g i o n . However, where c e r t a i n s t r u c t u r e s have been 

f o i m d , e.g. t h e sedimentary b a s i n i n the n o r t h e r n h a l f o f l i n e 2, 

b r i e f g e o l o g i c a l d i s c u s s i o n s have been p r e s e n t e d (see Chapter 3 ) • 

The main o b j e c t o f the experiment was t o e l u c i d a t e the c r u s t a l 

s t r u c t u r e i n the r e g i o n a l o n g ^.he g r a n i t e b a t h o l i t h and i n two 

l i n e s a t r i g h t angles t o i t . Parameters such as P-wave 

v e l o c i t y have been mea.sured and s t r u c t u r e s have been sought 

\'./hich m.ay suggest t h e tyj) e o f m a t e r i a l s p r e s e n t and t h e processes 

t h a t ha.ve o c c u r r e d vlthln the c r u s t i n t h i s r e g i o n . 

The main f e a t u r e o f the E a r t h ' s c r u s t i n the area 

covered bj^ t h e s o u t h west England experiment i s t h a t o f t h e 

remarkable c o n s i s t e n c y i t e x h i b i t s a l o n g two o f t h e l i n e s o f s h o t s . 
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I n t h e r e g i o n o f l i n e s 1 and 3 t h e c r u s t i s about 27 t o 28 km 

t h i c k bounded by an almost f l a t - l y i n g Moho. The P^ v e l o c i t y 

i s about 0,07 km/sec and t h e average crusta.1 v e l o c i t y i s about 

6,1 t o 6.15 km/sec. The r e s u l t s from l i n e 2 o f t h i s experiment 

i n d i c a t e t h a t t h e Moho may d i p g e n t l y towards the n o r t h a t l e a s t 

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

c r u s t may be about 30 km t h i c k beneath s o u t h e r n I r e l a n d . 

There i s a l s o some i n d i c a ^ t i o n o f a s l i g h t l y h i g h e r P^ v e l o c i t y 

and average c r u s t a l v e l o c i t y a l o n g t h i s l i n e when compa.red t o 

those a l o n g l i n e s 1 and 3. However, t h e r e s u l t s from l i n e 2 

are n o t as r e l i a b l e as those from l i n e s 1 and 3 and i t may be 

t h a t t h e r e i s no s i g n i f i c a n t d i f f e r e n c e i n these parameters 

from a l l t h r e e l i n e s o f the ex p e r i m e n t . 

The southei'n p a r t o f the s o u t h west England experiment 

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

Hercynian orogeny. As has been i n d i c a t e d i n s e c t i o n 5.1, the 

average c r u s t a l v e l o c i t y i n t h i s r e g i o n seems t o be s i g n i f i c a n t l y 

l o w e r t h a n t h a t i n t h e n o r t h e r n p a r t s o f B r i t a i n . These l a t t e r 

arecis are s i t u a t e d i n r e g i o n s o f t h e c r u s t which have been 

dominated by t h e Caledonian orogeny and have n o t s u b s e q u e n t l y 

been a f f e c t e d s e r i o u s l y by l a t e r o r o g e n i e s . I t i s suggested 

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

may be r e l a t e d n o t so much t o the d i f f e r e n t o r o g e n i e s them

s e l v e s b u t t o the d i f f e r e n c e i n t h e type o f m a t e r i a l s t h a t 
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were a v a i l a b l e f o r f o r m a t i o n o f 'new* c r u s t i n t h e areas 

a f f e c t e d by these o r o g e n i e s . Seismic 'P~wa.ve v e l o c i t i e s 

^ w i t h i n t h e basement r o c k s are p r e d o m i n a n t l y l o w e r i n the 

He r c y n i a n r e g i o n s o f t h e s o u t h west England sair-aa isteiase^fiipared 

t o those o b t a i n e d i n t h e Caledonian r e g i o n of t h e so u t h e r n 

I r i s h Sea and i n n o r t h e r n B r i t a i n . T h i s d i f f e r e n c e at- the 

surfa.ce may r e f l e c t the s i t u a t i o n t h r o u g h o u t t h e whole t h i c k 

ness o f the c r u s t i n these c o n t r a s t i n g r e g i o n s . 

I f t h e r e are s i g n i f i c a n t l y h i g h e r average c r u s t a l 

v e l o c i t i e s a l o n g l i n e 2 o f the so u t h west England ex p e r i m e n t , 

an e x p l a n a t i o n may be found i n t h e f a c t t h a t t h i s l i n e i s 

c l o s e t o t h e f r o n t between Caledonian and Hercynian b e l t s . 

The c r u s t a l s t r u c t u r e may be c o n s i d e r a b l y c o m p l i c a t e d by t h e 

m i x i n g t o g e t h e r o f two t y p e s o f c r u s t . The r e s i d u a l graph 

for t h e Land's End d a t a , a f t e r b e i n g compensated f o r t h e 

e f f e c t s o f the sedimenta.ry b a s i n (see s e c t i o n 3.3.^) j aay 

p o s s i b l y be e x p l a i n e d i n terms o f c o m p l e x i t i e s a t lower 

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

Most o f t h e e a r l y t h e o r i e s o f t h e c o m p o s i t i o n o f 

the E a r t h ' s c r u s t d i v i d e d the c r u s t i n t o two l a y e i " s , an upper 

' g r a n i t i c ' l a y e r and a l o w e r ' b a s a l t i c ' l a y e r . S e v e r a l 

v a r i a t i o n s o f t h i s theme have been suggested, J o r example, 

B o t t (19&1) postuleated a cruist c o n s i s t i n g o f an upper 

metaaaorphic l a y e r beneath which a g r a n i t i c l a y e r i s p r e s e n t 
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r i s i n g t o t h e s u r f a c e a t the c e n t r e of mountain ranges. A 

l a y e r belo^,^r the g r a n i t i c l a y e r i s p o s t u l a t e d t o be ' b a s a . l t i c ' . 

B e c e n t l y , experiment3-l and p e t r o l o g i c evidence has shown t h a t 

t h e i n f e r e n c e t h a t the lov/er c r u s t i s composed o f ga b b r o i c 

and b a s a l t i c r o c k s i s almost c e r t a i n l y wrong (Ringwood and 

Green 196^, Green and Bingwood 1967, Eingwood and Green 1966a). 

I n a paper d i s c u s s i n g a l l t h e i r evidence, Singx^ood 

and Green (1966b) show t h a t gcibbroic and b a s a l t i c r o c k s cannot 

e x i s t a t t h e p r e s s u r e s and te m p e r a t u r e s which are presumed t o 

be p r e s e n t i n the l o w e r p a r t s o f t h e c r u s t . They suggest t h a t 

i n st£ible c o n t i n e n t s , l r e g i o n s where the low e r c r u s t has usua.lly 

undei-gone a complex e r o g e n i c , magmatic and metamorphic e v o l u t i o n , 

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

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

However, i n r e g i o n s which have undergone a compa.ratively simple 

e v o l u t i o n under wet c o n d i t i o n s , a.ccording t o Eingwood and Greezi, 

the l o w e r c r u s t might c o n t a i n l a r g e amounts o f a m p h i b o l i t e . 

The Caledonian r e g i o n o f n o r t h e r n B r i t a i n may be 

d e s c r i b e d as heiving undergone a simple e v o l u t i o n under wet 

c o n d i t i o n s i n t h e c o n t e x t o f Ringwood and Green and t h u s i t 

i s p o s s i b l e t h a t t h e loi'ier c r u s t i n t h i s r e g i o n may c o n s i s t 

o f l a r g e amounts o f a m p h i b o l i t e . The P-wave v e l o c i t i e s 

measured i n t h e s o u t h e r n I r i s h sea r e g i o n e s p e c i a l l y are 

c o n s i s t e n t vilth t h i s h y p o t h e s i s . On t h e o t h e r hand, the 

v e l o c i t i e s measured i n t h e Hercynian r e g i o n o f so u t h vrest 
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England are n o t w h o l l y e x p l a i n e d by t h e c o n t r a s t i n g presence 

o f a l o w e r c r u s t composed o f a c i d i c t o i n t e r m e d i a t e r o c k s i n 

t h e e c l o g i t e f a c i e s . The r e g i o n may have been s u b j e c t t o a 

more complex e r o g e n i c , magmatic and metamorphic e v o l u t i o n but 

th e m a t e r i a l s t h a t were a v e i i l a b l e f o r the f o r m a t i o n o f t h e 'nev/' 

c r u s t d u r i n g t h i s e v o l u t i o n a r y process must have been d i f f e r e n t 

from those a v a ^ i l a b l e i n n o r t h e r n B r i t a i n . The t y p e s o f g e o l 

o g i c a l environment knoxm t o have been p r e s e n t i n t h e two r e g i o n s 

a r e c o n s i s t e n t with t h i s c o n c l u s i o n . Vast t h i c k n e s s e s o f 

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

known t o have been l a i d down a l o n g w i t h sedimentarjr m a t e r i a l 

i n the Caledonian g e o s y n c l i n e wherea.s i n the r e g i o n s a f f e c t e d 

by the H e r c y n i a n orogeny i n the s o u t h r e l a t i v e l y l i t t l e v o l c a n i c 

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

The d e s c r i p t i o n o f the upper c r u s t a,s 'metamorphic' 

i s r e a s o n a b l e i n t h a t t h e basement i n many p a r t s o f t h e w o r l d 

i s seen t o be composed p r e d o m i n a n t l y o f metamorphic r o c k s . 

Apart from t h e presence o f t h e g r a n i t e b a t h o l i t h , t h i s i s t r u e 

f o r t h e area covered by the s o u t h west England experiment where 

metamorphosed Devonian s l a t e s are p r e s e n t a l o n g the p e n i n s u l a 

and metamorphic r o c k s occupy l a r g e areas of the basement i n 

n o r t h w e s t e r n France, The presence o f a t r u e g r a n i t i c l a y e r 

beneath t h e 'm.etamorphic' l a y e r , however, i s s t i l l s p e c u l a t i v e . 
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The seismic r e s u l t s from l i n e 1 have c o n f i r m e d 

t h a t a homogeneous l a y e r , i n t e r p r e t e d as g r a n i t e , extends 

t o a depth o f about 10 t o 11 km. Beneath t h i s l a y e r t h e 

lov/er c r u s t has been i n t e r p r e t e d t o c o n s i s t o f m a t e r i s i l s 

e x h i b i t i n g a g r a d u a l i n c r e a s e o f v e l o c i t y v ^ i t h depth t o . 

the base o f t h e c r u s t which i s a t a depth o f 27 km. The 

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

c r u s t a l volume and i t i s shovm t o merge g r a d u a l l y i n t o the 

l o w e r c r u s t . 

A p o s s i b l e sequence o f events l e a d i n g t o t h e o r i g i n 

o f the g r a n i t e b a t h o l i t h can be p o s t u l a t e d . D u r i n g t h e 

H e r c y n i a n orogeny, the c r u s t was r e m o b i l i s e d and t h e g r a n i t e 

was formed by a process o f s e l e c t i v e f u s i o n Vvdthin t h e l o w e r 

p a r t o f t h e c r u s t . The t r u e g r a n i t e then m i g r a t e d upwards 

towards t h e E a r t h ' s s u r f a c e . As i t d i d so, the r e l a t i v e l y 

low v e l o c i t y c o u n t r y r o c k s were broken up and sank as stoped 

m a t e r i a l throxxgh t h e r i s i n g g r a n i t e m a t e r i a l . The lower 

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

from t h e process o f g r a n i t e f o r m a t i o n and t h e stoped m a t e r i a l 

o f the upper c r u s t which t h e g r a n i t e has r e p l a c e d . The 

r e l a t i v e l y low average P-wave v e l o c i t y may be e x p l a i n e d by 

the presence o f l a r g e amounts o f the low v e l o c i t y upper c r u s t a l 

m a t e r i a l which are p r e s e n t a t d e p t h . Those r e g i o n s o f f the 

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

process o f g r a n i t i s a t i o n . They owe t h e i r low average c r u s t a l 



5.13 

v e l o c i t i e s t o the low upper c r u s t a l v e l o c i t y and the r e l a t i v e l y 

low v e l o c i t y i n the lox^er c r u s t a l m a t e r i a l v/hose a.cidic 

components ha.ve n o t been removed. A g e o l o g i c a l i n t e r p r e t a t i o n 

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

i s shown i n f i g . 39. 

The g e o l o g i c a l i n t e r p r e t a t i o n p r e s e n t e d above may 

be the s u b j e c t o f some d i f f e r e n c e o f o p i n i o n b u t , a t l e a s t , 

the aim o f t h e south west England experiment t o i n v e s t i g a t e a 

g r a n i t e b a t h o l i t h i n r e l a t i o n t o the c r u s t as a whole has 

p r o v i d e d f u r t h e r i n f o r m a t i o n i^hich may h e l p i n t h e understainding 

o f t h e o r i g i n o f g r a n i t e and i t s mode o f emplacement. 

5,3 Suggestions f o r t h e des i g n o f f u t u r e c r u s t a l s t r u c t u r e 

e x p e r i m e n t s 

I n t h e l i g h t o f t h i s i n t e r p r e t a t i o n o f the south 

vjest England experiment and o f those o f o t h e r s i m i l a r e xperiments 

around t h e B r i t i s h I s l e s , the f o l l o v f i n g s u g g e s t i o n s f o r t h e 

design o f f u t u r e c r u s t a l s t r u c t u r e experiments i n t h e r e g i o n 

a.re proposed. 

1) The advantage o f the optimum shot and s t a t i o n 

c o n d i t i o n s p r e s e n t i n t h e B r i t i s h I s l e s should be u t i l i s e d . 

