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S U M M A R Y

T h is  work h a s  been  c a r r i e d  o u t to  e x te n d  on th e  i n t e r p r e t a t i o n  o f  

th e  U pper C ru s ta l  s t r u c t u r e  u n d e r  th e  E sk d a lem u ir  S e ism ic  A rray  

and  th e  su r ro u n d in g  a re a *  A s tu d y  o f  th e  d i s p e r s io n  o f  s h o r t  

p e r io d  (a b o u t 1 s e c . )  s u r f a c e  waves from  l o c a l  e v e n ts  a t  d i f f e r e n t  

d i s ta n c e s  and  az im u th s  was c o n s id e re d ,  b u t th e  la c k  o f  e v e n ts  

show ing su ch  w aves tu rn e d  a t t e n t i o n  to  th e  s tu d y  o f  f i r s t  P - a r r i v a l s  

from  th e  same s o r t  o f  e v e n ts .

The t h e s i s  i s  in  s i x  c h a p te r s .  C h ap te r I  was g iv e n  w ith  an  

I n t r o d u c t io n .  I n  C h ap te r I I ,  th e  g e n e ra l  a s p e c t s  o f  th e  g eo lo g y  

o f  th e  a r e a  w ere d is c u s s e d  v e ry  b r i e f l y .  P re v io u s  se is m ic  w ork 

a ro u n d  EKA was sum m arised w ith  s p e c ia l  r e f e r e n c e  to  LOWNET and  

LISPB m o d e ls .

S e ism ic  a r r a y  te c h n iq u e , i t s  a d v a n ta g e s  an d  m ethods o f  a r r a y  d a ta  

p r o c e s s in g  w ere d is c u s s e d  in  C h ap te r I I I  w hich  a l s o  in c lu d e d  a  

b r i e f  d e s c r ip t io n  o f  EKA and  LOWNET and  a  d e t a i l e d  d e s c r ip t io n  o f  

B roughton A rray  w hich was s e t  up te m p o ra r i ly  d u r in g  th e  c o u rs e  o f  

t h i s  w ork . C h ap te r IV g iv e s  d e t a i l e d  in fo rm a tio n  a b o u t th e  d a ta  

s o u rc e s ,  o r ig i n  tim e  r e c o rd in g  and  p la y —back  f a c i l i t i e s .

P re l im in a ry  r e s u l t s  o f  th e  a n a l y s i s  o f  some EKA lo c a l  e v e n ts  

showed some s y s te m a tic  v e l o c i ty  and  az im u th  v a r i a t i o n s  and  t h i s  

r e v e a le d  th e  need  f o r  d e t a i l e d  in fo rm a tio n  a b o u t th e  sh a llo w  

s t r u c t u r e  u n d e r  th e  a r r a y  i t s e l f .  S ix  s h o ts  w ere f i r e d  in  th e  

v i c i n i t y  o f  EKA. C h ap te r V h a s  been  d e v o te d  f o r  th e  p r e s e n ta t io n



o f  th e  r e s u l t s  o f  th e s e  s h o t s ,  t h e i r  d is c u s s io n  and  i n t e r p r e t a t i o n .  

These d e m o n s tra te d  an  a n is o t ro p y  e f f e c t  in  th e  a r e a  o f  th e  a r r a y .

C h ap te r VI p r e s e n ts  th e  r e s u l t s  o f  a l l  l o c a l  e v e n ts ,  r e c e iv e d  a t  

th e  th r e e  a r r a y s ,  t h e i r  d i s c u s s io n ,  com parison  and  i n t e r p r e t a t i o n .

A v e l o c i ty  s t r u c t u r e  a ro u n d  EKA i s  p ro p o sed  w hich in v o lv e s  (1 ) a  

r a p id  in c r e a s e  o f  v e lo c i ty  (0 .8  k m /sec ./k m ) to  ab o u t 1 .6  km d e p th  

fo llo w e d  by  a  slow  r a t e  ( <  0 .003  k m /sec ./k m ) to  an u n d e f in e d  d e p th

(2 ) a  v a r i a t i o n  in  th e  i n i t i a l  (z e ro  d e p th )  v e l o c i ty  w ith  az im u th  

ra n g in g  from  $,0  to  4*4 k m /se c . p a r a l l e l  and  norm al to  th e  Lov/er 

P a la e o z o ic  s t r i k e  r e s p e c t iv e l y .  The B roughton  d a ta  w ere c o n s i s t e n t  

w ith  t h i s  model i f  th e  Lower P a la e o z o ic  s t r u c t u r e  u n d er th e  M id land  

V a lle y  i s  e s s e n t i a l l y  f l a t —ly in g .  The e x te n t  to  w hich th e s e  

c o n c lu s io n s  a r e  c o n s i s te n t  w ith  p re v io u s  work i s  d is c u s s e d .

Some o f  th e  m ethods o f  a n a l y s i s  a r e  d e s c r ib e d  in  th e  A ppendices 

(1 -  7) ,  w hich  a l s o  in c lu d e  two com puter program s w ith  t h e i r  

o u tp u t r e s u l t s  w hich  form  th e  b a s i s  f o r  th e  i n t e r p r e t a t i o n  and th e  

above c o n c lu s io n s .



B urton  & Blarney (1 9 7 2 )^ ^ ^ *

(2 ) a  com puter program  w hich  c r o s s - c o r r e l a t e s  th e  o u tp u ts  o f

d i f f e r e n t  ch an n e ls  w ith  th e  o u tp u t o f  a  r e f e r e n c e  c h a n n e l,  

cho sen  to  show a  c l e a r  R ay le ig h  a r r i v a l  and  judged  to  he  o f  

h ig h  S/N r a t i o ,  and  th u s  a l lo w in g  f o r  more a c c u r a te  m ove-ou t 

d e te rm in a t io n  and  th e r e f o r e  a  more r e l i a b l e  c a l c u l a t i o n  o f  

g roup  v e l o c i ty  and  a n g le  o f  ap p ro ach  a t  th e  a r r a y  ( a  copy o f  

t h i s  program  w i l l  be lo d g e d  in  th e  G eophysics d a ta  room ,

G eology D ep a rtm en t) .

I t  sh o u ld  be m en tioned  t h a t  th e  p ic k in g  o f  R a y le ig h  a r r i v a l  f o r  one 

o f  th e s e  e v e n ts  was c o m p lic a te d  by a  p o s s ib le  seco n d  S - a r r i v a l  o r  

an  e n t i r e l y  d i f f e r e n t  in s ta n ta n e o u s  a r r i v a l .  The lo c a t io n  an d  o r ig i n  

tim e  o f  a n o th e r  even t w ere d o u b tfu l  and  th e r e f o r e  th e y  w ere r e j e c t e d .

R e s u l ts  o f  th e  a n a ly s i s  o f  th e  o th e r  th r e e  (a lth o u g h  n o t in c lu d e d  in  

t h i s  t h e s i s )  showed t h a t :

(1 ) g roup  v e lo c i ty - f r e q u e n c y  fu n c t io n  o f  th e  R ay le ig h  waves o f  

th e s e  e v e n ts  s t r e n g th e n  th e  b e l i e f  o f  them b e in g  d i s p e r s e d ,  

s e e  A ppendix  ( 7) f o r  an  exam ple.

(2 ) a n g le s  o f  app ro ach  a t  th e  a r r a y  w ere s h i f t e d  from  th e  d i r e c t  

r a y  p a th  up to  15° f o r  one c a s e .

(3 ) F u r th e r  a n a ly s i s  on th e  f i r s t  P - a r r i v a l s  o f  th e s e  and  o th e r  

e v e n t s ,  see  C h ap te r V I, d e m o n s tra te d  th e  e x is te n c e  o f  th e  

s h i f t  phenomenon.

S earch  f o r  more lo c a l  e v e n ts  c o n t in u e d , b u t u n f o r tu n a t e ly ,  no more 

s u r f a c e  waves w ere found , and  t h e r e a f t e r ,  a n a l y s i s  was r e s t r i c t e d  to



f i r s t  P ^ a r r iv a ls *  R e s u l ts  from  a b o u t 70 e v e n ts  (m ain ly  q u a r ry  b l a s t s  

and  n a t u r a l  e v e n ts )  r e c e iv e d  from  25 d i f f e r e n t  so u rc e s  a t  d i s ta n c e s  

r a n g in g  betw een  20 km -  165 km an d  p ro p a g a t io n  v e c to r ,  see  F ig *  (4 -2 )»

ra n g in g  betw een 90°  — 2 1 0 °, showed t h a t :

(1 ) a z im u th  anom aly i s ,  to  a  la rg e , e x t e n t ,  sy s te m a tic *

(2 ) a p p a re n t  v e l o c i ty  seems to  v a ry  w ith  b o th  d is ta n c e  and  azim uth*

(3 ) I t  was a l s o  found t h a t  th e  lo c a t io n s  o f  some o f  th e s e  e v e n ts  

w ere d o u b tfu l  ( s e e n  th ro u g h  th e  v e ry  h ig h  az im u th  a n o m a lie s , a s  

h ig h  a s  30° in  some c a s e s )  and  th e r e f o r e  many e v e n ts  w ere  

r e j e c t e d ,  see  C h ap te r IV*

A zim uth an o m a lie s  and a p p a re n t  v e l o c i ty  v a r i a t i o n s  can  be a t t r i b u t e d  

to  d i f f e r e n t  c a u s e s ,  m a in ly  a n i s o t ro p y  and  l a t e r a l  inhom o g en e ity  

e f f e c t s *  A com plex v e l o c i ty  s t r u c t u r e  o f  some s o r t  a t  any d e p th  

u n d e r  EKA c o u ld  be a  reaso n *

A s tu d y  o f  th e  sh a llo w  v e l o c i ty  s t r u c t u r e  u n d e r  EKA seemed n e c e s s a ry  

to  f in d  o u t what e f f e c t  t h i s  s t r u c t u r e  h a s  on th e s e  o b se rv ed  

az im u th  and  v e l o c i ty  v a r i a t i o n s .  S ix  s h o ts  w ere f i r e d  in  th e  v i c i n i t y

o f  th e  a r r a y .  R e s u lts  from  th e s e  s h o ts  d e m o n s tra te d  h o r iz o n t a l  and  

v e r t i c a l  v e l o c i t y  v a r i a t i o n s ,  s e e  C h ap te r  V.