The l a r g e sea a.rea.s bounded by the p e n i n s u l a s o f the B r i t i s h 

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

charges' o f e x p l o s i v e and f o r r e c e p t i o n o f the se i s m i c waves 
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5.1^ 

thus generated a t l a r g e d i s t a n c e s . Na.vigation by t h e u s u a l 

methods (Decca, Lor an) i s u s u a l l y good i n t h e sea eireas around 

th e B r i t i s h I s l e s except f o r a few l o c a l i t i e s . I n a d d i t i o n , 

t h e use o f s a t e l l i t e n a v i g a t i o n i s a f u r t h e r advantage v/hich 

s h o u l d be used i f p o s s i b l e . 

2) An experiment s h o u l d be planned i n r e l a t i o n t o 

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

T h i s i s e x e m p l i f i e d i n t h e s o u t h west England experiment where 

l i n e s o f s h o t s were exploded, one a l o n g the l i n e o f t h e g r a n i t e 

b a t h o l i t h and tv.;o o t h e r s a t r i g h t a ngles t o the known g e o l o g i c a l 

t r e n d s , 

3) P r o v i s i o n must be made f o r t h e measurement o f 

upper c r u s t a l v a r i a t i o n i n the v i c i n i t y o f each shot p o i n t . 

T h is u s u a l l y means the use o f one or two s h i p s u s i n g the s e i s m i c 

r e f l e c t i o n t e c h n i q u e (Hersey I 9 6 3 ) , a sonobuoy r e f r a c t i o n system 

( H i l l 1963) o r a two s h i p r e f r a c t i o n system (Shor I963) i n t h e 

e v a l u a t i o n o f such parameters as t h e t h i c k n e s s and the s e i s m i c 

v e l o c i t y o f the sediments above t h e basement. These s h i p s may 

a l s o be used i n the main experiment t o r e c o r d t h e l a r g e s h o t s . 

k) I n a d d i t i o n t o the s t u d y o f r e f r a c t e d a r r i v a l s , 

adequate p r o v i s i o n s h o u l d be made f o r t h e d e t a i l e d s tudy o f 

the PMP phase and t h e o t h e r i m p o r t a n t phases d e s c r i b e d i n 

t h i s t h e s i s . T h i s i s p r o b a b l y b e s t achieved by t h e use o f 

l i n e s o f s h o t s between p a i r s o f s t a t i o n s . I n t h i s way s t a c k e d 



r e c o r d s can be o b t a i n e d which may be used f o r c o r r e l a t i o n 

purposes. The use o f a r r a y s o f seismometers f o r a t l e a s t 

one o f each p a i r o f s t a t i o n s i s a l s o suggested f o r t h e 

measurement o f phase v e l o c i t i e s v/hich a i d s i d e n t i f i c a . t i o n . 

I n a d d i t i o n , the l i n e s o f shots can be used t o o b t a i n r e v e r s e d 

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

o v e r l a p p i n g segments r e p r e s e n t i n g t h e same r e f r a c t o r are p r e s e n t . 

The shot s p a c i n g eilong these l i n e s i s i m p o r t a n t . 

I n the r e g i o n s o f i n t e r e s t , e.g. near any suspected cusp p o i n t 

on a t r a v e l t i m e graph, t h e sh o t s s h o u l d be as c l o s e l y spaced 

as p o s s i b l e , A maximum shot s p a c i n g o f 5 kni s h o u l d be sought 

i f r e a s o n a b l y r e l i a b l e e s t i m a t e s o f , f o r exauaple, maximum 

a m p l i t u d e d i s t a n c e s are t o be o b t a i n e d . The s i z e o f the 

sho t s i s a l s o i m p o r t a n t i n t h i s r e s p e c t . Amplitude measure

ments are f a c i l i t a t e d by t h e lise o f s t a n d a r d shot s i z e s and 

i t i s t h u s suggested t h a t a l o n g %h.QBQ l i n e s , a t l e a s t , t h e 

s i z e o f the shots s h o u l d n o t be e^ l t e r e d , 

5) The use o f t h e time term approach as a b a s i s 

f o r t h e d e s i g n o f an experiment i s suggested a l t h o u g h t h e 

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

a) I t s h o u l d f i r s t be a s c e r t a i n e d whether any 

o f the b a s i c assumptions inhex-ent i n the time term approach 

are l i k e l y t o be v i o l a t e d i n the p a r t i c u l a r area o f s t u d y . 

I f t h e y a r e , t h e n the method o f a n a l y s i s s h o u l d be abandoned 

and a n o t h e r b a s i s o f d e s i g n adopted. 
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b) P r o v i s i o n f o r the i n t e r c h a n g e r e q u i r e m e n t 

must be made. 

c) P a r r i v a l s are seen o n l y i n the range 10 
S 

t o 120 km and P a , r r i v a l s a t d i s t a n c e s g r e a t e r t h a n 120 km n 

or more. The s h o t - s t a t i o n c o n f i g u r a t i o n must be designed 

a c c o r d i n g l y i f r e l i a b l e time terms f o r these two r e f r a c t o r s 

and f o r any i n t e r m e d i a t e r e f r a c t o r are t o be o b t a i n e d . 

d) The s h o t - s t a t i o n c o n f i g u r a t i o n must p r o v i d e 

l i n e s o f s h o t s f o r the reason g i v e n i n i t e m '4 a.bove. 

I t i s hoped t h a t f u t u r e c r u s t a l s t r u c t u r e experiments 

w i l l b e n e f i t from these s u g g e s t i o n s which are based upon the 

ex p e r i e n c e gained from t h e s o u t h v/est ;3ngland c r u s t a l s t r u c t u r e 

e x p e r i m e n t . 



APPENDIX A A . l 

South iwest England experiment - shot data 

SHOT 
HO. 

33EPTH 
(METPES) 
Ih METRES M 

;ITI0N 
¥ 

liHPOR 
(EM) 

Til'IE 

8TH NOV. 1966 

1 15^ 49°01.0H 8°33.5W 3 06 01 03.41 
2 160 49°09.0H 8°l6.0¥ 2 07 15 56.86 

3 15̂ 1- k9°lk.3l>l 8°05.5W 2 07 56 11.80 
150 49°19.0N 7°54.0¥ 2 08 37 42.00 

5 126 49°24.0N 7°42.0¥ 2 09 19 50.07 
6 1̂ 2 49°28.ON 7°31.0W 2 09 58 45.72 
7 136 49°33.0N 7°19.0¥ 2 10 44 46.24 

8 13^ 49°38.0N 7°06.0W 1 11 26 47.99 
9 128 49°43.0N 6°58.0¥ 1 12 01 30.68 
10 112 49°46.5N 6°46.0¥ 1 12 37 54.22 
11 104 49°50.2N 6°35.1W 1 13 12 48.51 
12 72 49°52.1N 6°27.3V/ 0.5 13 49 30.13 
13 80 49°55.9N 6°13.9W 0.5 14 57 37.50 
Ik 80 49°58.0N 6°09.2¥ 0.3 15 14 56.20 
15 78 50^00.IN 6°03.6¥ 0.5 15 33 56.83 
16 72 50°03.2N 3°5k.kv 0.5 16 06 23.68 
17 6k 50^05.IN 5°47.9¥ 0.5 16 37 03.69 
l8 6o 50°06.1N 5°45.0¥ 0,5 16 53 52.75 

19 6o 50°01.2N 3°43.5¥ 0.5 
7TH N0¥. 

17 00 05.76 



SHOT 
NO. 

DEPTH 
(METRES) 

i 4 METRES 

POS I T I O H 

¥ 
ERROR 
im) 

TIME 

8TH NOV, 1966 

20 50 50°ii.5K 5°44.0¥ 0.5 17 23 19.13 
|TH NO?. 

21 44 50°13.2N 5°35.0¥ 0,5 10 59 19.02 

4TH NOV. 

22 92 51°28.4N 6°36.1¥ 1 21 23 48.99 
23 104 51°21.0N 6°29.7W 1 22 01 39,49 
24 106 51°13.8N 6°25.5W 1 22 44 30.34 
25 114 5l°o4.9N 6°l6.8¥ 1 23 33 05.96 

5TH NOV. 
26 108 50°57.5N 6°10.2¥ 1 07 00 58.95 
27 108 50°49,5N 6°03.6¥ 1 07 40 53.13 
28 100 50°4l.2K 5°57.l¥ 1 08 23 03,15 
29 96 50°35.5N 5°52.9¥ 1 08 51 55.13 
30 82 50°27.9K 5°45.6¥ 0.5 09 39 57.70 
31 60 50°19.8N 5°39.4¥ 0,5 10 20 10,63 
32 58 50°01,1N 5°25.2¥ 0.5 13 48 31,45 
33 68 49°55.6H 5°l9.7w 0.5 1 4 17 58,26 
34 94 49°48,9N 5°16,3¥ 0.5 14 50 06.85 
35 100 49°41.4K 5°09.4¥ 1 15 30 45.45 
36 102 49°33.7N 5°03.5W 1 16 08 58,61 
37 116 49°26.1N 4°56.9W 1 16 48 01.55 
38 108 49°l8.2N 4°50.3W 1 17 23 00.75 



AO 

SHOT 
NO. 

DEPTH 
(METRES) 

t 4 METBES 

POSI 

N 

TION 

W (IIM) 

TIME 

5TH NOV. 1966 

39 110 49°11.0H 4°44.9W 1 18 06 56.63 

ko 132 49°02.9N ^°39.3W 1 18 47 07.61 

hi 112 48°55.1N 4°33.0¥ 1 19 25 30.11 

4TH NOV. 

h2 64 5l°58.6lT 7°00.7W 1 18 45 46.16 

43 78 3l°50.7N 6̂ 55.2W 1 19 27 51.49 
44 82 51°^^.IN 6°49.5v/ 1 20 03 52.98 
45 80 5l°36.7N 6°43.ow 1 20 40 16.81 

Notes 

1 , The shot p o s i t i o n errors'; are the maximum e r r o r s as supplied 

hj the Navy. 

2, Depth l i m i t s also given by the Navy (N.B. a l l shots exploded 

on seabed). 

3, Because of some d i f f i c u l t y i n i d e n t i f y i n g the water wave 

a r r i v a l f o r shots, 19, 28, 29, 31, 34, 38, 39, 40, 4 l , 

44 these times are w i t h i n - 0,05sec. A l l other shot times 

are estimated to be w i t h i n ~ 0.02 sec. 



APPENDIX B ''""̂  

F i r s t a r r i v a l t r a v e l time data f o r a l l s t a t i o n s from 

t l i e south v/est England 

iCiCLLT ISLES 

experiment 

SHOT 
NO. 

FIRST 1EEI?AL 
ONSET TIME 
HRS MIN SEC 

SANGE 
ICM 

h 
HEIGHT SEC 

IST AHRIY 
TRAVEL TI 

SEC 
1 06 01 33 .78 191.8 *0.02 30.40 
2 07 16 23.53 165.9 +0.02 26.70 
3 07 56 36.30 149 .7 +0.02 24.50 
if 08 38 04.49 133.4 +0.02 22.50 
5 09 20 1 0 . 1 1 1l 3.0 0 2 * 0 . 0 2 20.05 
6 09 59 03.01 101.0 + 0 .02 17.30 
7 10 45 00.51 83.8 +0 .02 14.25 
8 11 26 59.30 65.6 + 0 . 0 2 11 .35 

9 12 01 59.58 52.8 + 0 . 0 2 8.90 
10 12 38 00.46 37.0 +0.01 6.25 
11 13 12 52.30 22.2 +0.01 3.80 
12 13 ^9 32.15 12.3 + 0 . 0 2,05 
13 l-^f 37 38.61 5.5 +0.01 1.10 
Ih 15 14 58.39 12.0 +0.01 2 .20 

15 15 34 00 .35 19.7 +0.01 3 .55 

16 16 06 29.30 32.1 0 5.60 
17 16 37 10.67 40.6 0 7 .00 

l o l6 54 00.56 4 4 . 6 0 7.70 
20 17 23 28.11 50.8 0 9 .00 



A.5 

SHOT 
NO. 

FIRST ARRIVAL 
ONSET TIME 
Has MIN, SEC 

RANGE 
m HEIGHT SEC 

I S T ARRIVAL 
TSAVAL TIME 

SEC 

19 17 00 13.14 43.1 0 7.40 

2 1 10 59 29.15 61.4 0 10.15 
27 07 4 1 10.90 101.8 +0.01 17,75 
28 08 23 19.0 88.3 +0.01 15.85 
29 08 52 8.9 80.3 +0.01 13.75 
30 09 40 10.1 71.8 +0.01 12.40 

31 10 20 21.54 64.9 0 10.90 
32 13 48 42.54 64.5 0 11.10 
33 1 4 18 10.38 70.3 0 12.10 
34 1 4 50 20.15 75.4 +0.01 13.30 
35 15 31 00.77 86.8 +0.01 15.30 
36 16 09 16.0 98.6 +0.01 17.20 
38 17 28 22.61 126.6 +0.01 21.85 
40 18 47 33.46 154.1 +0.02 26.85 
4 1 19 25 58.62 169.5 +0.01 28.50 

LAND'S END 

1 06 01 41.31 -0.02 37.90 
2 07 16 31.20 227.0 -0.02 34.30 
3 07 56 43.67 210.8 -0.02 31.85 
4 08 38 A OJL 194.5 -0.02 30.00 
5 09 20 18.03 177.3 -0.02 27.95 
6 09 59 11.66 162.1 -0.02 25.90 



A.b 

SHOT 
NO. 

FIRST 

HKS ] 

ARRIVAL 
T TIME 
KIE SEC 

RANGE 
EM 

h 
HEIGHT SEC 

I S T AR: 
TRAVEL 

SEC 

M IBAS END ( G o n t . ) 

7 10 45 10.04 144.9 • -0.02 23.80 
8 11 27 .09.57 126.7 -0.02 21.55 
9 12 02 10,22 113.9 -0.02 19.50 
10 12 38 e.~L3 98,1 -0.03 16.90 
11 13 13 02.93 83.3 -0.03 14 .40 

12 15 49 42.79 73.4 -0.04 12.60 
13 14 57 47.16 55.9 -0.03 9.65 
14 15 15 04.94 49.1 -0,03 8.70 
15 15 34 04.23 41.4 -0.03 7.35 
16 16 06 28.87 29.0 - 0 . 0 4 5.15 
17 l b 37 7.35 20.5 -0.04 3.60 
18 16 53 55.71 16.6 -0.04 2.90 
19 17 00 09.62 21«3 -0.04 3.80 
20 17 23 21.59 13.5 -0.04 2 .40 

21 10 59 20.07 5.8 - 0 . 0 4 1 .00 

22 2 1 24 15.73 162,6 -0.03 26.70 
23 22 02 03.95 147.0 -0.03 24,45 
24 22 44 53.45 132.9 -0.03 23.10 
25 23 33 2 6 . 1 4 113.6 -0.03 20.15 
26 07 01 16.65 97.9 -0.03 17.65 
27 07 41 07.50 81.1 -0.03 14.35 



A.7 

gIRST AHRIVAI. , IST ARRIVAL 
SHOT ONSET TIME RANGE h TRAVEL TIME 
NO, HRS MIN EM HEIGHT SEC SEC 

LAND'S END (Gont.) 

28 08 23 14.51 63.9 -0.03 11.35 
29 08 52 04.30 52.3 -0.03 9.15 
30 09 40 04.37 35.8 -0.03 6.65 
31 10 20 13.68 19.1 -0.04 3.00 
32 13 48 3 5 . 0 4 19.5 -0.04 3.55 
33 l4 18 04.02 31.6 -0.04 5.70 
34 14 50 15.12 44.5 -0.03 8.25 
35 15 30 56.74 60.6 -0.03 11.25 
36 16 09 02.26 76.6 -0.03 13.60 
37 16 48 18.0 92.7 -0.03 16.40 

38 17 28 20.43 109.4 -0.03 19.65 
39 18 07 19.10 124.3 -0.03 22.45 
40 18 48 21,07 140.6 -0.02 24 .40 

4 1 19 25 56,88 157.1 -0.03 26.75 
44 20 04 23.55 195.6 -0.03 30.55 
45 20 40 45.91 179.9 -0.03 28.95 

GARNMENELLIS 

1 06 01 44 .10 273.7 -0.02 40.65 
07 16 34.16 247.8 -0.02 37.30 

3 07 56 46 .72 231.7 -0.02 34.90 



A . O 

NO. 

FIRST 
ONSE 
HRS 

ARRIVAL 
T TIME 
MIN SEC 

RANGE 
KM 

h 
HEIGHT SEC 

IST ARRIVAL 
TRAVEL TIME 

SEC 

CA RNMENELLIS 

5 09 20 20.98 198.3 -0.02 30.90 
6 09 59 14.59 183.1 -0 .02 28.85 
7 10 45 13.20 166.0 -0 .02 26.95 
8 11 27 12.45 147.9 -0 .02 24,45 

9 12 02 13.41 135.3 -0.02 22.70 
10 12 38 14.82 119.5 -0.03 20.55 
11 13 13 6.62 104.7 -0.03 18.10 
12 13 49 46.48 94.8 -0 .04 16.30 
13 14 57 50.95 77.2 -0.05 13.80 
14 15 15 8.54 70.6 -0.03 12.30 

15 15 34 7.99 62.9 -0.03 11.15 
16 16 o6 32.64 50.7 -0 .04 8.90 
17 16 37 11.21 42.2 -0 .04 7.50 
18 16 53 59.55 38.4 -o.o4 6.75 
20 17 23 25.70 35.8 -0 .04 6.50 

BODMIN MOOR 

3 07 56 53.58 286.0 -0.03 41.75 

5 09 20 27.45 252.5 -0.03 37.45 
6 09 59 21.11 237.3 -0.03 35.35 
7 10 45 19.70 220.1 -0.03 33.45 
8 11 27 19.15 201.9 -0.03 31.10 



A.9 

FIRST ARRIVAL . IST ARRIVAL 
SHOT ONSET TIME RANGE h TRAVEL TIME 
NO. HRS MIN SEC KM HEIGHT SEC SEC 

BODMIN MOOR 

9 12 02 20 .00 1 8 9 , 0 - 0 . 0 3 29 .30 

10 12 38 21.50 1 7 3 . 2 - 0 . 0 4 27 .25 

1 1 13 13 14.15 158 .5 - 0 . 0 4 25 .60 

12 13 49 54 .38 148.6 - 0 . 0 5 24.20 

13 14 57 59 .45 1 3 1 . 1 - 0 . 0 4 21 .90 

14 15 15 17 .45 124.3 - 0 . 0 4 21 .20 

15 15 34 17 .00 1 1 6 . 6 - 0 . 0 4 20.15 

16 16 06 41.6 104.2 - 0 . 0 5 17 .85 

17 16 37 20 .22 9 5 . 7 - 0 . 0 5 16 .50 

18 16 54 8 .60 91 .8 - 0 . 0 5 15 .80 

19 17 00 2 2 . 7 9 5 . 1 - 0 . 0 5 16 .70 

20 17 23 34 .02 8 6 . 2 - 0 . 0 5 14 .85 

21 10 59 31 .80 7 5 . 1 - 0 . 0 5 12 .75 

22 2 1 24 1 7 . 1 0 175 .8 - 0 . 0 4 28.05 

25 23 33 28 .95 133 .3 - 0 . 0 4 22 .95 

26 07 00 20ir05 120^3 - 0 . 0 4 21 ,15 

27 07 4 l 11 .68 107 .6 - 0 . 0 4 18 .50 

28 08 22 19.9 9 6 . 1 -0 .o4 16 .70 

29 08 52 10 .50 8 9 . 6 -o .o4 15 .70 

30 09 40 11 .85 8 0 . 7 -o .o4 14.10 

3 1 10 20 23 .28 75 .8 - 0 . 0 5 12 .60 



A.10 

FIRST ARRIVAL , IST ARRIVAL 
SHOT ONSET TIME RANGE h TRAVEL TIME 
NO, HE3 MIN SEC KM HEIGHT SEC 

BODMIN MOOR (Cont.) 

32 13 48 45.0 78.3 -0.05 13.50 
33 14 18 12.45 81.5 -0.05 14.15 
34 14 50 22.50 89.4 -0.04 15.70 
41 19 26 00.50 176.4 -0.04 30.35 

DARTMOOR 

3 07 56 59.32 335.9 -0.06 47.45 
7 10 45 25.25 270.0 -0.06 39.85 
8 11 27 25.30 251.8 -0.06 37.25 

11 13 13 19.94 208.4 -0.07 31.35 
12 15 50 00 ,41 198.5 -0.08 30.20 
13 14 58 5.62 181.1 -0.07 28.05 
14 15 15 23.57 174.3 -0.07 27.30 
15 15 34 23.34 166.5 -0.07 26.45 
16 16 06 49.00 154.1 -0.08 25.10 
17 16 37 27.45 145.6 -0.08 23.70 
18 16 54 16.06 141.7 -0.08 23.25 
19 17 00 29.45 144.9 -0.08 23.60 
20 17 23 41.75 136.0 -0.08 22.55 

'WATERFORD 

22 21 24 05.86 92.3 0 16.85 
23 22 01 58.77 107.8 0 19.25 
24 22 44 52.08 122.0 0 21.75 
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NO. 
ONSE": 
HRS ! 

ARRIVAL 
C TIME 
4IN SEC 

RANGE 
KM 

h 
HEIGHT SEC 

IST AHEI^ 
TRAVEL T; 

SEC 

WATEHFORD (Cont.) 

25 23 33 30.40 0 24.45 
26 07 01 157.0 0 26.25 
27 07 41 £̂1 . 11 173.7 0 28.00 
28 08 23 33.32 190.9 0 30.15 
29 08 52 26.71 202.5 0 31.60 
30 09 40 31.02 219,0 0 33.30 
42 18 45 51.44 29.7 -0,01 5.25 
43 19 28 00.15 45.6 0 8.65 
44 20 04 04.18 59.4 0 3_IL • 20 
45 20 40 30.72 75.0 0 13.90 
31 10 20 47.17 235.7 -0.01 35.40 

E3KDALEMUIR 

22 21 24 56.2 484.1 -0.04 67.15 
23 22 02 47.4 493.3 -0.04 67.85 
24 , 22 45 39.6 503.4 -0.04 69.20 
25 23 34 16.4 514.6 -0.04 70.40 
26 07 02 10.30 524.5 -0.04 71.30 
28 08 24 17.9 547,7 -o.o4 74.70 
29 08 53 10.8 556.2 -0 .04 75.65 
30 09 41 14.6 567.1 -0.05 76.85 
42 18 46 48.4 449.3 -0.05 62.20 
43 19 28 55.0 458.4 -0 .04 63.50 

20 04 57.7 465.7 -0.04 64.70 
45 20 41 22.6 474.1 -0.04 65,75 
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210: 
FIRST ARRIVAL 
ONSET TIME RANGE 'h 

IST ARRIVAL 
TRAVEL TIMS 

NO. HRS MIN SEC KM SEC 
FRENCH 2 

41 19 25 30.11 46.7 0.01 8.10 
4o 18 47 18.92 63.1 0.02 11.30 
39 18 07 10.53 79.5 0.01 13.90 
38 17 28 17.36 94.3 0.01 16.60 
37 16 48 20.9 111.0 0.01 19.35 
36 16 09 20.36 0.01 21.75 
35 15 31 09.33 143.1 0.01 23.85 
34 14 50 32.74 159,3 0.01 25.90 
33 14 18 25.72 172.2 0 27.45 

41 19 25 40.15 
X v-lifi*! O i l 

57.5 
J 

-0.01 10.05 
40 18 47 20.87 73.9 0 13.25 
39 18 07 12,43 90.3 -0.01 15.80 
38 17 28 19.4 105.1 -0.01 18.65 
37 16 48 23.0 121.8 -0.01 21.45 
36 16 09 21.97 138.0 • -0.01 23.15 
35 15 31 10.63 153.9 -0.01 25.15 

FRENCH 4 

4 l 19 25 41.82 66.9 0 11.70 
40 18 47 22.47 83.4 +0.01 14.75 
39 18 07 -L ̂ »3- IL 99.7 0 17.50 
38 17 28 2-1.«03. 114.6 0 20,25 
37 16 48 24.50 131.3 0 22.95 
36 16 09 23.09 147.4 0 24.50 

FRENCH 1 
41 19 25 43.78 77.7 -0.02 13.65 
4o 18 47 24.43 94.2 -0.01 16.80 
39 18 07 16.00 110,6 -0.02 19.35 
38 17 28 22.71 125,4 -0.02 21.95 
37 16 48 25.8 142.1 -0.02 23.25 
35 15 31 13.36 174.2 -0.02 27.90 
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SHOT 
FIRST ARRIVAL 
ONSET Tim RANGE 

IS T ARRIVAL 
TRAVEL TIME 

NO, HBS MIN SEC KM HEIGHT SEC SEC 

FRENCH 6 

41 19 25 45.17 87.0 0 15.05 
40 18 47 25.85 103.5 +0.01 17.85 
39 18 07 17.43 119.8 0 20.80 

FRENCH 7 
41 19 25 46.9 97.0 -0.02 16.75 
40 18 47 27.5 113,5 -0.01 19.90 
39 18 07 19.06 129.9 -0.02 22.40 
38 17 28 24.88 144,7 -0.02 24.10 
35 15 31 15.50 193,5 -0.02 30.05 

FRENCH 9 
41 19 25 50.58 119.5 -0.01 20.45 
40 18 47 30.63 135,9 0 23.00 
36 l 6 09 29.60 200.0 -0.01 31,00 

FRENCH 10 

41 19 25 51,78 128.2 0 21.65 
40 18 47 31.69 144.7 +0.01 24.10 
38 17 28 28.64 175.9 0 27.90 
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APPENDIX C 

Paper tape data i n p u t programme 

The system developed by Dr. Lucas f o r the handling of 

paper tapes had to be scrPipped completely when the E l l i o t t 803 

computer f o r which i t had been developed was replaced by the 

IBM 360 /67 computer e a r l y i n I 9 6 8 , A major problem was encountered 

i n t h i s change which w i l l be described below. 

The paper tape code used by Dr. Lucas i s shown i n f i g . 4 0 

(see Lucas I 9 6 6 f o r a f u l l d e s c r i p t i o n of t h i s code). I t can be 

seen t h a t the second character of a p a i r c o n s t i t u t i n g a. single 

sample o f i n f o r m a t i o n could be,in~icertain circumstances, a column 

of 8 blank l o c a t i o n s . The high speed IBM 36O paper tape reader 

at Newccistle ignores blank characters w i t h the consequence t h a t 

v i t a l pieces of inf o r m a t i o n would be l o s t and the sequential flow 

of the data i n t e r r u p t e d . 

A PL /1 computer programme was w r i t t e n w i t h the ai d of 

Mr. R. Oddy of the Durham c o H i p u t e r u n i t s t a f f to read these tapes 

i n t o the 36O. Use was made of the regular p a t t e r n of blanks and 

holes vtfhich appears i n l o c a t i o n e i g h t of each character i n an e f f o r t 

to-overcome the blank character problem. This p a t t e r n i s i n t e r r u p t e d 

w h e n the time i s w r i t t e n i n code at the beginning o f each second. 