Most o f  th e  a n a ly se d  lo c a l  e v e n ts  o r ig i n a te d  in  th e  M idland V a lle y

w hich i s  s e p a r a te d  from  S o u th e rn  U plands by th e  m a jo r S o u th e rn

U plands F a u l t  and  w here a  6 .4  km /sec* r e f r a c t o r  i s  known to  e x i s t

a t  a  d e p th  o f  7 — 8 km» s ©s Bamford e t  a l  ( 1 9 7 7 ) ^ ^
/ ^  \

Crampin e t  a l  (1970) • The e x i s te n c e  o f  such  a  r e f r a c t o r ,  a t  a

g r e a t e r  d e p th  (12 km o r  m ore) b e n e a th  th e  S o u th e rn  U p lands, se e



( 31 }Jaco b  ( 1969) rem ains q u e s t io n a b le .  A s e is m ic  a r r a y  c lo s e  to  th e

S o u th e rn  U plands F a u l t  and  to  th e  so u th  s id e  o f  i t  c o u ld  be u s e f u l

i n :

( 1) s tu d y in g  a r r i v a l s  from  th e  d i f f e r e n t  s o u rc e s  r e c e iv e d  a t  a  

d i f f e r e n t  lo c a t io n  in  th e  S u th e m  U p lan d s, p a r t i c u l a r l y  th o s e  

few S o u th e rn  U plands s o u rc e s  to  h e lp  to  d e f in e  any  r e g io n a l  

a n i s o t r o p y  e f f e c t s  a n d /o r  any  l a t e r a l  in h o m o g en e ity  in  th e  

w hole o f  th e  S o u th e rn  U p lan d s.

(2 ) R e c e iv in g  c lo s e  to  th e  f a u l t  from s o u rc e s  in  th e  M idland V a lle y

w i l l  h e lp  to  s tu d y  th e  same e f f e c t s  in  t h a t  r e g io n .  S o u rces

c lo s e  to  th e  f a u l t  ( a t  d i s ta n c e s  l e s s  th a n  50 kro) w i l l  h e lp  to  

r e v e a l  more in fo rm a tio n  a b o u t th e  sh a llo w  s t r u c t u r e ,  i . e .  a t  

d e p th s  l e s s  th a n  7 “* 8

( 3) A c c u ra te  t r a v e l  t im e s  w i l l  be u s e f u l  in  d e f in in g  and  c h e c k in g  

on any p ro p o sed  s t r u c t u r a l  m odel.

B roughton A rray  was s e t  up n e a r  th e  town o f  B ig g a r and  o p e ra te d  f o r  

a  p e r io d  o f  65 d ays u s in g  th e  G eo sto re  r e c o rd in g  sy s tem , see  

S e c t io n  (3»4)*  D uring  t h a t  p e r io d  and  th ro u g h  d i r e c t  c o n ta c t  w ith  

th e  q u a r ry  m anagers in  th e  a r e a ,  many re c o rd e d  e v e n ts  on B rough ton , 

EKA and  LOWNET w ere i d e n t i f i e d  and  some o f  th e s e  w ere tim e d  a t  th e  

q u a r r i e s ,  see  C h ap te r IV . The a n a ly s i s  and  i n t e r p r e t a t i o n  o f  a l l  

l o c a l  e v e n ts  a r e  p re s e n te d  in  C h ap te r V I.
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CHAPTER I I

REGIONAL GEOLOGY AND GEOPHYSICAL INTERPRETATIONS WITH SPECIAL 

REFERENCE TO SEISMIC STUDIES (EKA, LCWNET, .LISPB)

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

T h is  t h e s i s  i s  co nce rned  w ith  t r a n s m is s io n  o f  s e is m ic  w aves th ro u g h  

th e  ro c k s  o f  th e  M idland V a lle y  and S o u th e rn  U plands of S c o t la n d .

The fo rm e r i s  c h a r a c te r i s e d  by Upper and  th e  l a t t e r  by Lower P a la e o z o ic  

o u tc ro p .  The l i n e  o f  the S o u th e rn  U plands F a u l t  s e p a r a te s  them from  

th e  R hinns o f  G alloway in  th e  SVJ to  D unbar in  th e  NE and  r e p r e s e n t s  

th e  s o u th e rn  boundary  o f  th e  M idland V a lle y  R i f t .  The g e n e r a l  n a tu r e  

and  a rran g em en t o f  th e  p r in c i p a l  ro c k  g ro u p s  a r e  shown i n  map 

F i g .  ( 2 - 1 ) ,  s e c t io n  F ig .  (2 -2 )  and  t a b l e  (2 -1 )  w hich in c lu d e s  some 

r e le v a n t  p h y s ic a l  p r o p e r t i e s .  F o r  a  g e n e ra l  d e s c r ip t io n  o f  th e  

G eology o f  S o u th e rn  U plands and th e  M idland  V a lle y , and  r e f e r e n c e s  to  

d e t a i l e d  s t u d i e s ,  see  G re ig  (1971) ^ i C ra ig  (1 9 ^ 5 )^ ^  an d  MacGregor 

& M acGregor (1 9 ^ 5 )^ ^ *

2 .2  A sp e c ts  o f  th e  G eology r e l a t i n g  to  P re s e n t  S tudy 

(From th e  to p )

Q u a te rn a ry  D e p o s i ts : r e p r e s e n te d  by p e a t  and  b o u ld e r  c la y  an d  o c c u r

a t  t h e  se ism o m eter a r r a y  s i t e s .  At EKA, s h o t  h o le s  w ere a u g e re d  o r  

d r i l l e d  in to  them w ith o u t ,  g e n e r a l ly ,  r e a c h in g  b ed ro ck , s e e  C h a p te r  V. 

T h ic k e r  u n c o n s o lid a te d  d e p o s i t s  may o c c u r  on th e  seabed  u n d e r  th e  

m arin e  s h o ts  in  th e  F o r th  an d  N o rth  C hannel. In  r e s p e c t  o f  th e s e  

s h o ts ,  t h e r e f o r e ,  Q u a te rn a ry  d e p o s i t s  w i l l  hav e  cau sed  some tim e d e la y s .  

O th e rw ise , o th e r  so u rc e s  and  a l l  d e te c to r s  a r e  s i t e d  below th e s e  

d e p o s i t s  an d  f i r s t  a r r i v a l  r a y  p a th s  a r e  u n l i k e ly  to  p a s s  th ro u g h  them .



T e r t i a r y  D ykes: A group  o f  su ch  dykes p a s s  th ro u g h  S o u th e rn  U p lan d s ,

c lo s e  to  EKA and c o u ld  i n d i c a t e  some deep s t r u c t u r a l  l i n e .  These 

dykes a r e  o f  th e  o rd e r  o f  0 .0 1  km w id e , d e te c ta b le  m a g n e t ic a l ly ,  an d  

a r e  g e n e r a l ly  show ing n e g a t iv e  ( r e v e r s e d )  a n o m a lie s . Such d y k es , 

how ever, a r e  to o  narrow  in  r e l a t i o n  to  s e is m ic  w av e le n g th s  to  have 

any s i g n i f i c a n t  e f f e c t .

U pper P a la e o z o ic

Most o f  th e  q u a r r i e s  a r e  in to  s i l l s  in t ru d in g  ro c k s  o f  t h i s  a g e  g ro u p , 

see  S e c t io n  (4*1*3) and  A ppendix  ( 1 ) .  The se d im e n ta ry  s u c c e s s io n  

and  th ic k n e s s e s  a r e  w e l l  known to  th e  b a se  o f  th e  C a rb o n ife ro u s  

L im estone S e r ie s  a s  a  r e s u l t  o f  c o a l w o rk in g s . One o f  th e  m ost 

r e g u la r  s e is m ic  so u rc e s  i s  th e  N .C .B . open case  a t  W e s tf ie ld  

(N .G .R . 3 1 2 /6 7 0 ) . A t l e a s t  some o f  th e  ‘n a tu ra l*  e v e n ts ,  se e  

S e c t io n  (4 * 1 * 5 )t a r e  g round tre m o rs  b ro u g h t ab o u t by m in ing  o p e r a t io n s ,  

s e e  M ashkour ( 1 9 7 6 ) ^ ^ .

The c o n c e a le d  e x te n t  and th ic k n e s s  o f  u n d e r ly in g  C a rb o n ife ro u s  la v a s  

a r e  much l e s s  w e ll  known. T h ick n ess  e s t im a te s  o f  O ld Red S a n d s to n e , 

e s p e c i a l l y  th e  Lower, may be s u b je c t  to  l a r g e  e r r o r s  b eca u se  o f  

c o r r e l a t i o n  prob lem s in  u n f o s s i l f e r o u s ,  l a t e r a l l y  v a r i a b le  a l l u v i a l  

fa n  d e p o s i t s  and  in te rb e d d e d  l a v a s ,  see  W a te rs to n  ( 19^ 5) ^ ^ *

Maximum th ic k n e s s e s  a r e ,  how ever, e x p e c te d  to  o ccu r c lo s e  to  th e  

r i f t  boundary  f a u l t s ,  (G eorge, 1960) ^ .  A lthough  th e  Lower O .R .S . 

r e s t s  w ith  s t r o n g  u n co n fo rm ity  on th e  S o u th e rn  U plands Lower P a la e o z o ic  

ro c k s ,  i t  a p p e a rs  com parable on th e  D owntonian o f  th e  M idland V a lley  

i n l i e r s  (Lesmahagow)•



A g r a n i t i c  p lu to n  o f  Lower O .R .S . age in t r u d e s  th e s e  ro c k s  a t  

D is t in k h o m  w ith in  th e  M id land  V a lle y , T hree s im i l a r  l a r g e  p lu to n s  

in t r u d e  th e  Lower P a la e o z o ic  ro c k s  o f  th e  S.W. S o u th e rn  U plands* 

G ra v ity  a n o m a lie s  o v e r them in d ic a te  d e p th  e x te n ts  o f  8—12 km, see  

B o tt & M asson-Sm ith  ( 1 9 6 0 ) ^  and E l-B a tro u k h  ( 1 9 7 5 ) ^ *  S m a lle r  

b u t r e l a t e d  b o d ie s  o f  g r a n o d io r i t e  o ccu r s p o r a d ic a l ly  a lo n g  th e  

N o rth e rn  B e lt  o f  th e  S o u th e rn  U plands a s  f a r  a s  th e  e a s t  c o a s t*  I t  

i s  g e o lo g ic a l ly  and  g r a v i t a t i o n a l l y  p o s s ib le  t h a t  th e s e  in te rm e d ia te  

co m p o sitio n  ro c k s  u n d e r l i e  a  w ide a rea *

Lower P a la e o z o ic

The U pper O rd o v ic ia n  to  S i l u r i a n  ro c k s  o f  th e  S o u th e rn  U plands a r e  

w e l l  com pacted and  jo i n te d  r o c k s ,  p r i n c i p a l l y  greyw ackes and  s h a l e s .  

Some s t r a t i g r a p h i c  d iv i s io n s  show la r g e  th ic k n e s s  v a r i a t i o n  a c ro s s  

th e  s t r i k e  eg  th e  Upper O rd o v ic ia n  greyw ackes o f  th e  N o rth e rn  B e l t ,  

2400 m t h i c k ,  a r e  r e p re s e n te d  by 21 m b la c k  s h a le  n e a r  M offat in  th e  

C e n tra l  B e l t  (W alton , 1965) ^ ^ *  E xcep t in  th e  a u re o le s  o f  th e  

g r a n i t i c  p lu to n s  th e s e  ro c k s  a r e  b a r e ly  m etam orphosed and show w e ll  

p re s e rv e d  se d im e n ta ry  s t r u c t u r e s .  T h e ir  t e c to n i c  s t r u c t u r e  i s  

renow ned f o r  i t s  c o m p le x ity . F o ld in g  may be d o m in an tly  i s o c l i n a l ,  

(L apw orth , 1 8 8 2 ^ ^ ;  Peach  & H orne, 1 8 9 9 ^ ^ )  o r  a  co m b in a tio n  o f  

e s s e n t i a l l y  m o n o c lin a l f o ld s  and  r e v is e d  f a u l t s  (C ra ig  & W alton ,

1959)(12).

The fo u n d a tio n  on w hich th e s e  se d im e n ts  w ere l a i d  may have been an

( 13)o c e a n ic  c r u s t  o f  A ren ig  ag e  (W ilson , 1966v Dewey, 19^9»

1971 ^ 5 ))  a n £ B a i i ^ t r a e  o p h i o l i t e  a  rem nant o f  i t  (Church &

G ayer, 1 9 7 3 ) ^ ^ *  C o n tro v e rsy  o v e r  th e  o o n c e a le d  e x te n t  o f  such



ro c k s  and  th e  lo c a t io n  o f  s u tu r e s  betw een them an d  p r e - e x i s t i n g  

c o n t in e n ta l  b lo c k s  o r  d i r e c t l y  betw een th e s e  b lo c k s  h a s  r e c e n t l y  been 

rev iew ed  by M oseley ( 1 9 7 7 ) ^ ^ *

C ru s t o f  c o n t in e n ta l  th ic k n e s s  (30 km) now e x i s t s  th ro u g h o u t th e  

re g io n  (Bam ford e t  a l ,  1 9 7 6 ) ^ ^ ,  se® a l s o  n e x t S e c t io n .  W ith in  

t h a t  c r u s t ,  how ever, g r a v i t y  (McLean & Q u re s h i, 1 9 6 6 ^ ^ ;  P o w e ll,  

197<|(20) E l-B a tro u k h , 1 9 7 5 ^ )  and- S e ism ic  (Bam ford e t  a l ,

1 9 7 6 ^ ^ 5  Bamford e t  a l ,  1 9 7 7 ^ ^ )  e v id e n c e s  show a  d e n s e ,  h ig h  

v e l o c i ty  basem ent a t  s h a llo w e r  d e p th  u n d e r  th e  M idland V a lle y  (7 —8 km) 

th a n  u n d e r  th e  S o u th e rn  U plands (12 km o r  m o re ) . W hether ro c k s  l i k e  

th o s e  u n d e r  th e  M idland V a lle y  e x i s t  u n d e r  th e  S o u th e rn  U plands 

rem ains in  d o u b t.
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2*3  P re v io u s  S eism ic  Work a t  EKA

E sk d a lem u ir  A rray  was o r i g i n a l l y  d e s ig n e d  w ith  d i s t a n t  s o u rc e s  in  

mind and  h a s  p ro v ed  to  be a  p o w erfu l in s tru m e n t in  th e  s tu d i e s  o f  

M an tle  v e l o c i t y  s t r u c t u r e .  S e v e ra l w o rk e rs  hav e  p o in te d  o u t t h a t  

th e  a r r a y  c o u ld  a l s o  be u se d  e f f e c t i v e l y  f o r  d e t a i l e d  c r u s t a l  

in v e s t i g a t io n s  b u t so f a r ,  i t  sh o u ld  b e  m en tio n ed , how ever, t h a t  m ost 

o f  th e  s e is m ic  s t r u c t u r a l  work, i f  n o t a l l ,  w hich h a s  been  c a r r i e d  

o u t a t  th e  s t a t i o n  h as  been  c o n c e n tr a te d  m a in ly  on deep c r u s t a l  and  

m a n tle  i n v e s t i g a t i o n s .  T here i s  no d e t a i l e d  se ism ic  s tu d y  o f  th e  

sh a llo w  s t r u c t u r e  u n d e r E sk d a le m u ir . N e v e r th e le s s ,  m odels h av e  

been p u b lis h e d  by d i f f e r e n t  a u th o rs  an d  c e r t a i n  a ssu m p tio n s  h av e  been  

made f o r  th e  v e l o c i t i e s  o f  th e  sh a llo w  s t r u c t u r e .

In  t h e i r  s tu d y  o f  two B r i t i s h  E a rth q u ak es  re c o rd e d  a t  E sk d a le m u ir ,

Key e t  a l  ( 1 9 ^ 4 ) ^ ^  have re c o g n is e d  d i f f e r e n t  p h ases  a r r i v i n g  a t  th e  

s t a t i o n ,  Pn , P* & Pg and  Sn , S* & S ^ . U sing  v e l o c i ty  f i l t e r i n g  

te c h n iq u e  th e y  co n cluded  t h a t  deduced  v e l o c i t i e s  o f  d i f f e r e n t  p h a se s  

do n o t a g re e  w ith  th e  c a l c u la te d  p h ase  v e l o c i t i e s .  They a t t r i b u t e d  

t h i s  to  t i l t s  in  th e  l a y e r s  below  th e  a r r a y .

A gger & Key (19^4) have a n a ly se d  EKA re c o rd s  o f  an  e a r th q u a k e  

e p ic e n tr e d  in  P a i s le y ,  n e a r  G lasgow . They gave a  5*75 k m /se c . 

p h ase  v e l o c i ty  a c r o s s  th e  a r r a y  f o r  P & P* a r r i v a l s  and  7-80  k m /sec .
O

f o r  P . S & S* have been  found  to  t r a v e l  a c ro s s  th e  a r r a y  w ith  a  n  &
ph ase  v e l o c i t y  o f  3 .5  k m /se c . and w ith  a  v e lo c i ty  o f  3 -9  k m /se c .

%

In  J u ly  1982, a  r e f r a c t i o n  s h o o tin g  program  u s in g  320 l b  d e p th  c h a rg e s  

was c a r r i e d  o u t f o r  th e  c a l i b r a t i o n  o f  E sk d a lem u ir A rra y .



S h o ts  h av e  been f i r e d  in  th e  I r i s h  Sea and  th e  N o rth  S ea , s e e

F i g .  (2 -4 a )  • R ecords o f  th e s e  s h o ts  from  E sk d a lem u ir and  R ookhope,
/ 26 )

Durham, h av e  been  a n a ly se d  by A gger & C a rp e n te r  (1964-5) •

From a  p l o t  o f  th e  red u ce d  t r a v e l  tim e , and  ch o o sin g  an  a r b i t r a r y

v e l o c i t y  o f  8 .0  k m /se c .,  a g a in s t  ra n g e , t h e i r  r e s u l t s  seem ed to

f a l l  i n to  two d i s t i n c t  g ro u p s  w hich th e y  i d e n t i f i e d  a s  P an d  P •g n

T h e ir  deduced  v e l o c i t i e s  a t  E sk d a lem u ir w e re :

Pn in c lu d in g  second  a r r i v a l s  a t  ra n g e s  1 1 0 ^  130 kra.

W estern  (10 o b s e rv a t io n s )  7*84 + 0 .0 9  km /sec*

E a s te rn  ( 4 o b s e rv a t io n s )  7*68 + 0 .1 9  km /sec*

A ll  (14  o b s e rv a t io n s )  7*90 + 0 .1 2  k m /se c .

Pg e s s e n t i a l l y  f i r s t  a r r i v a l s  f o r  £ > 0 3 0  km and  seco n d  a r r i v a l s  

o th e rw is e .

W este rn  ( 8 o b s e rv a t io n s )  6 .1 0  + 0 .0 9  k m /se c .

E a s te rn  ( 7 o b s e rv a t io n s )  6 .O4 + 0 .2 3  km /sec*

A ll (15 o b s e rv a t io n s )  6 .0 9  + 0 .0 6  k m /se c .

com bin ing  a l l  th e  d a ta  to  g e t  more f i r s t  a r r i v a l  P , an d  a t te m p t in g
&

a  l e a s t  s q u a re  s o lu t io n  th e y  gave P v e l o c i t i e s  a s  f i r s t  a r r i v a l
O

6 .4 7  + 0 .5 9  k m /se c .,  an d  seco n d  a r r i v a l  6 .2 9  + 0 .1 0  k m /se c .

U sing  th e  tim e -te rm  ap p ro ac h  th e y  fo u n d :—

Pn (16 s h o t s ) :  7*99 + 0 .1  k m /se c ; Pg (23  s h o ts )  6 .1 2  + 0 .0 6  k m /se c .

They r e f e r r e d  a l s o  to  th e  e x i s te n c e  o f  a n o th e r  p h ase  w ith  a  v e l o c i ty

o f  7*75 k m /se c . a r r i v i n g  from  some s h o ts  betw een P and  P w hich  th e y
S ^

a s s o c ia t e d  w ith  P* o f  Key e t  a l  ( 1964) ^ ^ *
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F i g .  (2 -3 )  S e ism ic  v e l o c i ty  model a ro u n d  E sk d a lem u ir  

b a se d  on s h o ts  f i r e d  in  th e  I r i s h  Sea and

N o rth  S ea ,

A f te r  A gger k C a rp e n te r  ( 1564- 5) (26)

U n f o r tu n a te ly ,  how ever, th e  n a tu r e  o f  th e  ex p erim en t d id  n o t a llo w

much to  be s a id  ab o u t th e  sh a llo w  s t r u c t u r e  s in c e  th e  ra n g e s  a r e

r e l a t i v e l y  l a r g e .  In  t h e i r  model th e  a u th o r s  chose  a  4*7 k m /se c .

se d im e n ta ry  l a y e r  u n d e r la in  by a  c r y s t a l l i n e  ro c k  l a y e r  o f  6 .1 2  k m /se c .

v e l o c i t y .  Both la y e r s  hav e  u n ifo rm  v e l o c i t i e s  and  v a r i a b le  th ic k n e s s

and  u n d e r la in  by a  u n ifo rm  U pper M an tle  o f  7*95 k m /se c . (See

F j.g , 2 -3 )  * A gain th e  a u th o r s  a t t r i b u t e d  th e  d i f f e r e n c e s  betw een

th e  c a l c u la te d  P„ and P v e l o c i t i e s  and  th e  p h ase  v e l o c i t i e s  a c ro s s  
g n

th e  a r r a y  to  i r r e g u l a r i t i e s  b e n e a th  th e  a r r a y  i t s e l f .