The o n l y w a y to overcome t h i s problem i s to punch s i n g l e holes i n 

l o c a t i o n four of e a c h blank character i n the v i c i n i t y of the time 

code. This i s absolutely necessary i f the tape reader on the 36O 
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i n Newcastle i s to be used. 

There i s a tape reader on the II30 computer i n Durham 

but i t i s sixteen times slower th:m the 36O reader. A tape 

containing 20 recorded seconds of seismic data takes 2,5 minutes 

to read and store on magnetic tape using the 3 6 O reader. The 

1130 reader i s mox-e d i f f i c u l t to progi-amme f o r t h i s s o r t of 

problem, the time involved i s almost p r o h i b i t i v e and there i s 

the added problem t h a t the daita must be tra n s m i t t e d to Newcastle 

v i a the G.P.O. telephone l i n k f o r storage. The large amounts of 

data which r e s u l t from a seismic survey such as the south 'west 

Englsmd experiment are f a r too much to store on the II30 i t s e l f . 

A f u r t h e r complication has arisen w i t h the presence of 

X'/hat appears to be a random malfunctioning of the 3 6 O paper tape 

reader i n the rea.ding of s i n g l e hole characters. The o v e r a l l 

e f f e c t of these problems i s t h a t less than h a l f of the data 

recorded by the Land's End s t a t i o n i s stored properly on the 

computer aiagnetic tape re3.dy f o r processing. 

The best way to overcome these problems would be to go 

bcick to the d i g i t a l recording apparatus and modify the e l e c t r o n i c s 

such t h a t no blank character I'̂ ras p a ssible. I t i s possible, 

however, t h a t a f a s t e r paper tape reader vrlll soon be i n s t a l l e d 

i n Durham and i t may be t h a t t h i s v j i l l provide an a l t e r n a t i v e 

soluticm to a most f r u s t r a t i n g problem, 

A p r i n t - o u t of the progr3.mme which i s used to read i n 

the paper tapes a f t e r they have been modified i n the manner 
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described above i s given below. The main programme steps are 

as f o l l o w s . 

1) A block of 1000 samples, each sample composed of 

two charFiCters, i s read i n t o the computer. Each sample i s 

unscrambled by s t r i n g i n g the relevant ' b i t s ' together to form 

b i t s t r i n g s . These b i t s t r i n g s are then converted to decimal 

numbers by the subroutine STON v;hich i s v ^ r i t t e n i n Assembler .and 

permanently stored i n the computer. This operation i s c a r r i e d 

otit i n the double loop l a b e l l e d LOOP. 

2) E-ach i n d i v i d u a l channel sample i s depedestalled 

by s u b t r a c t i n g the mean of the f i r s t 100 samples of the p a r t i c u l a r 

seismic channel, 

3) The computer space occiipied by each sample i s then 

halved by using the subroutine EGON which s t r i n g s together one 

recorded second of data c o n s i s t i n g of 100 samples of esich seismic 

cha,nnel occupying a t o t a l of 2000 bytes of storage space. The 

subroutine NT03, w r i t t e n i n Assembler and permanently stored i n 

the computer^is used here, 

4) The recorded second of data, i d e n t i f i e d as REG, i s 

then v j r i t t e n on to computer magnetic tape i n a ph y s i c a l sequential 

manner", 

5) The nest block of data i s then read and processed 

i n the manner described above. 
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The means of the f i r s t 100 samples of each seismic 

channel are iprinted on the l i n e - p r i n t o r . Also the value of the 

va r i e b l e LBATCH i s increased by 1 and p r i n t e d on the l i n e - p r i n t e r 

each time a block of 1000 samples i s x-jritten s u ccessfully on to 

the magnetic tape. A f i n a l LBATCH number and a v a r i a b l e TOTAL 

i n d i c a t i n g the t o t a l number of samples v/hich have been successfully 

processed are p r i n t e d at the top of a new page. This i n d i c a t e s 

where the programme has stopped reading the tape and thus tape 

e r r o r s can be found e a s i l y . 

There are several b u i l t - i n safeguards to ma.ke sure tha.t 

the- data stored on computer magnetic ta.pe i s c o r r e c t . The programme 

w i l l go to e x i t f o r the f o l l o w i n g reasons : 

a) There are more than 3 consecutive ( a l t e r n a t e ) blank 

characters, (Note, the progrcimme could be modified, i n the 

subroutine PAIR, to accept any number of a l t e r n a t e blank characters.) 

b) I f , f o r any reason, the f i r s t chcaracter i n a p a i r 

does not he.ve a hole punched i n l o c a t i o n e i g h t , 

c) I f the number two seismic che^nnel does not have a 

hole punched i n loca.tion seven of the second charactei" of a p a i r . 

d) I f two consecutive characters with s i n g l e holes 

punched i n l o c a t i o n four are detected, Tfiis i s used to s i g n i f y 

the end of the tape. 

The prograiame i s i t s e l f stored on disc and the whole 

opereition i s c o n t r o l l e d by a simple ' c a l l i n g ' programme fed i n t o 

the Nevjcastle card reader t e r m i n a l . 



Each paper tape from the south vrest England esrperiment 

v/as edited i n t o lengths of 20 to 50 recorded seconds. The tapes 

Mere reeid i n t o the corflputei" a.s separate datta sets i d e n t i f i e d by 

a dataset narne and an SL number. Of the ta.pes t h a t were 

successfully read i n t o the computer some v.'ere read coaipletely 

but others only p a r t l y so. A l i s t of the dataset names and 

SL numbers and also the TOTAL numbers i s given a f t e r the programme 

l i s t i n g . Any programme r e q u i r i n g to use any one of these data 

sets needs to specify the da.taset name and SL number i n the job 

c o n t r o l cards. 
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Data from the Land's End stcition successfully recorded on 

computer magnetic ta.pe 

Magnetic tape VOLUME = SER = DGPÔ SO 

A,21 

Shot number Dataset name SL Length of Value of 
tape i n sees •TOTAL 

20 DGP0420 1 12 12111 
21 DGP0421 2 12 12091 
30 DGPO43O 3 22 22091 
31 :DGPO431 6 12 12091 
34 DGPO434 7 22 22071 

8 ( I s t p a r t ) DGP048A 9 20 20001 
11" DGP0411 10 32 16999 
12 DGP0412 11 33 33091 
15 DGP0413 12 23 23091 

44 ( I s t pa,rt) DGP0444A 13 23 13046 
16 D6P0416 14 22 19028 

26 (2nd p a r t ) DGP0426B 15 21 6996 
3 (2nd p a r t ) J3GPG43B 16 24 23101 

42 (2nd p a r t ) DGP0442B 17 20 20001 
9 ( i s t p a r t ) r)GP049A •18 21 21001 
1 ( i s t p a r t ) DGP041A 19 20 17028 
1 (3rd p a r t ) .DGP041C 20 20 20001 
1 (2nd p a r t ) D6P041B 21 20 18028 
1 (4th p a r t ) DGP041D 22 22 18799 
2 (1st p a r t ) DGF042A 23 28 16042 

14 PGP0414 24 23 23091 
15 DGP0413 23 22 22091 
18 DGP04l8 26 22 22081 

38 ( I s t p a r t ) DGPO438A 28 20 11705 
4 ( 1 s t p a r t ) DGP044A 29 27 15994 

40 ( 1 s t p a r t ) DGP0440A 30 20 20001 
33 33 DGPO433 31 22 10002 

35 DGPO435 32 32 32091 
36 DGPO436 33 22 11995 
27 DGP0427 34 33 18994 

Magnetic tape VOLUME = SEI 1 = DGP04T0 

26 ( 1 s t p a r t ) DGP0426A 2 20 9608 
43 ( l o t p a r t ) DGP0445A 3 25 7962 
22 ( 1 s t p a r t ) DGP0422A 4 25 25001 
5 ( 1 s t p a r t ) DGPQ45A 5 17 16992 



APPhNDiX 

C LEAST SQUARES STRAIGHT Ll.,t FIT PUl'^^^MHt. 
C COr'PUTES BEST STRAIGHT LK^E TO FIT A SET OF 
C H PMAS Ot CCJGRDIiMTtfS. GIVES Gr<A'jiEflT OF LINEt 
C INVERSE OF GRAD IENT,I,E. VELOCITY AND TIME 
C INTERCePT". ALSO CUMPUIFS STA^jAAD LxRb.^S n \ ] 
C THESE VALUES AND TIME RESIDUALS (nBSERVEO-
C CALCULATED) FOR EACli OBSERVATION 
C DATA CARDS RCCUIREC ARE AS FOLLOWS 
C 1 . CARD BEARING TITLE CR ICEi^T IFYIMG MESSAGE. 
C FOR^iAT AS IN STATEHENF L'^DELLEC 1 
C - 2. n WHERE f-4=fia.0F -PAIRS QF CQGRDTMATES TO " 
C BE USED TO FIT THE STRAIGHT _LINE 
C CODE WHERE 'CODE' IS AN rOENTIFTER FOR 
C THE PARTICULAR SET OF N PAIRS OF 
C COORDINATES 
C FORMAT AS IN STATEMENT LABELLED 2 
C NEXT N CARDS. X DISTANCE tABSCISSA) 
C Y TRAVEL TIME (ORDINATE) 
C FORMAT AS I N STATEMENT LABELLED 3 
C THE PROGRAMHE THE'Si RETURNS 10 REAH THE NEXT CARD 
C BEARING«N« A.ND'COD£' FUR THE r̂ EXT SET OF "DATA. 
C ANY NO. OF SETS OF DATA CAN BE PROCESSED m THIS 
C WAY . 
C A FINAL BLANK OATA CARD in PLACE OF A/l *NtCnOE* 
C -CARO IS- USED TO STOP THE PROGRAMMÊ .- -P̂  - " T'̂  
C 

DII^ENSION X i ( 100) ,YI ( lUG) , AY{ iOG),R{ 100) 
i.O R E A b ( j , i ) 
1 FORMAT(72H 

1 ) 
KRU£{&,1} 

G 
20 READ!5,2) N,CODE 
2 FOR!^AT( 14,2X, AA) 

WRITEtb,??) CODE 
2 2 FORMAT(2X,A4 3 

WRITET6,r5) 
J FORHATriHO 20X * GRAC I ENT • 5X, M NTERC EP T ' 5X , 
1»VELCCITY«3X,'SUM ERRORS'SX,A.SE GRAB I ENF'3X , 
2«SE INT£RCEPT»5X,'SE VELOCITY') 
IF (N.Ew.O) GO TO 50 

SX = U . 
SY=0. 
SX2=0. 

SY2 = 0.» 
5XY=0, 

1 = 1 
30 REA0I5,3) X,Y 

i F0RnAn2F10.3) 
XI ( 1 )>=X • • • 
YU n-Y 

A, 22 



sx=sx+x 
SY=SY+Y 

SX2=SX2+X«»2 
SY2==SY2 + Y* is-2 
SXY=<iXY + X*Y 

i> 1 +1 

i-F • 11 .LE.Nl-.' GQ - Tfl'. 30 : ' /T;T:,,T;:,T:F;;:--

• XM=H- •V:--̂-- • • • • 

A = ( X M » S A Y - S X » S Y ) i X 2 - S X s i > X ) 
B•= ( SY*SX2-SX«• £XY ) / < XH*SX2-SX»SX) 

V=i./A 
RES=SY2 + AJ*A*SX2 + B»B*XN-2..*A»SXY-2,*3*SY 
1+2 .*.AsB»SX 

C=KES/{XN-2.) 