Key ( 1 9 6 7 ) ^ ^  gave an  in v e s t i g a t io n  o f  s ig n a l  g e n e ra te d  n o is e  

re c o rd e d  a t  E sk d a lem u ir u s in g  v e l o c i ty  f i l t e r i n g  te c h n iq u e  an d  

c o n s id e r in g  th e  a ssu m p tio n  t h a t  P-^waves a r r i v i n g  a t  an  i r r e g u l a r  

s u r f a c e  o f  to p o g rap h y  a t  an  a n g le  o f  in c id e n c e  o f  a  few d e g r e e s ,  can 

g e n e ra te  l o c a l  n o is e  ( s u r f a c e  w aves) w hich can n o t be d i s t i n g u i s h e d  

from th e  p r im a ry  s ig n a l  on one s t a t i o n  re c o rd s*  F o r  t h e o r e t i c a l  

t r e a tm e n t  s e e  Hudson ( 1 9 6 7 ) ^ ^ *

The a u th o r  d em o n stra ted  th e  la c k  o f  co h eren cy  o f  th e  R - s ig n a l ,  a t

th e  v a r io u s  se ism o m ete rs , a  few seconds a f t e r  th e  f i r s t  P ~ a r r i v a l ,

by s u b t r a c t in g  th e  waveform o f  each  in d iv id u a l  s ig n a l  from  th e

n o rm a liz e d  d e la y e d  su m -a ll s i g n a l ,  u s in g  re c o rd s  from  an  u n d erg ro u n d

e x p lo s io n  (B ilb y )*  T h is  la c k  o f  co h eren cy  was a s s o c ia t e d  w ith  th e

a r r i v a l  o f  a n o th e r  phase  w hich was found  to  be o f  s u r f a c e  wave

c h a ra c te r*  A d e t a i l e d  az im u th  and v e l o c i ty  s e a rc h  f o r  d i s c r e e t

s ig n a l s  in  th e  2—5*5 km /sec* v e lo c i ty  ran g e  w hich was c a r r i e d  o u t on

th e  coda of th e  r e c o rd in g  o f  an e x p lo s io n  in  E« K aza teh , r e v e a le d

(27)a  la r g e  number o f  n o is e  so u rces*  K ey' * a s s o c ia t e d  th e s e  s o u rc e s  

w ith  th e  r e l a t i v e l y  s te e p  s u r f a c e  g r a d ie n ts  a s s o c ia te d  w ith  h ig h  

g round , th e  c o a s t  l i n e  and  th e  se a -b e d  d e p re s s io n  a ro u n d  E skdalem u ir*  

He gave a  more d e t a i l e d  s tu d y  o f  s ig n a l s  a r r i v i n g  from  an  e v e n t in  

K am chataka, to  conclude  t h a t  n o is e  s ig n a l s  have  been  o r ig i n a t e d  

from  P~waves c ro s s in g  a  deep  and  narrow  v a l l e y  c a l l e d  M o ffa t W ater 

( ru n n in g  in  a  ME-SW d i r e c t i o n ,  13 kms from th e  c ro s s - o v e r  p o in t  o f  

th e  a r r a y  and  w ith  a  b e a r in g  o f  315°) "the p o in t  w here th e  v a l l e y  

c u ts  th ro u g h  a  b a s a l t  and  d o l e r i t e  dyke*

Hudson ( 1967) ^ ^  d is c u s s e d  th e  m a th e m a tic a l a s p e c t s  o f  th e
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a p p l i c a t i o n  o f  th e  th e o ry  o f  s c a t t e r i n g  o f  a  p la n e  wave by a  s u r f a c e  

o b s ta c l e  to  a  th r e e —d im e n s io n a l s u r fa c e  o f  any sh a p e . He made a  

com parison  o f  th e  th e o ry  w ith  d a ta  from fo u r  e v e n ts  w hich a llo w e d  

him to  g e t  an  e s t im a te  o f  th e  b re a d th  o f  th e  s c a t t e r .  From a  s tu d y  

o f  a  r e l i e f  map o f  th e  a r e a  s u rro u n d in g  th e  a r r a y ,  he showed t h a t  

th e  M offat r i v e r  v a l le y  i s  th e  s t e e p e s t  p ie c e  o f  t e r r a i n  f o r  some 

m ile s  in  e i t h e r  d i r e c t i o n ,  and  t h i s  c o rre sp o n d s  w ith  th e  f a c t  t h a t  

th e  s c a t t e r e d  s ig n a l  from  M offa t W ater i s  th e  m ost p ro m in en t on 

E sk d a lem u ir r e c o r d s .  T h e re fo re ,  he co n c lu d ed  t h a t  th e  s c a t t e r i n g  

i s  due to  th e  s te e p  n a tu r e  o f  th e  s id e s  o f  th e  v a l l e y .

B o tt ( 1 9 6 8 ) ^ ^  in  a  rev iew  o f  g e o p h y s ic a l su rv e y s  and  t h e i r  

i n t e r p r e t a t i o n  f o r  th e  s tu d y  o f  th e  g e o lo g ic a l  s t r u c t u r e  o f  th e  I r i s h
/ p6 \

Sea b a s in ,  r e f e r r e d  to  th e  model o f  Agger & C arp en te r^  ' ,  

com menting t h a t  the  v a r i a t i o n s  in  sed im en t th ic k n e s s  a r e  i n  b ro ad  

ag reem en t w ith  th e  g r a v i ty  i n t e r p r e t a t i o n  d e s c r ib e d  in  h i s  p a p e r .

He r e p o r te d  a l s o  t h a t  th e  m ost im p o rta n t c o n c lu s io n  from A gger & 

C a rp e n te r fs work i s  t h a t  th e  c r u s t  a p p e a rs  to  be th in n e r  th a n  th e  

norm al c o n t in e n ta l  c r u s t  and  a l s o  a p p e a rs  to  be ab o u t 4 krn th in n e r  

th a n  b e n e a th  th e  S o u th e rn  Uplands o f  S c o tla n d .

B lu n d e ll <Sc P a rk s  ( 19 6 9 ) ' '*  } gave a  com prehensive  rev iew  o f  th e  

s e ism ic  e x p lo s io n  s tu d ie s  f o r  th e  c r u s t a l  s t r u c t u r e  a ro u n d  th e  

B r i t i s h  I s l e s .  They sum m arised th e  r e s u l t s  o f  a l l  p re v io u s  work 

in  F ig .  ( 2 - 4 ) .  W ith r e g a rd  to  Agger & C a rp e n te r1 w ork,

th e y  commented th a t  11 u n f o r tu n a t e ly ,  th e  ex p erim en t was n o t  d e s ig n e d  

to  o b ta in  c r u s t a l  in fo rm a tio n  and  th e  two s t a t i o n s  w ere so s i t u a t e d  

in  r e l a t i o n  to  th e  p a t t e r n  o f  s h o ts  t h a t  th e  c o n t ro l  o f  th e  v e l o c i ty
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( A )  Locations o f seismic measurements. The broken line represents the 
J000 m sea depth contour.
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( E l  Schematic diagram to summarize various representations o f  the crustal 
structure in the vicinity o f  the British Isles: (1) Line E -9 , Lat. 46’ 0S 'N , Long. 
15° 2T W  (Ewing &  Ewing 1959), (2) Station 16, Lat. 47’ 4S'N , Long. 13° 20' W 
(Hill & Laughton 1954), (3) Station 9, Lat. 48’ 20 'N , Long. 11’ 20'W  (Hill & 
Laughton 1954), (4) Line D -12 , Lat. 46’ 5 3 'N , Long. 9 ’ 50' W (Ewing &. Ewing 
1959), (5) Line E-IO, Lat. 54s 59 'W, Long. 14’ 06'W  (Ewing & Ewing 1959), 
(6) S\V Approaches (Bonce et al. 1964), (7) South Irish Sea, (8) Northern England 
(Agger & Carpenter 1965), (9) North Sea (Collette et cl. 1965) and (10) North 
Germany (V/il!more J949). The numbers represent seismic velocities in k m s '1.
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2~4) Summary of p re v io u s  s e is m ic  s tu d i e s  f o r  th e  c r u s t a l  s t r u c t u r e
aro u n d  th e  B r i t i s h  I s l e s  a s  g iv e n  by B lu n d e ll  & Parks ( 1 9 6 9 ) ^ ^ )



o f  P and  P a r r i v a l s  was poor* The l i n e  o f  c h a rg e s  f i r e d  in  th e  g n

I r i s h  Sea was e f f e c t i v e l y  u n re v e rs e d  and  th e  re q u ire m e n t o f  

in te rc h a n g e  was n o t a c h ie v e d .  In  a d d i t i o n ,  A gger & C a rp e n te r  had  

no s h o r t  ra n g e  o b s e r v a t io n s .  In  view  o f  a l l  th e s e  u n c e r t a i n t i e s ,  

th e  g e o lo g ic a l  s ig n i f i c a n c e  o f  th e  v a r i a t i o n s  o f  c r u s t a l  th ic k n e s s  

in  t h e i r  model a r e  v e ry  d o u b t f u l . ”

B lu n d e ll & Parks*  ex p erim en t was c a r r i e d  o u t in  19^5 and  d e s ig n e d  

to  p e rm it th e  u se  o f  th e  tim e—term  a p p ro ac h  f o r  th e  i n t e r p r e t a t i o n  

o f  th e  d a t a .  T h e ir  m ain g o a l was to  s tu d y  th e  c r u s t a l  s t r u c t u r e  

i n  th e  I r i s h  Sea a r e a .  R eco rd in g s  from  25 d e p th  ch a rg e s  w ere c a r r i e d  

o u t a t  th r e e  tem p o rary  s t a t i o n s  in  W ales and  one in  I r e l a n d ,  th e  

Rookhope B o reh o le , and  th e  E sk d a lem u ir A rra y . T h e ir  r e s u l t s  show 

t h a t  Pn was o b se rv ed  o n ly  a t  EKA and  Rookhope an d , a s  a  r e s u l t ,  th e  

c o n t r o l  on v e lo c i ty  i s  p o o r an d  th e  u n c e r t a i n t i e s  in  d e te rm in in g  th e  

tim e —te rm s a r e  th e r e f o r e  l a r g e .

T h e ir  model o f  th e  c r u s t  in  th e  r e g io n  o f  th e  S ou th  I r i s h  Sea i s  

a s  f o l lo w s :  The u p p e r 4 km c o n ta in  a  v a r i e t y  o f  ro c k s  in c lu d in g

c o n s id e ra b le  th ic k n e s s  o f  young sed im en ts  w ith  a  v e l o c i ty  o f  

5*4 k m /se c . o v e r ly in g  a  l a y e r  o f  h e te ro g e n e o u s  ro c k  to  a  d e p th  o f  

a b o u t 24 km w ith  a  P v e l o c i t y ,  on a v e ra g e ,  o f  6 .1  k m /s e c .,O

u n d e r la in  by a  l a y e r  o f  u n ifo rm  m a te r ia l  w ith  th e  r a t h e r  h ig h  

v e l o c i ty  f o r  P* o f  7*3 k m /se c . B ecause o f  th e  u n c e r t a in ty  in  th e  

v e l o c i t y  o f  Pn , th e  a u th o r s  p la c e d  no g r e a t  c o n fid e n c e  in  th e  f ig u r e  

o f  30 km w hich  th e y  p ro p o sed  f o r  th e  b a se  o f  th e  C ru s t .

(31)Jaco b  ( 1969) gave th e  r e s u l t s  o f  th e  a n a l y s i s  o f  71 E sk d a lem u ir



e v e n t s ,  m ost o f  w hich w ere q u a r ry  b l a s t s ,  se e  F ig .  ( 2 - 5 a ) .  U sing  

an  a r r a y  p ro c e s s in g  com puter p rogram , d e s ig n e d  to  make a llo w a n c e  

f o r  th e  c u r v a tu r e  o f  th e  w a v e -f ro n t and th e  a l t i t u d e  v a r i a t i o n s  

betw een  th e  se ism o m ete rs , s e e  A ppendix ( 4) ,  and  c a l c u l a t i n g  th e  

d i s ta n c e s  betw een th e  s h o ts  an d  th e  a r r a y  from  th e  F-S tim e  

i n t e r v a l s ,  th e  a u th o r  p rod u ced  th e  a p p a re n t  v e lo c i ty —d is ta n c e  g rap h  

shown in  F ig .  ( 2 -5 b ) .  The g rap h  shows th a t  th e  d a ta  i s  s p l i t  in to  

two s e t s .  The f i r s t  s e t  l i e s  a p p ro x im a te ly  in  th e  ran g e  km/

s e c .  i n d i c a t i n g  t h a t  th e  p h a se  v e l o c i ty  i s  in c r e a s in g  g r a d u a l ly  

w ith  r a n g e .  The second  g roup  h a s  a  l e s s  d e f i n i t e  t r e n d  in  v e l o c i ty  

w ith  r a n g e ,  in  th e  i n t e r v a l  50^  &<Cl80 km, w ith  an  a v e ra g e  p h a se  

v e l o c i ty  o f  6 .4 4  k m /se c . None o f  t h i s  g roup  h a s  l e s s  th a n  6 .2  km/ 

s e c .  v e l o c i t y .

A pp ly in g  W ie c h e r t-H e rg lo tz  in v e r s io n  m ethod (rev iew ed  and  com pared 

w ith  o th e r  m ethods o f  d e te rm in in g  v e l o c i ty  s t r u c t u r e  by Jo hnson  & 

G i lb e r t  (1972) ) to  th e  f i r s t  g roup  ( s lo w ) , th e  a u th o r  i n d i c a te d  

a  g ra d u a l in c r e a s e  in  v e l o c i ty  from 5*54 k m /se c . a t  th e  s u r f a c e  up 

to  5*94 k m /se c . a t  a  d e p th  o f  ab o u t 12 km. To acc o u n t f o r  th e  o th e r  

g roup  ( f a s t )  th e  a u th o r  p ro d u ced  th e  model shown in  F ig .  (2 -6 a )  

w hich gave th e  red u ce d  t r a v e l - t i m e  c u rv e  o f  F ig .  (2 -6 b ) .  F o r  t h i s  

s t r u c t u r e ,  th e  6 .4 4  la y e r  w i l l  g iv e  a  seco n d  a r r i v a l  in  th e  ran g e  

49 <  A  ^s. S3 km and  f i r s t  a r r i v a l  when ^  83 .

The a u th o r  c o n s id e re d  two p o in t s  to  deduce a  g e n e r a l i s e d  p i c t u r e  o f  

th e  s t r u c t u r e  in  th e  a r e a .  F i r s t l y ,  th e  c l o s e s t  so u rc e  o f  h i s  f a s t  

g roup  i s  a t  56 km ran g e  a t  th e  tim e  when such  a  ran g e  i s  e x p e c te d  

to  g iv e  a  seco n d  a r r i v a l  from  th e  6 .4 4  l a y e r .  Jacob  r e p o r te d  t h a t
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F ig .  (2 -5 )  (a )  L o c a tio n  o f  a l l  e v e n ts  w ith  r e s p e c t  o t  EKA

(b ) A pparen t v e l o c i t y  V s. D is ta n c e

A f te r  Ja c o b  ( 1 9 ^ 9 ) ^ ^ .
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) (a )  V e lo c i ty -d e p th  f u n c t io n  u n d e r EKA.

o o  Reduced T-X g rap h  f o r  th e  above model 

A f te r  Jaco b  ( 1 9 ° 9 ) ^ ^ .
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i f  a  c a l c u l a t e d  f i r s t  a r r i v a l  a t  5*7 k m /se c . v e lo c i ty  h a s  n o t  been

m isse d , th e n  th e  c lo s e r  f a s t  so u rc e s  may be s i t e d  in  an  a r e a  w here

th e  f a s t  l a y e r  comes c l o s e r  to  th e  s u r f a c e .  S eco n d ly , s in c e  b o th

f a s t  and  slow  g roups o c c u r  i n  th e  100°—160° az im u th  i n t e r v a l ,  t h i s

w ould r u l e  o u t a n is o tro p y  a s  a  s o l u t i o n .  T h e re fo re  th e  a u th o r

su g g e s te d  t h a t  th e  s t r u c t u r e  c o u ld  be r e p r e s e n te d  by  a  s a d d le  o f

h ig h  v e l o c i t y  ro c k  w ith  a  d e p th  o f  12 kra below  EKA. s h o a l in g  to  th e

NE and  p ro b a b ly  a l s o  to  SW and  d eep e n in g  to  th e  SE and  NW. He

docum ented h is  su g g e s tio n  by r e c a l c u l a t i n g  th e  red u ce d  t r a v e l - t i m e s

(2  6 )f o r  th e  A gger & C a r p e n t e r 's '  ' s h o ts  (w hich a r e  shown a s  d o ts  on 

P ig *  (2 -6 b ) )  to  deduce t h a t  th e  e a r ly  a r r i v a l  tim e s  su p p o r t th e  

s u g g e s t io n  t h a t  th e  6*44 l a y e r  may s h o a l  to w ard s  th e  NE and  SVJ.

I t  sh o u ld  be m en tio n ed , how ever, t h a t  th e  a u th o r  d id  n o t g iv e  an 

e x p la n a t io n  f o r  th e  ap p e a ra n c e  o f  slow  and  f a s t  so u rc e s  ( s e e  P ig .  

2—5 )  a t  a lm o s t same az im u th s  and  r a n g e s .  Som ething w hich in  a

s e n se  does n o t  a g re e  w ith  h i s  m odel.

C o rb ish le y  ( 1 9 7 0 ) ^ ^  h a s  shown t h a t  i f  th e  s lo w n ess  o f  th e  J t h

ev e n t r e c o rd e d  w ith in  th e  K th d i s ta n c e  from  an  a r r a y ,  h ,  i s

dT /d i^ ., th e n  a t  th e  i t h  se ism o m ete r a  s i t e  c o r r e c t io n  

in c o r p o r a t in g  b o th  a  c o n s ta n t  an d  an  a z im u th a l ly  v a ry in g  te rra  can 

be  d e f in e d  from  th e  r e s i d u a l s  by f i t t i n g  a  s in e  cu rv e  u s in g  

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

Where az im u th  o f  th e  j t h  e v e n t from  th e  a r r a y  h an d
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i s  a  c o r r e c t io n  a s s o c ia t e d  w ith  eac h  se ism o m eter and  ^h i*  \ ±  

a n d  a r e  c o n s ta n t s ,

(34)In  a  fo llo w in g  p u b l i c a t i o n ,  th e  same a u t h o r '  '  d e r iv e d  a v e ra g e

s lo w n ess  c u rv e s  (dT/d& ) f o r  D *= 30 ~  104° u s in g  d a ta  from 478i£

e a r th q u a k e s  and  u n d erg ro u n d  e x p lo s io n s  re c o rd e d  a t  th e  fo u r  

U .K .A .E .A . a r r a y s .  S low ness c u rv e s  w ere c o r r e c te d  f o r  s t a t i o n  

b ia s  by means o f  e q u a tio n  ( l ) *  As f a r  a s  E sk d a lem u ir s t a t i o n  i s  

c o n c e rn e d , two m ain c o n c lu s io n s  w ere re a c h e d  a t :

( 1) C o r re c t io n s  f o r  in d iv id u a l  se ism o m eter s i t e s  a re  r e l a t e d  to  

th e  a l t i t u d e s  o f  th e s e  s i t e s .

(2 ) The te le s e i s m ic  d a ta  s t r e n g th e n s  th e  assu m p tio n  o f  a  th r e e

(26)p la n e - la y e r e d  model o f  A gger & C a r p e n te r ' .

(35)V Jillm ore (1973) gave a  rev iew  o f  s e is m ic  s tu d ie s  a ro u n d  th e  

B r i t i s h  I s l e s  from  1965* He co n c lu d ed  t h a t  th e  main f e a t u r e s  o f  

t h a t  work a r e :  ( l )  The M ohorov ic ic  d i s c o n t in u i t y  i s  sh a llo w in g

to w ard s t h e  w est (2) T here i s  some in d i c a t i o n  o f  an  in c r e a s e  o f  

Pn v e l o c i t y  w ith  ran g e  ( 3) a l s o  in d i c a t i o n s  o f  low er—c r u s t  v e l o c i t i e s  

ra n g in g  from  6 . 9—7»3 k m /se c . have been  found  in  some p a r t s  o f  th e  

a r e a .