SAS = A:Ni«-t/ { XU*SX2"SX«SX ) 
SB3=G*S^-X2yrXN»S-X2-~SX*SXl^^ -T-:--Tr 
SA=SQRT (SAS) , , 
SB''=SQRT rSBSl ' 

''V •PEacA=ioo'.*.sA/A "FT; FF'""'--;''----'.-"'" 

•••• • ŜV = ¥»PERC&/iaQ'. -F. "F 

waiTFt6f*iA>B',-v,c:i^SA,'SBVsVF': •;y;'--F̂-F,.;̂=FF-:'-T 
4 FCKN'AT ( 1. "7X , F I i , U , F l i . 'J , 1- I 3 . b , t- i. b , C 1 6 . -j., f 1. « . 1) p 
l F i 6 - . 5.) 
, DO 40 I = l f N 
A Y ( H = x i U )*AfB 

-0 •<( I )--Yl ( I )-MY{ i ) 
I T E { 6 , 6 ) { AY { I ) t Y 1 r n , R ( 1 ) , I = 1, Fi) 

6 F0RHAT{1H0,2 0X,'CALCULATED•5X,»OBSERVED•5X,, 
1'RESIoUAL V/{?0X,F10.3,2r-13. 5) ) 

GO TO 20 - :F F Fr: 

50 CALL EXIT 
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APPENDIX E 

C TIME TERM AriALYSiS PROGRAMME. 
C USES MFTHOD OF LEAST SQUARES TO SOLVt A NUMBER OF 
C EQUATIONS GIVING TIME TERMS FUR N SHOTSAflO 
C STATIONS AND WITH THE OPTION OF CALCULATMG_THE. 
C SOB-REFRACTOR VELOC ITY 1 ALSO BY LEAf^T SQUARt 5 ) 0 
C COivlSTRAIHING THIS VELOCITY TO 10 SEPARATE VALOtS 
.C DATA.CARDS..KEaUIREO AR£,.AS FOL.LOWS.: -

r 

Ĉ-̂  ̂  I . H WHERE N TS: THE TOTAL PIUHBER OF: SHOTS : 
C AND STATIONS. 
C FORI^AT AS IM STATEMENT LA.GELLEB 1 0 
C 
C THE NEXT SET OF DATA CARDS BEAR ALL THE TRAVEL 
C riME-DISTANCE OBSERVATIONS USED IN THE LEAST 
C SQUARES PROCESS. "EACH PAIR OF 'OBSPRVATIONS IS 
C RECORDED ON A SEPARATE CARD THUS 
C I MHERE 'T' IS THE SIATTON CODEJNUMBER 
C J WHERE * J ' IS THE SHOT CODE NUMBER 
C" T ( l , J ) WHERE TCI,J) IS TnE TRAVEL TIME 
C OBSERVATION OF THE J'TH SHOT AT 
C- THE I ' TH. ST AT TON. 
C BELTA(I,J) WHERE DELTA(I,J) IS THE 
C DISTANCE BET'WEÊ J THE I • TH 
C STATIOiNi AND J'TH SHOT. 
C A BLA?-̂ K CARD INDICATES THE tNu OF "A 
C PARTICULAR SET OF OBSERVATIONS 
C • FORMAT AS IN: STATEHENT :L:AB£:,Lt-ED-20̂  -: 

C NtXl CARD. V E L d l ) , 1 1 = 1,10 WHERE V E L d l ) 
r 4RE 10 CONSTRAINED VELOCITY VALUES 
CP..P- . .. .IF THIS CAttD- IS,-L.iFT.PBtAMKOTHE,W;- : 
C PROGRAMME COMPUTES LEAST SDUARES 
C' • V£LOGI.I:Y.. 
£ FORMAT AS IH STATEMENT LABELLED .30 
C'y "v. • • , • . 
C NEXT CARD IS THAT BEARING THE TOTAL NUMBER OF 
e SHOTS A-*iL STATlO.slS F0 < A 0 I^FuRi iT . SET (/F 
C OBSERVATIONS. IT IS FOLLOWED 8Y . THE SAME 
C SEQUENCE OF DATA CARDS AS THAT OFSCRTBEP 
C ABOVE. IF IT IS LEFT BLANK JHEH THE PROGRAMME 

•••• STOPS.• • • " - • 

C NOTE THE SHOTS AND STATIONS MUST BE ASSIGNED 
CODE HtKBERS WHICH ARt LESS THAN OR FSUAL TO 

0 H AND THERE MUST 6E 00ISSI0f4S. 

G NOIE ONLY A TOTAL OF 6 0 SHOTS AND STATIOHS CAN 
BL__OSED WITH THE PR0GRAli^1fc AS I T IS. IF THERE 

C ARC MORt SHOTG AMD SlATto^S THAO T H I S 1 HER I He 
C DH'ENilON STATE'NEMIS hOST JE ALTEAED ACCORDIM.,LY. 



C: ..NOTE ..SCIEWTI FiC SUBROUTINES ':ARRA'̂ ;«V=:«MiM¥» AMD. 
C *GMPRD» ARE USED BY THIS PROGRAMME. THUS THE JOB 
..C;. .. CQMTROL CAROSFMUST. !N{3.ICATE .THE .OSE..DrFTH:E. 
C SCIENTIFIC SUBROUTINE PACKAGE 

OIHENSTOlNi T { 6 0 r 6 0 l ,DELTA(60:,6C) t:£:A:{feO) tF^^ 
1E{60),F(60),VEL(10),LK(60),MK{60) 

v.-: F.. .. CQ^MMONF G:Ar#4-ft { 60i^eQl;,C:{ 6rO"r S0^'f AT'SOl'Ta-'̂ .̂ ^̂ '̂̂  
REAL NUM ^ 

.84. .8£A0 { 10.) . ;NF .. . .F.........:.•,̂.:, : T:.. ... T. T: 
IF(N) 82,83,82 

: 82 CONTINUE ' .. ^ ; .̂  
00 100 1=1,N 

. DO .100 - J = l f fr , : .T.; F F-' 
GAKiMAi 1 , J ) = 0 . 

C ( I , J ) = 0 . 
T ( I , J ) = 0 . 

F;ELTA{ 1 , J ) - J . 
1 0 0 CONfINUE 
2T> READ(b,20) I , J » T { I , J ) , DEL T A ( 1 ,: J ) 

WRITE(6,20) i , J , T ( I , J ) ,UELrA( i , J ) 
I F i I ) :5 5:, • . . 

5 D E L T A U , I ) = O E L T A C I , J ) 
:;.GA«.MA.{;J r 1:.) = 1 .. • •. .. . 
GO TO 2 5 

'̂•""IS'̂ DO i ' T = 1,WF • F' 'T F̂'; FFFF^FFF'FF" F̂' 
DO 2 J = l , N 
I F U . N E . J ) GO TO 4-

. GO TO .50 
4 C(I , J)=GAMMA{I , J)+GAHMA ( J,I) 
GO TO 2 

f>0. C( I , I ) - 0 . 
00 .6 K=1,N _ 
C ( I , n==Cn , I )+GAMMA( r,K)+GAIiHA( K, I ) ^ 

6 CONTINUE 
:F--2'^C0NTTHUt -•̂ '̂•-FFF.FT''-T--TF̂  •...••.V 

1 CONTINUE 
VvR I T £ { 6 , 8 1 ) ( { C { I , -J ) , 1 = 1 , 6 ) , J = 1 , 6 ) 

4 5 00 500 l ^ l f N 
EA.(I.)---0 
FA( I )-0 

• • .DO;. 60G\ .J=1VN T .TFT̂ '̂ ^ F ^ v ' T F : ; . ; . : • 
£ A { I ) -E A ( I ) + T ( I , J J 5̂  jAMMA { 1 , J ) +T ( J , 1 ) *GAMMA { J , 1 J 
FA ( I ) = F A ( 1 ) +DELTA{ I , J ) » ( GAMMATI VO I + G A M A ] 1 , 1 ) ) 

600 CONTINUE 
5̂-00 '••GO-NT.lNU'ET -F-.T .F-'-̂-.. -̂-F'̂ F̂-.. FF:TF:.,FTT.F:-'---.-: 

CALL ARRAY{2,N,N,60,60,C,C) 
CALL iMiNV{C,M,D,LK,^'K-5 
WRITE{6,81) ( (C{ I , J ) , l = ltii) , J = 1 , 6 ) 
CALL GMPRD(G,EA,E,NTN, 1 1 
CALL GMPRD{C!,FA,F,N,N, 1 ) 
REAu [ :>, 3 0 ) { VEL ( I U , i I - 1 , lO) 
IFSVcLSl))5!?,65,55 



:B:Q:0 
700 

900 

6.5 NUM^^O 
-OEN=O'. 
00 700 1=1,N 
DO 800 J=l,N 
hiOM=NUM + GAMMA( I , J)*(D£LTA( I , J )-F { I )-F U ) }»*2 
OEN = DEN + GAMHAi 1 FJ ) *CDELTAOry JT^F Oi )A-FT J 

i f l C i ̂ J ) - E { i }-E{J ) ) 
.CONTINUE ... 
CONTINUE 
vV~NUM/DEN . 0:: . 
DO 9C0 J=1,N 
A { J ) - E ( J ) ~ F ( j ) / y 
CONTINUE 
•NUM=0.''. •.••'::••• V -̂ Ô -̂ V::. :::P>' 
DEN=0 
•00 1060 1 = 1, N ̂  
00 1100 J=1,N 
C ( l , J) = TU/J)-DELTAn, J) /V-A( I ) - A I J ) 
NUM-NUM+ ( C ( I , J ) *«-2 ) *GAHMA C I , J ) 
BE«*D€N+GAM.MAH ,.J). . ::. : .• 
CONTINUE 
CO'NTINUE-..: ^ . •. : • • 
DEN=DEN-N 
,0TF:FOEft*D£:..D,̂ .-̂ J.T-GÔ  TO' ̂ ASP" \.:-:P'..--PPO.-.-P.----P'• 
S I GMAV = SQRT I NUH/D£i1) 
"WRITE{6,40) 
WRITE(&,5i) V,SIGMAV 
.:GG TO 1 1 . . 
WRITE{6,5't) V 
CALL ERRORS 
GO TO 2000 
:'''«R;lT̂ ef*--p6:0-)--P--.V- • • : v̂,...p:vP.'PP v : . . . : , ; ^ : : ; : : . 

DO 12 00 r i = i , i o 
ViRl! E(6,70) VHL{ 
DO 1300 J=1,N 

1100 
iioso: 

4 h b 
1 I 

I I ) 

A(J5=E«J)-F(j)/VEL(II) 
1300 CONTINUE 
•̂ •'•̂ ': B.URT~Q.'-' : ' ' ^ ^ ̂  ' P •': P PP D;-

FREO=0 
DO 14C0 I=1,N 
DO 1500 J=l,N 
CI I , J j - T ( i , J 3 - D c L T A { I , J ) / V L L ( i I ) 
FREO=FR£D+(C{I,J)**2)»GAHMA{1,J) 
BURT = BURT + GAi'-'VA ( I, J ) 

1500 CONTINUE 
RW^^CONTlNUE" " 

6URT=BURT-N 
F I TMOD = SQRT ( FKEC/lRjRT ) 
WRITE(6,3) FITMOD 

- -3 •F0RM^AT(//F.10.5T^ .• :̂'̂0: • 
CALL ERRORS 

a:2:'DD-̂ :CQ̂ l̂PTMy€y-: :;:;..:'P..:P:--P: 
10 FORMAT!16) 
20 I-0:R?-1AT { 216 , AA » F:> .2 , 'fX , Fu . 2) 

-M( I ) - A { J ) 



" r.30 F0RMATilOF8:,2) F ... A.27 
40 F0RHAT(2X "CALCULATtO VELOC1TY»5X,•STO OEV, OF 

IVELOGITY* ). 
51 FORMAK10X,F6«3,15X,F8,6) 

. 5 4 : FORMAT? 10X4 F6. 2) 
60 FaRMAT(22H CONSTRAINED VELOCirY)_ ̂  .. 
81 FQR.MAr{6F10.2) 

•̂ZOGG . GO.NTmUt .FTF.F v >. .: 
GO TO 84 .. . : .. 

' . • ' • ^ ^ 8 3 - : G 0 M T i m i E ' ' — T v ' r . F̂ -̂V:-; 
END 
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SUBROUTINE ERRORS 

.C .. SUuROUT.INE .OF TIME TERH -ANALYS.:.iS; .PRO.G.RftHM.E . ... . 
C CALCULATES STANDARD DEVIATIONS AND STANDARD 
C-.-.F-£RRmSV-OF THE-TTIME ••TERM5. F" - ; ; y . . . F - ^ - . : 

COHHON GAMMA{60,60),C(60,60),A{60),N 
"•F.'.T. FT R£AL''''NU'« . • •;F-F:T-TFF^'-F-FFFFTFFF.T ••.:TT.TTT F;;F:/-

WRITE{6,80) ' 
00 3000 K = i,N" 
MUM-0 

. DEN--0 
DO 4000 i=i-,N 
NOH=NUM+(CI I ,iS)*»2 ) *GAMMA( I ,K) *{C{K", I )**2) 
l«-GAMMA{R,n 

F DEN=OEN + GASMAlIrK)+GAM«A(K,I:l- '̂̂ -̂x 1 
• 4000 CONTINUE 
F-F\-̂- :̂OEM=-0€N-1 • • ''̂F-. • • ̂ :FF.•-::•-̂ ,;T-F:'F: :;:T;,TT ; 

IFCDEN.LE.0«5I GO TO 8000 
F.'-:̂ -FTT\ :SIG«A=SORT.t.NUH7.0ENlF''''-l-.̂  ^F-F^ • FF-FF:T-^F^v FT;.-F • .::-v... F_..F'-̂FF F'"'-'̂:-̂  ^ 

S I GM ASS I GM A/SQRT ( 0EN +1) 
WRHE(6,90) K,A(K) , S I b f ' i A , S l o h A S 
GO TO 3000 

bOOO 'rtRirE(6,95} K,A(K) . 
3000 CONTINUE 
" 80 FQRHAT(2X 'SHOT/STAT MO' 3X;,'TI ME'tt l#t:«̂ Ẑ ^ 

1«STO 0EV'2X,'STO ERR') 
:90 F0RMAT{I9r9X,F6.2,4X,F8.5,F10.:5)^^7 
95 FORHATCI9,9X,F6,2) 
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APPMDIX F 

V e l o c i t y f i l t e r i n g prograiame and r e s u l t s . 

The l i s t i n g of the progrardme given below i s s e l f -

explanatory as fa,r as the data and the main programme steps 

are concerned. However, the f o l l o w i n g points should be noted. 

1) The programme has been w r i t t e n s p e c i f i c a l l y 

f o r the Land's End array. Certain statements should be changed 

f o r any other array c o n f i g u r a t i o n . These statements are 

indiccited i n the l i s t i n g . 

2) I t has been w r i t t e n assuming a f i x e d sampling 

i n t e r v a l of 0.01 second. 

3) I t works v/it h i n a f i e l d of 11 seconds of recorded 

data but the f i r s t half-second a.nd l a s t second are l o s t i n the 

process of o b t a i n i n g the smoothed output. I n si d d i t i o n , the 

second hc^lf-second i s e.lso l o s t when the smoothed output i s 

p l o t t e d i n griiph foria. 

4) I t assumes plane wave f r o n t s . 

5) The azimuth and distance of the event from the 

s t a t i o n are c a l c u l a t e d using formula. 5 given by Bullen ( I 9 6 3 ) . 