2*4 LOVINET M OM  (HIDLAI-U) VALLEY)

One o f  th e  m ain o b je c t s  o f  LOVJNET i s  to  s tu d y  th e  c r u s t a l  s t r u c t u r e  

o f  th e  M id land  V a lle y  u s in g  tim e—term  a n a l y s i s ,  s e e  S e c t io n  (3*3)*

A tim e —term  su rv e y  in  th e  a r e a  h a s  n o t been  com ple ted  y e t  ( iT e ilso n , 

Oct* 1977 1 p e r s o n a l  co m m u n ica tio n ). Cramp in  e t  a l  ( 1 9 7 0 ) ^ ^  

r e p o r te d :  *’ D e sp ite  th e  v a r ie d  geo lo g y  in  th e  a r e a ,  th e  v a r i a t i o n

in  tim e —te rm s  betw een s i t e s  i s  sm a ll  enough to  y i e l d  some e s t im a te  

o f  c r u s t a l  s t r u c t u r e  from  a  p r e l im in a ry  p l o t  o f  t r a v e l - t i m e s . ” 

T h e ir  t r a v e l —tim e  r e s u l t s  o f  some re c o rd e d  e x p lo s io n s  a r e  shown in

c
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F ig ,  (2 -7 )  T ra v e l- t im e  d iag ram  f o r  e x p lo s io n s  re c o rd e d  on LOWNET.
Parameters o f  Model fo r  Midland V a lle y  are g iven  in s id e
th e  b o x . (^6)

A f te r  Cram pin e t  a l  (1970) •



F ig *  (2—7) from w hich th e y  d e r iv e d  a v e ra g e  tim e—te rm s , v e l o c i t i e s  

and  th i c k n e s s e s .  From th e s e  r e s u l t s  th e y  su g g e s t a  th r e e — 

h o r i z o n t a l l y  la y e re d  model w ith  th e  p a ra m e te rs  shown in  box F i g .  

(2—7 ) .  They in d ic a te d ,  a l s o ,  t h a t  f i r s t  a r r i v a l s  from  th e  6*4 km/ 

s e c .  l a y e r  a r e  r e c e iv e d  a t  d i s ta n c e s  o f  a b o u t $0 km.

2 .5  LISPB RESULTS (RECENT PUBLICATIONS)

The L i th o s p h e r ic  S e ism ic  P r o f i l e  in  B r i t a i n ,  r e f e r r e d  to  a s  *' LISPB **

was com p le ted  in  summer 1974* A f u l l  d e s c r ip t io n  o f  th e  ex p erim en t

w ith  some p re l im in a ry  r e s u l t s  have been  g iv e n  in  Bamford e t  a l

0 9 7 6 ) ^ ^ *  R ecen t r e s u l t s  c o n c e rn in g  th e  U pper C rusts.1  S t r u c tu r e

(21)o f  n o r th e r n  B r i t a in  have been  g iv e n  in  Bamford e t  a l  (1977) •

(21 )In  t h e i r  model (F ig .  2—8) f o r  M idland  V a lle y ,  th e  a u t h o r s '  '  gave 

a  4 -5  k ra /se c . v e l o c i ty  f o r  a  to p  m ost l a y e r  o f  v a ry in g  th ic k n e s s  

( ^  3km) • T h is  l a y e r  c o rre sp o n d s  to  O ld Red S andstone/L ow er 

C a rb o n ife ro u s  seq u en ces  an d  i s  u n d e r la in  by a  5*7 — 5*9 k m /se c . 

v e l o c i t y ,  Lower P a la e o z o ic  l a y e r  w ith  a  d e f i n i t e  d i s c o n t in u i t y  a t  a  

d e p th  o f  th e  o rd e r  o f  7—8 km where th e  v e l o c i ty  in c r e a s e s  to  6 .4  km/ 

s e c .  Both b o u n d a rie s  a r e  r e p o r te d  to  be s h a rp  d i s c o n t i n u i t i e s .

R e f r a c t io n s  from th e  6 .4  k m /se c . l a y e r  a r e  seen  a t  d i s ta n c e s  o f  

ab o u t 50 km in  th e  M idland V a lle y  b u t n o t seen  in  th e  S o u th e rn  

U plands u n t i l  beyond 120 km an d  th e n  w ith  h ig h  a p p a re n t  v e l o c i t y  

(6 .7  -  6 .9  k m /se c .)  The u p p e r  c r u s t a l  v e l o c i t y  s t r u c t u r e  in  th e  

S o u th e rn  U plands th e r e f o r e  c o n s i s t s  o f  two l a y e r s .  A t h i n  to p  

l a y e r  (5*0 k m /se c .)  fo llo w e d  by 9*8 -  8 .0  k m /se c . m a te r ia l  to  d ep th s  

g r e a t e r  th a n  10 km -  a l l ,  p re su m ab ly , Lower P a la e o z o ic  ty p e  ro c k s .
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F ig*  (2—8) U pper c r u s t a l  s t r u c t u r e  -
M id land  V a lle y  an d  S o u th e rn  
U plands

A f te r  Bamford e t  a l  ( 1 9 7 7 ) ^ ^

6<5

VERTICAL FXAOOSfiATIOM < :!

The to p  o f  th e  6 .4  km /sec l a y e r  b e n e a th  th e  M id land  V a lle y  s lo p e s  

down to  th e  s o u th  n e a r  th e  S ,U , f a u l t  a t  an  a n g le  shown a ro u n d  15° 

b u t w hich  may be s te e p e r  (B am ford, 1977i p e r s o n a l  c o m m u n ica tio n s) , 

Apa,rt from  t h i s ,  and c o n t r a r y  to  J a c o b ’s i n t e r p r e t a t i o n  o f  EKA d a ta ,  

a  6 ,4  k m /se c . l a y e r  i s  n o t  r e c o g n is e d  u n d e r  th e  S o u th e rn  U p la n d s ,
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SEISMIC RECORDING

3*1 S e ism ic  A rrays 

3 .1*1 I n t r o d u c t io n

Borg & B ath  (1971) d e f in e d  a  se ism ic  a r r a y  a s  ” th e  one w hich  

c o n s i s t s  o f  a  number o f  se ism o m ete rs  a r ra n g e d  in  a  r e g u la r  g e o m e tr ic  

p a t t e r n ,  w ith  c e n t r a l  r e c o r d in g ,  and  w here th e  s ig n a l s  from  th e  

in d iv id u a l  s e n s o r s  show su ch  s i m i l a r i t y  in  wave shape a s  to  p e rm it an  

ensem ble t r e a tm e n t  11. They s t r e s s e d  on s ig n a l  s i m i l a r i t y  w here r e g u la r  

g e o m e tr ic  p a t t e r n  and  c e n t r a l  r e c o rd in g  can  be d isp e n se d  w ith .

The id e a  o f  u s in g  se ism ic  a r r a y s  o r ig i n a te d  from  th e  re q u ire m e n t to  

m easure v e l o c i t i e s  and  a m p litu d e  a b s o rp t io n  more a c c u r a te ly .  The 

tim e  d i f f e r e n c e s  and a m p litu d e  r a t i o s ,  upon w hich  th e s e  p a ra m e te rs  

a r e  r e s p e c t iv e l y  b a se d , a r e  m ost p r e c i s e ly  m easured  betw een s t a t i o n s  

w ith  i d e n t i c a l  se ism om eters  an d  o v e r  d i s ta n c e s  a t  w hich s ig n a l  

s i m i l a r i t y  i s  r e t a in e d .

Such c o m p ara tiv e  s tu d ie s  hav e  been  done b o th  r e g io n a l ly  and  w o rld ­

w ide by u s in g  re c o rd s  o f  in d e p e n d e n tly  r e c o rd in g  s t a t i o n s .  T h is  

d a te s  back  to  th e  b e g in n in g  o f  th e  a p p l i c a t io n  o f  s e is m ic  p r o s p e c t in g  

te c h n iq u e s  w here th e  n eed  f o r  c lo s e ly  sp aced  se ism o m ete rs  w ith  c e n t r a l  

r e c o rd in g  was o b v io u s .

In  th e  1930s s e v e r a l  i n v e s t i g a t o r s  su g g e s te d  t r i a n g u l a r  a r r a y s  f o r  

m ic ro se ism ic  r e s e a r c h .  F o r c o n tin u o u s  te l e s e i s m ic  r e c o r d in g s ,  th e
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m u l t i - s e n s o r  te c h n iq u e  was a p p l ie d  d u r in g  an d  a f t e r  W orld War I I  by

th e  U .S . Navy f o r  lo c a t in g  an d  t r a c k in g  t r o p i c a l  s to rm s by th e

( i7 )g e n e ra te d  m ic ro se ism s ',->,y. T r ia n g u la r  n e t s  o f  o rd in a ry  se ism o g rap h  

s t a t i o n s  began  to  be u se d  d u r in g  th e  1950s f o r  c o r r e l a t i o n  o f s u r f a c e  

w a v e s  38)^ p a r t i c u l a r l y  a f t e r  th e  developm ent o f  th e  tim e-d o m ain  

p h a se  v e l o c i ty  m ethods f o r  s u r f a c e  waves by P re s s  ( 1956b)

The t e c h n ic a l  p o s s i b i l i t i e s  an d  p rob lem s o f  n u c le a r  t e s t s  w ere 

d is c u s s e d  in  th e  c o n fe re n c e  o f  e x p e r ts  a t  Geneva in  1958 w hich  

r e s u l t e d  in  th e  inv o lv em en t o f  se ism o lo g y  f o r  n u c le a r  t e s t  d e te c t io n #  

T h is  in t ro d u c e d  a  new e r a  in  th e  f i e l d  o f  s e is m ic  a r r a y  te c h n iq u e s .