6) The output of the progrimime consists of l i n e -

printei> output and punched cards. The f i r s t 10 samples of 

each seismic channel, the azimuth a.nd distance of the event 

from the s t a t i o n and the delay distances are p r i n t e d on the 



A.30 

l i n e - p r - i n t e r . 'The delay times and smoothed output f o r each 

v e l o c i t y value used i n the v e l o c i t y f i l t e r i n g process are also 

p r i n t e d on the l i n e - p r i n t e r . The smoothed output f o r a l t e r n a t e 

v e l o c i t y values and the 900 samples of a single seismic channel 

(cheinnel 8) covering the 9 seconds of smoothed output are 

punched on cards. These cards are then used by the progreinime 

l i s t e d i n .Appendix G to p l o t records of the type given a-S a 

p u l l - o u t supplement i n the back of t h i s t h e s i s . 

The programme ivas tested \«/ith a plane sine wa.ve 

which vfas presumed to have o r i g i n a t e d somev/here along l i n e 2, 

t r a v e l l i n g w i t h a v e l o c i t y of ̂ Ixm/aec across the array. The 

maxiraura amplitude of the smoothed output and c r o s s - c o r r e l a t i o n 

output f o r es.ch Cllaa/sec increment of v e l o c i t y from 4.01aQ/sec 

to D.Okm/sec are p l o t t e d i n f i g , 4 l , Both•functions peak 

sharply 3.t a v e l o c i t y of 3.05k:n/sec. Thus f o r a d i s c r e t e 

phsuse t r a v e l l i n g across the array the prograiiHiie may be assumed 

to give v e l o c i t i e s which cire r e l i a b l e v / i t h i n - O.lkm/sec. 

The smoothed output i s used to obtain estimates of phsise 

v e l o c i t y because i t gives the SEuae r e s u l t as the c r o s s - c o r r e l a t i o n 

output but w i t h the amount of output reduced hj a f a c t o r of 20. 

The r e s u l t s obtained from t h i s programme are presented 

a f t e r the programme l i s t i n g beloif. I t should be noted t h a t not 

a l l the shots have been v e l o c i t y f i l t e r e d and u s u a l l y only the 

f i r s t 11 seconds covering the onsets of the P-wave phases have 



o SMOOTHED OUTPUT 
• C O R R E L A T O R OUTPUT 

I I I I I — I I 
4.0 4.5 5.0 5.5 

V E L O C I T Y K M / S E C 

6.0 

F i g . i h l ^ Smoothed and c o r r e l a t o r outputs f o r an 
a r r i v a l t r a v e l l i n g across the Land's End 
array at a v e l o c i t y of 5 Icm/sec. 



A. 31 

been processed. For a l i m i t e d number of shots, however, the 

11 second record i n c l u d i n g the onsets of the S phases have 

a3-so been processed. 

The array u n i t r e c t i l i n e a r coordinates as used f o r 

the v e l o c i t y f i l t e r i n g process are as f o l l o w s . 

seismic 
channel X (metres) Y (metres) 

1 73.21 73.21 
2 669.40 -428.86 

3 115.06 376.56 

4 721.60 1098.3 

5 -449.78 449.78 

G -868.18 805.42 

7 -774,04 -606.68 

8 -1014.62 -868.18 

9 .•^177*82 303.34 

10 -282.42 156.90 

I t should be noted t h a t channels 4 and 6 were 

permanently interchanged i n the recording sequence a f t e r the 

f i r i n g of shot I 9 . Therefore, f o r shots 1 to 20, excluding 

shot 19, the recording sequence i s : seismic channels 1, 2 , 

3, 6, 5, 4, 7, 8, 9 and 10 . 
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C 

/ E L 0 u 1 T Y FILTER! .-M 0 P R 0 G K 4 M M E 
AFTER FIRST COMPUriNG THE RAr-iGE AMD AZIMUTH OF 
AH EVENT FROM THE STATION THE PROoRAMME VELOCITY 
FILTERS OVER RECORDS OF 11 SECOf^OS LENGTH. IT 
DOES THIS AT VELOCITY INTERVALS OF O . l KM/ScC 
SUMMING TvtO SETS OF S EIS ?«'OHETERS AND MULTIPLYING 
THE SUMS TOGETHER. IT SHOOTHS THE OUTPUT OVER A 
SQUARE filHOPVi OF 0.2 SECONDS. 
f l R i f L Y TliE 4,<R\Y SEISMIC DATA I S CALLED OOI-̂ 'N 
FROf-! THE EXTERNAL STORAGE DEVFCE, IN THIS C^SE A 
.•'i A G N E T I T I A P E , i H 0 S T 0 R E S I T T H ̂  CO ?i P U T E R ^ A I N 
STORAGE AREAS, THIS I S DONE INTvSTATEMESTS 

THE FOLLGh'iNG DATA CARDi, ARE RfcyUIRLO 

1 . T I T L E uR ICENTIFYINS HESSAGE 
" FORMAT AS IN STATEMENTFL.ABfcLLED l' 

Z, W THE EASTWARD DEVI AT TON TJF THE ̂ Y AXIS 
IN MINUTES. 

DEG REPRESENTING THE LATITUDE OF THE.. 
FIN REFERENCE POIN̂ T OF THE ARRAY IN 

DEGREES AND. MINUTES 
FORMAT AS I N STATEMENT LABELLED 1 OF THE 
SUBROUTINE 'ADELAY* 

3, DEo REPRESENFING THE LONGITUDE OF THE 
MIN REFERENCE POINT OF THE ARRAY IN 

DEGREES Ai-jD MINUTES 
FORMAT AS IN STATtMENT LaUELLEO 2 OF TH£_ 

C SUBROUTINE 'AOELAY* 

XO THE X COORDINATE OF THE ARRAY 
REFERENCE POINT. 

YO THE Y COORDINATE OF -THE ARRÂ j' 
REFERENCE POINT. 

FORMAT AS IN STATEMENT LABELLED 3 OF THE 
SUBROUTINE »AOELAY» 

N THE NUMBER OF UNITS IN THE ARRAY 
FORMAT AS 1,-4 STATEMENT LAeELLtD 4 OF THE 
SUBROUTINE 'AOELAY' 

6,6+N. AXiI),AYCn ,1=1,N THE X AND Y 
C COORDINATES OF: EAGiT A^AY UMI T*-
C FORJ''iAT AS IN STATEMENT LABcLLED 3 OF THE 
G - F • GUBRGUTINE •AQELAY' F > - -
C 
C 6+N+l. DEG REPRESFNTTNG THE LWTTTUDE GIF THE 
C MIN EVENT IN DEGREES AND MINUTES 
G . FORM:AT : AS • IN STATEMENT: D^ASEtEED"2-:0F- THE-
C SUBROUTINE 'AOtLAY' 

6+N+2. DEG REPRESENTING THE LONGITUDE OF THE 
MliN EVENT IN DEGREES AND MINUTES 



FORK AT AS ' IN STATEMEffT' L ABEBlieO" ? OF 'THE 
SUBROUTINE •AOELAY' . _ 

6+N+3 NVMIN THE MINIMUM VELOCrTY»IO TO 8 t 

NVMAX THE MAXIMUM. _VELOCITy*iO ,T03E , 
•••• USED . ' ' ̂  ' 

MDAIFO WHERE ,N0ATF0=1 IF.SAMPLING OF 
ALL : CHANNELS TS- vI#5.TAf^T^Mfc 
= 5 IF SAMPLlr4G I S .CYCLIC, 

.. . ..FIDRMAT -AS IN:-5TAT&H€lT:-l:SB 

-6+N*4. I 1 , T=i >N THE GAIN FACTTIRS INeLUOING ' 
POLARITY OF EACH ARRAY UNIT 

: FORMAT .AS IN STATEmEN:T-a.AaELLe,& 4 

NOTE PROGRAMME. .IS W.R1TTEN FOR A FIXED SAMPLIMG 
I'^L^VAL PEK CHANNEL UF ,01 SLCUNJ. 

... NORTH AND EAST ARE TAKEN TO BE POSITIVE 

: CQMNOfi DELT 2 0 ) ,N r:YO'l 20) , I Y¥( 2^0)'^ BBmR ( 3 0 0 0 ) i 
l i INTE...{ 300) 
•COWMON S&T5M0T:1200..J:10}/. 
INTEG£R*2 SEISMO 
0 i HENS ION ":T 13.60 ( 2 0.1 , YGT2 0 1 rS.i|o i;t'SWSW(:3"000-) V 

ISUMRROOOO) 
INTEGERSUMaB,SUHRR,G • : O ::0 
INTEGER 8BXRR 

0 0 IGOO K K - I , 1 0 0 1 , 1 0 0 

R£AD{1,400) { ISEISMOC I , J } , J = 1,10) , I =)<K , Nl I 
i o 0 0 , CONTINUE . 

4 0 0 F 0 R M A T { 2 0 0 A 2 , 2 0 0 A 2 , 2 0 0 A 2 , 2 0 0 A 2 , 2 0 0 A 2 ) 
•.^•.UTE(6,A0i) ( (SEISy:;{ I , J ) , J - 1 , 10 ) , 1 = 1 , l o ) 

4 0 1 FORMAT(iOUO) 
READ I 5,1) 
WRI r E ( 6 , 1 ) 

: \C'AL1 -AOBOAy ' . ' -O-̂ 0'-':0v--̂ :'l-O--0; 
WRITE(6,3) 
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C' 
••REAfil i? ̂ "2f m m M:,IWMftX »>W&A f FO.: 
READ(5,4) {G!I3,I=1,N3 

00 10 NV=NVi>^IN,NVMAX 
V̂ 'NV: • ... 
RV = V / i 0 
.«RIT:E{:6:t6) RV/ . . 



C 20 LOOP COMPUTES FIRST DATA LOCATIO^^S TO BE USED 
•C- : 'TN^VELQGITY FILTERING CALCUL^ATICfl': : ?̂̂̂^̂̂̂^ .,:„;;•, 
U . . . . . . . . . 

DO :20:.. I=1,N' ^ • " 
TOEL{ n-DEL( n / v 

YOf I ) = 5 i - - C I - l ) / N 

100 YG{I)=5i. 
:̂ 200'- CONTINUE ' ^ ^ - r y ^ ^ ' ' . v ^ 

Y'-M: i )-YL:( I ) ••Tr:FLi I ) 
, , YDM )=YO,(I .. • • . • . . 

2 0 CONTINUE 
W.<LT0(6,,^9) ( YD( i ) , 

39 FORMAT(lOFlO,2 ) 

C 
:.e ̂̂  • 30 LOOP,- CYCLES THROUGH ̂  K SETS rOF. fM:T« 3S:0«W|?̂ &-̂  :---^:v:: { 
C Am MULTIPLYING WITHIM EACH SET 

C 

00 30 K = l f l 0 1 0 

C 40 LOOP CYCLES THROUGH EACH CHANNEL COMPUTING 
3C ;;DATa, y:ALiiES ..TO :-8e.\usEo iN.3o;: LOOK!" J 

r 
\^ _ . 

hO YD [ I )=Yu{ n + i 

CALL INTERP 

DO 41 I = l f N 
41 IYY{ 1 ) = i YY( ni^G( I ] 

SU^^'^ATION. THESE CARDS '̂ ECC TO Gc CliAMGLD TO SUIT 
PARTICULAR ARRAY CONF i GURAT ICJNS - : . 

SUMBB(K)=IYY{6)+IYY(7)+IYY(B)+IYY{10) 
SUM <rU K ) - I Y Y ( ? ) + I Y Y { 5 ) + i Y Y ("-i 3 + IYY { 9 ) 
e8XRRTK)=SUMBB(K)*SUMRR{K) 

30 CONTINUE 

CALL INTEG 

^RiTE{6,5) C MNTEG( 1 ) , I ^ I , 7) 
WRrFE(6,T) { II?'n"EG{ n , r=SvT37) 
IF{AM0D(V,2.).GT.0.2) GO TO 55 

ITE i 1 f 7 ) ( I i f'JTE GI 1 ) , i =6 , 1 b7 j 
55 CONTINUE 
;1©-C-0}MTI.N1JE. . 

W R I T E (. 7 , 7 ) ( S E i S 0 ( 1 , H ) , I -10 i 1 0 0.0 ) 

.1 FQRHATJ 72H ' 
1 ... . . . .3 .• 

2 FORMAT{313) 
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3 FORMAT^///^ yELOCITY 

.: 4 FORKAT C lOiaO 
5 F0RMAT(///7I7) 
6 FORMAT IF 10.2 I 
7 FORMAT(1017) 

GO TO 300 
:3^i0 GALL: EXIT " / :. 