I t  i s  from  t h i s  c o n fe re n c e  t h a t  th e  term  Geneva—ty p e  s t a t i o n  s te m s , 

i*e. a r r a y  s t a t  io n  ̂  87>40) „

A s e is m ic  a r r a y  was i n s t a l l e d  on S o lis b u ry  P la i n ,  in  F e b ru a ry  19^1, 

t o  t e s t  th e  e f f e c t iv e n e s s  o f  a  p r a c t i c a l  a r r a y .  To t e s t  r e c o r d in g ,

( 4.1 4.2)s h o ts  w ere f i r e d  a t  d i s ta n c e s  o f  100 — 200 k m s '^  A n o th e r a r r a y

was i n s t a l l e d  by th e  U n ite d  Kingdom Atom ic E nergy  A u th o r i ty  (U .K .A .E .A .) 

a t  P o le  M ountain , Wyoming, U .S .A . in  December 1961. R e c o rd in g s  w ere 

made o f  th e  3*5 ^T Gnome n u c le a r  e x p lo s io n  n e a r  C a rlb a d , New M exico 

a t  a  d i s ta n c e  o f  1000 kms. T h is  a r r a y  was d is c o n t in u e d  in  S ep tem ber 

1963  ̂ R e s u lts  from th e s e  two a r r a y s  w ere e n c o u ra g in g  enough

to  p u t in to  p r a c t i c e  th e  id e a  o f  e s t a b l i s h i n g  l a r g e r  an d  more f u l l y  

in s tru m e n te d  a r r a y s  a t  E sk d a lem u ir  in  th e  U n ite d  Kingdom an d  somewhere 

e l s e .  The c o n s tr u c t io n  o f  E sk d a lem u ir s t a t i o n  commenced in  th e  

Autumn o f  1961 and  th e  a r r a y  became o p e r a t io n a l  in  May 1962  ̂^ 3 )#



In  th e  1960s many a r r a y s  w ere i n s t a l l e d  in  d i f f e r e n t  p a r t s  o f  th e

w o rld . D i f f e r e n t  sh ap es  w ere c o n s id e re d  and  t r i e d  su ch  a s

t r i a n g u l a r ,  r e c t a n g u la r ,  c i r c u l a r ,  c ro s s  ( s e m i- c r o s s ) ,  L -sh a p e d ,

. . .  e t c .  An a r r a y  co u ld  he c o n s t i t u t e d  by g ro u p in g  s u b a r ra y s  a s  in

th e  c a se  o f  LASA, n e a r  M ile s  c i t y  in  E a s te rn  M ontana, w here th e  a r r a y

co m p rise s  (21) s u b a r ra y s  o f ( 25) s h o r t  p e r io d  v e r t i c a l  se ism o m ete rs

(44)an d  a  th ree -co m p o n en t s e t  o f  lo n g  p e r io d  se ism o m e te rs ' •

D if f e r e n t  s i z e s  o f  a r r a y s  w ere p r a c t i c e d  a l s o .  ” S iz e "  , h e r e ,  

r e f e r s  to  th e  number o f  th e  a r r a y s  s e ism o m e te rs . T h is  v a r ie d  from  a  

few up to  h u n d red s  o f  se ism o m e te rs . The a r e a  co v ere d  by a n  a r r a y ,  

b e s t  r e f e r r e d  to  s e is m o lo g ic a l ly  a s  th e  " a p e r t u r e ” , v a r ie d  a l s o  from 

few up to  h u n d red s  o f  k i lo m e te r s .

S ig n a ls  from  d i f f e r e n t  s e n s o rs  o f  th e  a r r a y  a r e  u s u a l ly  t r a n s p o r t e d  

in to  a  c e n t r a l  r e c o rd in g  e i t h e r  by c a b le s  o r  th ro u g h  r a d io  l i n k s .

3 .1 .2  A dvantages o f  S e ism ic  A rrays

The a d v a n ta g e s  o f  u s in g  s e is m ic  a r r a y s  can  be g rouped  in  th e  fo l lo w in g :

( 1) C e n tra l  r e c o rd in g  i s  c o n v e n ie n t a s  i t  p ro v id e s  im m ediate  a c c e s s  

to  a l l  r e c o r d s .  T h is  i s  p a r t i c u l a r l y  im p o r ta n t f o r  q u ic k  

p r e l im in a r y  lo c a t io n  o f  a l l  s o r t s  o f  e v e n t s .

(2) S m all a p e r t u r e ,  b ig  s i z e d ,  a r r a y s  p ro v id e  more d e t a i l s  on 

th e  v a r i a t i o n  o f  th e  s lo w n ess  (dT/djk) w ith  e p i c e n t r a l  

d i s t a n c e s .  On th e  o th e r  hand  la r g e  a p e r tu r e  a r r a y s  p ro v id e  

th e  f a c i l i t i e s  f o r  a  c l e a r e r  u n d e r s ta n d in g  o f  th e  E a r t h ’ s 

s t r u c t u r e ,  p a r t i c u l a r l y  th e  E a r t h ’s C ru s t ,  o v e r  l a r g e  a r e a s ,  a t  

l e a s t  th e  a r e a  co v e re d  by th e  a r r a y .  T h e re fo re ,  a r r a y s  a re  

u s e f u l  in  th e  s tu d ie s  o f  b o th  v e r t i c a l  and  l a t e r a l  in h o m o g e n it ie s .
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( 3 ) They a r e  a l s o  u sed  to  d i s t i n g u i s h  betw een n a tu r a l  e a r th q u a k e s  

an d  a r t i f i c i a l  e x p lo s io n s .  They a l s o  p ro v id e  in fo rm a tio n  

a b o u t a z im u th s , e p i c e n t r a l  d i s t a n c e s ,  o r ig i n  tim e s  and  

m ag n itu d es  o f  a l l  s o r t s  o f  e v e n ts .

(4 ) A rra y  te c h n iq u e s  can  be u se d  by U n iv e r s i t i e s  and  R e se a rc h  

C e n t r e s ,  on a  te m p o ra ry  b a s i s  an d  w ith  re a s o n a b le  c o s t s ,  

e s p e c i a l l y  a f t e r  th e  developm ent o f  lo n g -p e r io d  ( lo n g  tim e )  

m u lt ic h a n n e l r e c o rd in g  eq u ip m en ts . (See S e c tio n  3*4)*

( 5) A rra y s  p ro v ed  to  be a  c o n v e n ie n t answ er f o r  one o f  th e  m ost 

awkward prob lem s in  se ism o lo g y , th e  n o is e ,  and  f o r  th e  

d e t e c t io n  o f  weak a r r i v a l s .  A c o n s id e ra b le  amount o f  w ork h a s  

been  p u b lis h e d  on t h i s  s u b je c t .  D i f f e r e n t  te c h n iq u e s  h av e  

been  a p p l ie d ,  a l l  o f  w hich  u t i l i z e  th e  s im p le  f a c t  t h a t  *• by 

in t r o d u c in g  tim e d e la y s  to  com pensate f o r  th e  s ig n a l  

p ro p a g a t io n  tim e  a c r o s s  th e  a r r a y  and  (summing o r  m u l t ip ly in g  

o r  b o th )  th e  o u tp u ts  from  each  s e n s o r ,  an  im provem ent i n  S/N 

r a t i o  i s  o b ta in e d .

I t  sh o u ld  be m en tio n ed , how ever, t h a t  r a p id  advances in  co m p u ter 

te c h n o lo g y  (b o th  an a lo g u e  and  d i g i t a l )  in  th e  l a s t  two d e c a d e s  have 

made p o s s ib le  r a p id  and  a l s o  r e a l - t im e  a r r a y  p ro c e s s in g  n o t  p r e v io u s ly  

f e a s i b l e .

3 .1 .3  A rra y  D ata P ro c e s s in g  T echniques

D if f e r e n t  a r r a y  d a ta  p r o c e s s in g  te c h n iq u e s  have  been d e v e lo p e d  and  

a d a p te d  f o r  d i f f e r e n t  a r r a y s  w ith in  th e  l a s t  decade o r  s o .  A l l  o f  

them aim  to  im prove o u r a b i l i t y  to  e x t r a c t  r e l i a b l e  in fo rm a tio n  from  

th e s e  d a ta  and  a r e  b a se d  upon s ig n a l  s i m i l a r i t y  betw een d i f f e r e n t
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s e n s o r s  f o r  a t  l e a s t  th e  f i r s t  c y c le  o r  few c y c le s .  T h is  r e q u i r e s  

c a r e f u l  c o n s id e r a t io n ,  e s p e c i a l l y  in  d e a l in g  w ith  la rg e  a p e r tu r e  

a r r a y s ,  s in c e  la r g e  d i s ta n c e s  betw een s e n s o rs  m ight in t ro d u c e  c e r t a i n  

g e o lo g ic a l  c o n d i t io n s  (su ch  a s  s e d im e n ta ry  l a y e r in g  a n d /o r  a n i s o t r o p ic  

e f f e c t s )  w hich  w i l l  make t h i s  e x p e c ta t io n  u n l i k e ly .  J a n s so n  &

H usebye ( 1 9 6 8 ) ^ ^ ,  in  t h e i r  d is c u s s io n  o f  th e  a p p l ic a t io n  o f  a r r a y  

d a t a  p ro c e s s in g  te c h n iq u e s  to  SLASA a r r a y s ,  r e p o r te d  t h a t  i f  th e  s ig n a l  

s i m i l a r i t y  i s  n o t m a in ta in e d  o v e r  a  number o f  c y c le s ,  SLASA a r r a y s  

can n o t be u se d  b ecau se  e r r o r s  i n . s t a t i o n  c o r r e c t io n s ,  t r a v e l —tim e  

c u rv e s ,  e t c  make i t  im p o ss ib le  to  d e te rm in e  th e  p ro p e r  tim e  s h i f t s  

n e c e s s a ry  f o r  th e  a r r a y  p r o c e s s in g .

D i f f e r e n t  te c h n iq u e s  can  be g rouped  u n d e r  two h e a d in g s ;

(a )  L in e a r  w hich in c lu d e  fre q u e n c y  f i l t e r i n g  and  a r r a y  sum m ation, 

and  h a s  th e  ad v an tag e  t h a t  no in fo rm a tio n  i s  d e s tro y e d .  The 

m ost commonly u sed  m ethod o f  p ro c e s s in g  th e  o u tp u t o f  a  

U .K .A .E .A . ty p e  a r r a y  h a s  been  d e s c r ib e d  by B i r t i l l  &

W hiteway ( 1 9 ^ 5 ) ^ ^ *  The m ethod i s  to  form  l i n e a r  p a r t i a l  

sums from  each  o f  th e  two a r r a y  l i n e s ,  m u l t ip ly  th e s e  to g e th e r  

and  a v e ra g e  th e  o u tp u t w ith  e i t h e r  a  sq u a re  o r  e x p o n e n t ia l  

window f o r  1 — 2 S .  The l i n e a r  sums p re s e rv e  th e  s ig n a l  

w aveshape and th e  c o r r e l a t o r  o u tp u t  p ro v id e s  an  im proved S/N 

r a t i o .  T h e re fo re  l i n e a r  p r o c e s s in g  i s  p r e f e r r e d  in  th e  c a se  

o f  in c o h e re n t  n o i s e .  W iech ert e t  a l  ( 1 9 6 7 ) ^ ^  s u g g e s t  t h a t  

background  n o is e  i s  l a r g e l y  in c o h e re n t  a t  s h o r t  p e r io d s  i f  th e  

a r r a y  s i t e  i s  r e l a t i v e l y  q u ie t  and  th e  sp a c in g  betw een th e  

d i f f e r e n t  s e n s o rs  i s  l a r g e .  W ilson  ( 1967) ^ ^  r e p o r te d  t h a t



in  th e  c a se  o f  in c o h e re n t  n o is e ,  s im p le  summing o f  th e  o u tp u t  

o f  d i f f e r e n t  s e n s o rs  s c a t t e r e d  o v e r  an  a r e a  w ith  d im en sio n s  o f  

a  few k i lo m e te r s  sh o u ld  in c re a s e  S/N r a t i o  by n , w here n 

i s  th e  number o f  se ism o m e te rs .