END 



vr 

SUBROUTINE AOELAY 
C SliBROOTINE OR VELOCITY, FILTERIMG - .PRQGRAMHE : 
C COf^PUTES RANGE AND AZIMUTH OF EVENT FROM 
" REFERENCE-POINT OF̂  ̂A SETSMIG -ARRAY-,;^JHE " T » I T S • • ^ : 

OF WHICH ARE REPRESENTED AS C00R01M.aTfcS .ON A . 
C . .OQCAL. .RECTMLLNEAR GRID: AND: f.INS:S-mtW..OT SmNCES . • : 
C OF EACH U N I T R E L A T I V E TO THE REFERENCt P O I N T , 

: C. 0 ASSUMING:..A ..PLANE WAVE.* ; 
COMMON .DEL (203 YD { 20 ) , IYY120 )B,5.XRR ( 3000 3 , 

. . :.1IINTEG( 300). .. . .. . . . 
COHMON SEISMOi1200,10 3 

^ INTEGER. BBXRR: . . ..0':'0 '-.o/ -̂V̂' .: ".̂^ 
INTEGER«2 SEISMO 
REAL LAT,L0NG,K,M,MIN 

• \1N.TEGEK^ .OEG ' ' : -̂Ô-.-;;. 
C 

00 : REAO EASTWARD OEViATIO^N .OF. Y-*XiS :̂ r̂ ^̂ ^̂ ^ : 
C AND LATITUDE OF REFEREMCE POINT, 
.'••Ĉ- O' '̂  • • • "O-V V ^ • • .;•'••:•• - \/' -'̂' " 

READ(5,13 W,DEG,MIN 

PI = '»*ATAN (1.03 
R.T0D.= 1'80/PI 
LAT=(DEG+MIN./60 ] /RTOO 
LAT.= ATAfi{ , 99327t«:TAN i L A t r 3/: ; r ; 3"'̂  

.C O' ->READ LONGITUOE OF' ft€FERE.Ne.F'.P¥mT7^^^^ 
C 

c 
LOHG=(OEG+MrN/60 5/RTOO • 

A = COS(LAT3^^COS(LONG3 
b^cos(LAT5«si;-i{LON-o) . ; 
C = SIN(LAT 3 

......̂  o^'ij.iMftQf'iGr...^ • • • -::̂o-:;.\;:-̂;oO:: 
E=-CaS{LONG) 
G=.SlNU.Ar3*CDS{ LONG) " ̂  ••::--. 
H=SIN{LAT3*S1N(L0NG3 
K—COS.(LAT.)' . . , :... . 

€ ^ REAO. X A.ND. .Y COORDINATES/'OF R€.F:EREaO£ .PO 

REA0(5,33' XC,YO 

. READ. ̂  NU-M-BiR -W.- A«RAY-^ UNI TS : ' ' .:>•' -.;::-0 

•READL3V.4 3. H, . . .-•Ô IO 

C : : REA0: X,Y CCOROlNiAIFS OF AR OvY UNITS 

0̂  ]-(£A0C5,3itAX(T 3 , AY ( I ) .1:, f40 •"'•̂-.O 
0 



C READ L A T I T O D E OF EVENT 
•••Ĉ--'V-̂  -O ̂-.̂  -VO . - v V . . . vo--- ,: • ,0-"'-''••'•̂ ""-• 

REA0C 5,2 ) DEGfMIN 
LAT= t,0EG + MlN/60]/RTOD 
LAT = ATANC .993277»rANf L A T ) ) , 

r 
C READ LONGITUDE OF EVENT 

READ{5,2) OEG,MIN 
'̂v''-ô '̂ ,tDNG^C-Defi-+«.TN./6007RTOD' • o..;.--o;,; •.-..o;,;;--

A0 = C0S{LAT)»C0S{LONG) : 
B0=e0S ( LAT )»S1W(-L0NG-) 
CD=SIN{LATj 

XAMGL:E=A*AO+B-«BB + C«CO\ 0:.;̂  .---O;..-. 
ANGLE=ARC0S{CANGL£5 

:R=AN6IE*6.37:I.-«24. /:' .̂  - :.O^vOX.•-
S A N G L E = S I N ( A N G L E ) 

O,-:"-'̂  ••^'^A,NGLe=A«GLE*RTO:D ' '̂̂^ •'••'-T-'"'':y^:lry"'-::r:-'-]/ ' :] 
SZ={{AO-D]*«2+{BD-E)?fCD««?-2)/{2»SAKGL£) 
CZ={{AC-G)»*2+(uO-H)*»2+{Cu-R)-*2-2)/ 

1 12*SANGLE) 
Z-=ARSIN(SZ) 

r 
iFitsz..G:E,,o) .ANô ,̂ C7»̂ Gê «o;)J••'GQoiOv4;0.,7::; \:: \ .v.,,v.ô  

I F U S Z . G E . O ) . A N O , { C Z . L T , 0 ) ) GO TO 5 0 

I F ( I S Z . L T . O ) . A M D , ( C Z . G E . O ) ) GO TO 6 0 

C 

4 0 Z=Z 
GO TO 1 2 0 

5 0 Z - P I - Z 
• VGO T O 1 2 0 , 

6 0 Z=2*PI-!-Z 

1 2 0 T = Z * R T 0 0 

W R I T E ( 6 , 6 ) 
V;RTTE(6,7) ANGLE,:i,T 

C CALCOLATION OF ARRAY DELAY DISTANCES FOR 

C 
H=3*PI/2-Z + tf/(RJ08«60): : ; 

I F { ( A O S ( K ) . L T . 5 E - J ) . O R . { A O S ( P l ~ A ) , L T . J E - 5 ) ) 

IF({ABS(M-Pl/2).LT.5E-5).OR.(AOS(M+PI/2).LT 
I JF~:-* ) .OR. ( A'iS ( 3 * P I / 2 - M ) .LT. .>c--5 ) ) GO TO ?C 

K=M+i/M 
SZ=SIN{Z-W7(RTOD'»600 ) , 
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:".r'' 

I , 

DO 30 1 = 1, N • • 

XB=(M«XD + AX{ I)/M + AY( I3"Y0 3/K: 
Y3={H*AY(I)+Y0/H+AX{I3-X03/K 

BELAY^SORTUX0-X83**2+(YO-Y8 3»*2) 

IF ( ABS ( SZ- I XB-XO ) / DEL AY ).. LT . 1E-.5 3 .GO JO. 70 
i l O DELCIl=DELAY 

- GO. TO 30 0.,-:.O 

70- DeLAY = ~DELAY .. 
GO TO 110 

30 CONTINUE 
WRITE ( 6, 1000 3 C DEL ( 13 , 1 •=! , N) 
GO TO 100 

:--1.0̂ -̂DG-S:0' I=1-.,.N- ::'yy&yy'::: - 00.:-.-0 .Ô 'M:.-
OELAY = SZ.« ( XO~-AX( I ) ) 

-^^rDELII I^DELAY - .. ..:... ..::. .v.--:..: 
80 CONTINUE 

WRIrE(6,1000){DEL{I),i=i,N5 
GO TO 100 

2 0 DO 90 I=1,N 
DELAY=OZ*{YO-AY(13) 

nEL(15=LELAY 
.̂ 90̂  .CQNTTNUE 

WRITE(6 , 1000 3(DEL( i ) , I-1,N3 
' 0.\6D^ rO 1 0 0 • ..̂ •̂...,.̂.,..,;;.'̂:.';,:-r.:-..:.:.-.v-..-> 

1 F0RHAriF9.2t5X,I4,5X,F6«2) . 
, . fO.RMAT{..i4,..3X..,.F.6.,.2.3 

3 F0RMAT(F9,2,3X,F9..23 
4 FOR.M.AT{ 133 
6 FORMAT { / / / ' ANGL E RANGE A.£ IMU FH» 3 

. . :.. 7: F0R:MAT(f6..:2,.'*X,f7.2.,4X,F5..,2,) 
IQQO FORMAK10F10.23 

-.:€-•:..!." .' ' • • 

100 RETURN 
END -



r 

A.39 
SOBROOTINE INTERP .. . 

SOBROOTINE OF VELOCITY FILTERING PROGRAMME. 
INTERPOLATES ̂ BETWEEN, rWO. VALOfcS'BY-THE^..i%£THOD : 
OF FORWARD DIFFERENCES. 

COFHON 0EL{20 ) ,r<j,T{ 20 3 , IYY{20) , B8XRR{ 3000) , 
-•A.. •.111NTEG1300-) ' -A:-':: ./^ : 

COMMON SEISMOt1200,10) 
•A' 'INTEGER»2 SEISMO.:- O . ^ •-•-syj J A ' A -

INTEGER DY0,DYl,DY2,02Y0,O2Yl.,D.3Y0 
•.•INTEGER &BXRR ' •\ • O: \0 ̂O;--̂ •̂•-•Ô'̂'-o;-:-̂^ 

C 
-DO'-'10--T-l-,N- • "A--

rT = T( I } 
X X O = T ( I ) - { I T - I J 

c 
C " CALCOLArES 1ST,2M0 AND 3RD FORWARD DIFFERENCES 

•Si 

O^YO=SEISMO{ I.TVir-SE rSM0{,IT-".14T-t 
0Y1 = SEISM0{ IT + l, i )-~S£ISHC( I T , n 
0 Y 2 = S £ 1 S M 0 { I T+2 , I ) " S E I S M 0 ( I T + 1 , I 3 

D2Y0=DYl-OYO 
••• ••D-2Yl-=-OY2-.0:Y:l.. • • • • 
03Y0^=02Y1-02Y0 

1 YY ( I 3 =iE 1SM0( I T - 1 , I ) +XAO*0Y0+ ( XXP̂ ^ { XXO-13 
]*02YO)/2 + (XXO*(XXO-l3*^lX\C-2 3*.̂0 3YO)/( 3*2) 

10 CGNTlP^Ofc . . . ,:.v....-.-.. 
HETURH 

• . END, 0 



..i^o 

SUBROUTINE INTEG 
0 • SUBROUTINE OF . VELOCITY ; FI L T LK I -i^ PAOG.-A-̂ iFifc , 
C SMOOTHS M+1 VALUES OF BBXRR WHERE M=F1FTH OF 
'C - ŷ THE-̂  eHANNEt --S-AMPtI«G:.,RATE -P£R:- :̂  
C TRAPEZOIDAL METHOD 

CQ'mOH QE0 (:2 0 3 , N , YOT' 201, 1Y Yf 20-^, 8S.XR.R (-3000 3 
inNTEG(300J 
COHMON- SEISMQC 1200,10) 
INTeGER*2 SEISHO 

./INTEGER BBXRR . 

1 = 1 -
.L==2. 

.:..:.- 'm-̂ Ô • -;,...0-.•.••-J-vv̂'.'-.̂./:•••:-/:•;--̂O.:̂ ^̂ ^̂ ^̂ ^ 3; 
10 MOSTY=0 

O".....:" -•DO -20^K=L,H ' ' ::v--
20 MOSrY=MOSTY+8BXRR{K3 

MUSTY=2*M0STY 
0 

I I N T E G ( r) = ( B 6 X R { L -1 ) + 8B XR R ( 1) + Mf 1S T Y ) / 2 C 0 0 , 
C 

. : t=.t.+ 5-" :- .O'O. .-:.::.:.'..:0:.7:.,,. 00.-..--• 

I = I f i 
IFtM^GE.lOOl) GO TO 30 

..'•O-v.-'̂''"-G.0--' TC3.'^TO0----.-^ ^ •. • :̂-':'>;0'--;0" ...•.:.;::-:•.-.. 
30 CONTINUE 

• TlETlJRiM-'"'- .•:•.:,.-•• ••.-̂  •.-v./;../:.---/---:.:-.•. 
END 
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.Results from the T e l o c i t y f i l t e r i n g programifie. 

Phase V e l o c i t y Approximate Onset time 
.sees 

A-1.3 
^2.0 
^6.5 
^7.7 
31.2 
31.^ 
35.9 
37.3 
38.8 
12.6 
12.9 
16.2 
16.6 
17.6 
19.6 
09.6 

11.4 
13.1 
11.9 
12.1 
17.0 
23.4 
25.4 
02.9 
03.6 
04.9 
15.8 
17.5 

Shot no. Phase km/sec hr.s Blins 
1 P 

n 
(1) 7.9 06 01 

1 P 
n 

(2) 7.9 I ! I I 

1 y 
s 

5.6 I t !! 

1 2 5.6 if n 

2 P 
n 

(1) 7.9 07 16 
2 P 

n 
(2) 7.8 !1 l i 

2 P 
S 

5.8 I I I t 

2 6,0 S I i f 

2 ? 6.4 I t f t 

4 P 
n 

(1) 8.0 (8.5) 08 38 
4 P 

n 
(2) 8.0 ii I I 

4 ? 5.2 tt I I 

4 
4 

P 
g 
? 

5.7 
5.9 

t ! 

l i 

•1 

n 

4 9 6.2 I I H 

8 P 
n 

7.7 11 27 
8 • P or PMP 5.6 J ! 11 

8 o 
9 6.8 I ! I t 

8 ? 5.7 !! n 

9 P 
s 

5.3 12 02 
9 Pl-ff 6.1 12 02 
9 9 5.3 !l ii 
9 s a " o 

3.4 ti 11 

9 SMS 4.1 I t n 

11 P 
s 

5.6 13 13 
11 ? 6.0 ti t i 

11 PJ'IP 7.1 u I f 

11 0 
g 

3.4 I I 11 

11 4.3 t t n 
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Phase V e l o c i t y Approximate Onset time 
ot No. Ph£ ise km/sec hrs mins sees 

12 P 5.6 13 49 42,8 
12 ': ? 5.9 t ( I I 44.6 
12 8.4 f r I I 46.2 
12 G 3.4 tr I t 53.9 
12 3.7 f ! t i 55.4 
13 P 

8 
T> 
A. 

(1) 5.4 14 57 47.2 
13 

P 
8 

T> 
A. 

(2) 5.4 It !l 47.5 
P 
g 

(1) 5.4 15 15 04.9 
Ik P 

g 
(2) 5.3 II n 05.2 

15 P (1) 5.1 15 34 04.2 
15 0 

P 
e 

3 

(2) 5.3 ! f !! 04,5 
15 

0 

P 
e 

3 (1) 3»1 15 34 10.1 
15 0 

,0 (2) 3.0 1! t t 10.8 
16 0 

P (1) 5.4 16 06 28.9 
16 0 

P (2) 5.6 ti t! 29.8 
18 0 

p 
g 

(1) 5.2 16 53 55.7 
18 p (2) 5.0 ! I t ! 56.1 
18 

p 
3.1 »! I T 57.5 

21 0 (1) 5.0 10 59 20.1 
21 P (2) 5.1 «r n 20.4 
21 rv ? Q fi n 20,7 
21 Surface waves ^ 9 J) ii !! 21.7 
30 P 5.3 09 40 04.4 
30 ? 5.9 I f 11 04.8 
30 S 

g 
(1) 4.0 (1 !l 08.9 

30 
35 

0 
CP 
0 

p 
g 

(2) 
(1) 

4.0 
?6.4 

?! 

15 
n 

30 
09.4 
56.7 

35 
35 

p 
g 

.PFxP 

(2) 6.4 
8.1 

n 
I I 

!! 

!i 

57.2 
59.4 

36 P 5.3 16 09 02.3 
36 ? 6.8 n n 02.5 
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Phase V e l o c i t y Approximate onset time 
Shot no. Phase km/sec hrs mins sees 

36 PMP 7.9 16 09 04.2 
38 P 

S 
6.5 16 48 18.0 

38 PMP 7.1 ( 1 S I 18.4 
40 P (1) n 

P (2) ? n 

7.7 18 48 21.1 
40 

P (1) n 
P (2) ? n 8,3 n 21.3 
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APPENOIX G 

C PLOT OF VLLOCilY F i L f - R E O RLCORDS 
C FhlS PROGRAMME TAKES I H E PO^CllEO ^ARO OOTPUf F iOM TnE 
C VELOCITY FILiCRiNG PROGRAMME A.IO PLuTS i HE SF.OOTHEO 
C OOTPUT FOR EACH INCREMENT OF VELOCITY AND THE OHPROCtSSEO 
C_ SINGLE CHAN;-<EL SEISMIC DATA 0,A THE GRAPH PLOTTER WITH fHh 
C AID OF THE PLOTTING 5oB><0uT I SME S PROVlOtC i^lTH THE l I J j 
C COMPUTER. 
C THE DATA CARuS REoUlRtO ARE AS FOLLOWS 
C 1. CARD BLARING TITLE TO BE WRITTEN 00 THE GRAPH 
C FORMAT AS IH STATEMENT LABELLED 52 
C 2. f̂OPRO îOMt3£R OF PROFILES TO 3E PLOT TOO 
C PRI.'̂ rr IrJTERVAL BETWEEN PROFILES IN INCHES 
C \/El,NT VELOCITY I iTERVAL liM KM/SEC 
C /̂EMAX '̂ ÂXIMOM VELOCITY VALOE 
C NCOS NUMBER OF VALOES TO OE PLOTTEO FOR EACH 
C PROFILE 
C YSCAL SCALE FACTOR FOR Ai'^PLfTODES OF PROFILES 
C FORMAT AS IN STATEMENT LABELLED 51 
C NEXT SET uF CAROb BEARS THE SMOOTHED OOTPUT FOR NOPROO 
C PROFILES, 10 VALUES PER CARD 
C FORMAT A^ IH Si'ATEMENT LAcJtLLEE 1^ 
C NEXT 00 CAROS BEAR ThF ONPlOCESStC SiNGL- ChAN . iLL ̂ cIS^ 
C OATA VALULS, l u TO A CARD 
C FORMAT AS IN STATEMENT LAOFLLEO 14 

UIMENSION IAMPL(2003,AMPLi200) 
CALL SCAL£{1.,1.,0.,0.3 
YAX^-1.78 
ITIME==11 
PI = J.14159 

C 
C i LOOP WRITES TIHtS FROM 10 TO i Al 1 INCH i.NTERVALS 
C * «• « «• 

00 1 1=1,10 
YAX=YAX+I. 
CALL ECHAR(-0.35,YAX,0.i5,0-2,-Pi/2 3 
ITIM£=ITIHE-1 
KRITE(7,4)ITlHfc 

4 FORMATU23 
1 CONTINUE 

0 » » -K •» «-
C X AXIS IS DRAWN AND LABELLED 
C 

CALL EGRIO(3,0.,8.,1.,9) 
CALL ECHAR{--0.7,4.8,0.16,0.2,~PI/23 
WRITE(7,53 

5 FORMAT{ ' I i O t (SECS 3 * ) 
READ(2,523 

52 FORMATSH3H 3 
KRirE{5,52 3 
RE AO ( 2 , 5 13 i--4GPR0, P % i N i , VhiNT, VLhAX , 0013 S , YSCAL 

j 1 FORMA T ( i 2 , SF-M . I , i J , IC , ) 



r 

HEADINGS AND DATA PRiNTEO ON LINEPRINTE.R 4 1.^= 
WR.rTEC5>53-) ". ^ • . "... -

53 F 0RM A T ( 3 X ' N0 PRO ' 5 X , » P R INT • 5 X.».V EINT « 5 X,,,' V E.M AX ' 5 X., 
i'N08S.«--4X,-'YSGAL'T-• . 0-0. ;o-\.̂ ...oy:.'0̂ .ô '-'-'O-̂ '.̂ '• .-o-"'0;.:'::>'---ô:: 
WR I T E C 51 54 3 NOPRO , PR1HT , VE I NT., VE.M AX,, NO8.S., Y SOAL 

•34 .TOR«.AT(.//r6.|'3Flo;i, l:l:0:fET'3..ZJ':-̂ -̂ '-''-;v; .O-;.. "•;0''...'':. -;. .V'' .r--v.-:.''.: 0'.:.0 /-.0. 
DRAW Y-AXlS, WRITE VELS AT CHOSEN PROFILE .INTERVALS 

.C-"..AMO LABEL.'AXIS.. ,. •/^:' .r;':^-:.:: -•o,..;.;.;:.- .';.00 
f 
"O , . , . 

••O.A'LL> £GRI01 0,0.•.rS.^-PRINT, NOPROij'o--:^ 
A=N0PR0+1 

-0.... : X.AX=A:»..PR1..N:T . :,.:.' , .. •:•••..;•.,.. :..,-,0, ̂ O.̂ Or/-..,,.:.7:.: ./.v..,.' •...::-.:,:.. 
V£HAX=VcMAX+VeiNT 

.''C**.»«:».. . . •'•0..:.--:0v.0' 
DO 6 1=1,N0PR0 

..•::.0. , •X̂ A:X=XAX.~-PR1NT.,; . .0. ^ 
CALL ECHAR(XAX ,8.7 ,0.15 ,0,2,.-.P.I./2) 

-..::0....-.- ., ̂ VEMAX.= V£«AX"VE'INT.-'V'. ^ 0'00:}//..y.0O,.:/r.....:;: OiO; v :.,••'.-: 
WRITE!7,8)VEMAX 

:..-.;8 •F.0«M.A.TT.F4..iJ\ 0 ''̂̂  O •:-'0̂ ''̂ .̂ '̂.r'O.O:V 
6 CONTINUE . 

^0*-***:* .: 'O'V'-''̂ O ..:\'vy;'-v:"v.-''.-'-"\'̂''-. -0.'-. O 
YUNlT = A.*PRINT/2-I 

• CALL̂ .' .ECHAR fYON f T-r:S: .TSiQ^.l 5 vO.'-. 2.^^0T> :0/:..:-".̂-̂r̂^ 
WRITE I 7 , 1 1 ) 

•--•"̂ •-1.1-- m m AT i vE:L:oc my - m/ s i " . .̂.."'w r-ô --.o-̂  
c 
:Cy OOOUS'LE LOOP RtAO^j AMPL f T00i.S , I AwPL, AND PLCTG PROFILE. 
C 'PEN RETURNS TO NEW ORIGIN AND PLOTS NEXT PROFILE 
••t; -v;:. .::•: • V - y ' - r / ' y - - ^ • . • 

CALL EPL0T(i , 0.,8, 3 
••O:,;-.;:.' .p8.RfG=0.̂ '̂  --̂..̂̂-.-V '/V-: . • • ' 

P0RIG=P0R1G+PR!NT/YSCAL 
• j j . * * * »•». . .'.O.̂  •. .....y..'; . ^ •':•••.••:.•....•• .-I:-." 

0 0 1 2 J = 1,N0PR0 ^ . 
. CALL. SCALE( YSCAL:-, .1., -POR IG , 0 . ) 
CALL E P L 0 T ( 1 , 0 . , 0 . I 

-•V02"\. CAL.L;.iPO.OTI-2.,;0..rO*.30̂ -0'..-0\: ,.; 
CALL POINTil) 

.;;o..o'V...'.Tiî '.T=o-.;o5 • •̂::o.:o\;;:r2:o:.:...o::-oo:;o.o..::̂  ..̂  
c 

REAO { 2 , 1 4 ) ( I A ViPL ( n , I - 1 , NUSS 3 
14 FORHATdOIT) 

. oô'-'O. i==i.,M06.s. / : •ĵ ''̂ ...:̂ -.\ovooo.o;':,,o..;\;v̂  
•OMPL { I 3 - i A PPL ( I ) 
•TINT=T:INT-O.O:5..... . • 
CALL £ P L 0 T ( 2 , A N P L I I 3 , T I N T ) 

1 3 CONTINUE 
C 

CALL £PLOTti,0.,0.) 
1 2 CONTINUE 

•C'̂'-.-"' . ":-.:v'.-..̂ '"-'.0.."\'V. '-.-r--... .':V̂ -':V';:.-.--0-0:r/://̂ ^̂ ^̂ ^̂  
C FOR LAND'S E-.-iL. OATA I F YSCAL^O. 50fc-02 IHEN NEXT C 4R0 lb 
C CORRECI, I F YSCAL = 0. JOE-03 IH E 4 flEXI CAxO SHOULO REAO 
.C CALL SCALE(YSCAL*10.,l.,~2.«P0KlG/i0.,0. 3 

... 0 . CALL::S.CALEt:YSCAL., 1. ,~2*P0 tUG,0- 5 
CALL EPL0T{1 , 0.»0.) 
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T1NT=0.01 
• DO... 10 'J..==l,-9'-'' A" ••" • -\y:-rr ̂  ̂  • ....;.•.••••,-..:.:;:: 
READ(2,14}{lAMPLCn,I=l,100) 

":--•'-••A.DO-V15'MI = l,.10O'• 
TINT=TINT~0.01 

•-'AMP:Otr3=rA«-P0.TI 3- -• O •-••••:•..:; •••-••::A:A-:-:-':- ••RA' A'. 
CALL EPL0T(2,AMPL(II,TINT) 

A."Â .-IS..'CONTINUE V- : '::A-̂  'AM̂A\;::.VM:-:;;-; ••:V:V -.̂  
16 CONTINUE 

.O'"-"'O'" - C A L L 'EPLOTtl̂ rO,',̂ ©::. . O. 
C * * * « * 

E,ALL S C A L E J 1 . , 1. ,0. , 0. 3 
8=PRINT+1 

• CALL- ECHART-D^O.rO. 2 , 0 . 1 / 2 ^ 
WRITE{7,52) 

^̂ "̂A.'---C:AL.L'' E-XITA'- ' • • -'.v:-
END 
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APPENDIX H 

The theory behind, the use of the c r i t i c a l distance (G^) and 

the grazing incidence distance (^2) 'the evaluation of the 

depth at which a lineeir increase of v e l o c i t y v/ith depth begins, 

V + K 2 
0 

V 2 ' ...̂  -6- - e/'iticoi £s.AgW., 

Diagram 1, The c r u s t a l model and c r i t i c a l distance ray path. 

Consider a raodel of the c r u s t , t o t a l thickness EI, 

c o n s i s t i n g of an upper homogeneous l a y e r w i t h v e l o c i t y ?Q 

and thickness and a lovjer l a y e r , thiclcness Z^, e x h i b i t i n g 

a l i n e a r increase of v e l o c i t y w i t h depth given by the r e l a t i o n s h i p 

+ KZ, o v e r l y i n g a half-space x^ith v e l o c i t y VQ + liZ^, 
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Assuming t h i s .model and the c r i t i c a l ray pa.th of si P-v/ave 

t r a v e l l i n g through t h i s s t r u c t u r e then, from a consideration 

of diagram 1, the c r i t i c a l distance (C-j^) can be obtained i n 

terms of the constant of v e l o c i t y (E:) and the thickness of 

the upper l a y e r (Z^) thus 

~ — - 2, tcuv f ¥ . -- ^ • 

% ' K tan. / K t/m-e-

S u b s t i t u t i n g f o r tan j> and tan -6- ife have 

2 VK'B̂ -̂ ^ K « 

/e have from Snell's law, 

Oieref ore 

Therefore 

Therefore 

V 2 C 2 0 

where Z2 = H - Z^. 
i< v< 



•b 

V +-KZ 
0 

Diagram 2. The c r u s t a l model and g r a z i n g i n c i d e n c e r a y p a t h . 

H 

Assuming the Scime laodel o f t h e c r u s t b u t the gre.zing 

i n c i d e n c e r a y p a t h o f a P-wave ti»avelling t h r o u g h the s t r u c t u r e 

t h e n , from a c o n s i d e r a t i o n o f diagram 2, the g r a z i n g i n c i d e n c e 

di s t c i n c e (Cp) can be o b t a i n e d i n terms o f K and th u s :-

C = 2 (a_ + b„), 
2 2 2 ' 

where SL^^ = 3^ t a n a 

a.nd b„ = V 
K t a n a 

T h e r e f o r e , s u b s t i t u t i n g f.or t a n a, 



T h e r e f o r e 

2 ̂  

2 I V ^ K Z / 1^ 

where Z2 = H - Z^. 

A.50 

I 
1 

¥e t h u s have two non-linea.r s i m u l t a n e o u s equeitions, 

(1) and ( 2 ) , w i t h the two unknowns, K and Z^. 
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