N o n -L in e a r  m ethods, such  a s  c r o s s - c o r r e l a t i o n .  These m ethods 

a r e  u s u a l ly  u se d  i f  th e  n o is e  i s  c o h e re n t ,  and  have th e  

d is a d v a n ta g e  o f  d i s t o r t i n g  th e  s i g n a l .  N e v e r th e le s s ,  n o n - l i n e a r  

m ethods have been  w id e ly  u se d  f o r  th e  enhancem ent o f  S/N r a t i o  

i n  th e  p a s t  f i f t e e n  y e a r s  o r  s o .  T hese m ethods im ply  a p p r o p r ia te  

p h a s in g  and  a t t e n u a t in g  th e  n o is e  w hich  w i l l  be s u b t r a c t e d  to  

p ro d u ce  an  enhanced  s i g n a l .  I t  sh o u ld  be n o te d , how ever, t h a t  

th e  a p p r o p r ia te  p h a s in g  v a r ie s  w ith  th e  d i r e c t io n  o f  a r r i v a l .

An o u ts ta n d in g  te c h n iq u e  w hich h a s  been  d is c u s s e d  and  u s e d  by 

d i f f e r e n t  a u th o r s ,  i s  known a s  11 V e lo c i ty  F ilte r in g * *  o r  

** Frequency-W avenum ber F i l te r in g * *  • (See S a v i t  e t  a l  ( 1 9 5 8 ) ^ ^  

an d  B ath  ( 1 9 7 4 ) ^ ^  PP 265 — 269* T h is  te c h n iq u e  i s  b a sed  on 

th e  f a c t  t h a t  a l th o u g h  n o is e  i s  c o h e re n t ,  i t  c ro s s e s  th e  a r r a y  

w ith  d i f f e r e n t  v e l o c i ty  w hich i s  u s u a l ly  l e s s  th a n  th e  v e l o c i ty  

o f  th e  d e s i r e d  s i g n a l .

M uirhead  & D a tt ( 1 9 7 6 ) ^ ^  d is c u s s e d  w hat i s  known a s  th e  

n o n - l i n e a r  Nth ro o t  m ethod, which was s u g g e s te d  e a r l i e r  by 

M uirhead ( 1968a )  ^ o ) .  i ^ e m ethod i s  b ased  on ta k in g  th e  Nt h  

r o o t  o f  th e  s e n s o r  o u tp u ts  (w ith  th e  s ig n  p re s e rv e d )  b e fo re  

p h ased  summing. The a u th o rs  co n d u c ted  t h e i r  n u m e ric a l 

e x p e rim e n ts  on s y n th e t i c  s ig n a l s  and  n o is e .  However, th e y  

b e l ie v e d  t h a t  f o r  e v en t d e t e c t io n ,  t h i s  p ro c e s s  is  much b e t t e r  

a t  h a n d l in g  n o n -G au ssian  n o is e  an d  i s  o n ly  v e ry  m a rg in a lly  w orse
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th a n  l i n e a r  p ro c e s s in g  when i t  i s  G a u ss ia n . F o r  e v e n t p r o c e s s in g  

th e y  r e p o r te d  th e  ad v an tag e  o f  s u p p re s s io n  o f  s e c t io n s  o f  th e  

r e c o rd  w here th e  S/tJ r a t i o  i s  low e n a b l in g  more p r e c i s e  a z im u th  

and  s lo w n ess  m easurem ents to  be made.

I y e r  ( 1968) ^ ^  co n c lu d ed  t h a t  U .K. m ethods o f  a r r a y  p r o c e s s in g  

a r e  seen  to  be  e q u iv a le n t  to  s im p l i f i e d  F o u r ie r  tra n s fo rm s  in  

w ave-num ber s p a c e . The te c h n iq u e  o f  m u l t ip ly in g  a r r a y  d a t a  by a  

F o u r ie r  o p e r a to r  and  i n t e g r a t i n g  i s  shown to  be a  s im p le  an d  e f f e c t i v e  

way o f  com puting  fre q u e n c y  wave number s p e c t r a  o f  sp ace  tim e  s i g n a l s .

3 .2  The E sk d a lem u ir S e ism o lo g ic a l S ta t io n  

3»2.1 I n t r o d u c t io n

In  th e  y e a r  1959» th e  U n ite d  Kingdom A tom ic Energy A u th o r i ty  began a  

program  f o r  d e t e c t io n  and  i d e n t i f i c a t i o n  o f  n u c le a r  e x p lo s io n s .  A 

G eneva-type  s t a t i o n ,  r e f e r r e d  to  l a t e r  a s  a  U .K .A .E .A .- ty p e , was f i r s t  

i n s t a l l e d  in  S a l i s b u r y  P la in  in  e a r ly  1961> fo llo w e d  by a  l a r g e r  

s t a t i o n  a t  P o le  M ountain in  th e  same y e a r .  E x p e rien ce  from  th e s e  

a r r a y s  was s u f f i c i e n t l y  p ro m is in g  to  s u p p o r t th e  e s ta b l is h m e n t  o f  

l a r g e r ,  more f u l l y  in s tru m e n te d  a r r a y s  a t  E sk d a lem u ir , s o u th  o f  

S c o tla n d ;  Y e llo w k n ife , C anada; G a u r ib id a n u r , I n d ia  an d  a t  Tennent 

C reek , A u s t r a l i a .  v

Each a r r a y  c o n s i s t s  o f  two p e r p e n d ic u la r  l i n e s  o f  te n  v e r t i c a l  

component se ism o m eters  sp a c e d  a t  0 .8 96 km in  th e  c a se  o f  E sk d a lem u ir 

and  2 .5  km f o r  th e  o th e r s .  F u l l  d e s c r ip t i o n  o f  s i t e s ,  s t a t i o n  d e s ig n , 

in s t r u m e n ta t io n  and  o p e r a t io n  f o r  th e s e  a r r a y s  i s  a v a i l a b l e  in  

L i t e r a t u r e  F o r  E sk d a lem u ir , se e  T r u s c o t t  (19 6 4 -5 )
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The d e s ig n  o f  any s e is m ic  a r r a y  w i l l  depend m a in ly  on th e  in te n d e d  u se

( 52)o f  t h a t  a r r a y ,  H aubrich  (1968) '  d e s c r ib e d  th e  p rob lem  o f  a r r a y

d e s ig n  i n  two s t e p s :  ( a )  th e  number o f  se ism o m eters  and  w here th e y

sh o u ld  be p la c e d ,  and (b )  w hat p r o c e s s in g  scheme s h o u ld  be a p p l ie d  to  

th e  o u tp u t  d a t a .

The c h o ic e  o f  a  s u i t a b l e  s i t e  sh o u ld  be th e  b e s t  com prom ise betw een  

many r e q u ire m e n ts .  F i r s t  o f  a l l  th e  s i t e  sh o u ld  be away from  a l l  

n o is e  s o u r c e s ,  good c o u p lin g  a t  a l l  se ism o m eter p i t s  sh o u ld  be 

a c h ie v e d  and  th e  g eo lo g y  o f  th e  s i t e  sh o u ld  be homogeneous and  

u n c o m p lic a te d  by m a jo r e l a s t i c  d i s c o n t i n u i t i e s .  A c c e s s i b i l i t y  and  

lo c a l  to p o g rap h y  a l s o  s h o u ld  be c o n s id e re d .  The s p a c in g  betw een  

d i f f e r e n t  se ism o m e te rs , t h e i r  c o n f ig u r a t io n  and  th e  a p e r tu r e  o f  th e  

a r r a y  a r e  m a in ly  c o n t r o l le d  by th e  s o r t  o f  e v e n ts  we a r e  i n t e r e s t e d  i n ,  

and  th e  b ackg round  n o is e  o f  th e  a r e a  o f  th e  a r r a y .

T ru s c o tt  ( 1964—5) ^ ^  r e p o r te d  t h a t  th e  s i t e  a t  E sk d a lem u ir h a s  been  

chosen  to  f u l f i l  th e  fo l lo w in g  r e q u ire m e n ts :—

(1) I t  sh o u ld  n o t be c l o s e r  th a n :

a )  1 0 .m ile s  to  th e  s e a

b) 5 m ile s  to  any r a i lw a y  l i n e

c )  1 m ile  to  any *,AM c l a s s  o r  w e l l -u s e d  11 Bn c l a s s  r o a d s .

(2) To be f r e e  from la r g e  num bers o f  t r e e s  o r  woods; s c a t t e r e d  

in d iv id u a l  t r e e s  b e in g  a c c e p ta b le .  R iv e rs  and  s tre a m s  m ust 

n o t  be n e a r  p o s s ib le  p i t  l o c a t io n s .

(3 ) C on tou rs  to  p e rm it s i t i n g  o f  p i t s  w i th in  + 200 f t  (61 m) o f  a  

mean l e v e l .

(4 ) C ab les  to  be b u r ie d  b u t n o t n e c e s s a r i l y  d i r e c t l y  r o u te d .
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(5 ) S e rv ic e  f a c i l i t i e s  o f  e l e c t r i c a l  pow er, te le p h o n e  an d  w a te r  to  

he a v a i l a b l e .

(6 )  Good a c c e s s  by ro a d  to  re c o rd in g  l a b o r a to r y .

3 .2 .2  G en era l D e s c r ip t io n  o f  th e  A rray

The a r r a y  i s  s i t e d  on L lan d o v ery  ro c k s  o f  S i l u r i a n  age (Lower P a la e o z o ic ) , 

i s o c l i n a l l y  f o ld e d ,  h ig h ly  c le a v e d  and  com pacted b u t no metam orphism  

i s  e v id e n t on th e  s u r f a c e .  Atypical ro c k  ty p e s  a r e  f r i t s ,  s h a le s ,  

m u dstones, g reyw ackes and  c o n g lo m e ra te s . When th e  s i t e  was f i r s t  

ch o sen , m ost o f  i t s  la n d  was u sed  f o r  sh eep  fa rm in g . Few y e a r s  

a f t e r  s e v e r a l  p r iv a t e  com panies and  th e  F o r e s t r y  Commission have  

a c q u ire d  p a r t s  o f  th e  la n d  w hich  have now become s u b je c t  to  

a f f o r e s t a t i o n  p ro g ram s.

The a v e ra g e  a n n u a l r a i n f a l l  i s  2*54 m e te rs  and  th e  t e r r a i n  h a s  an 

i r r e g u l a r  n e tw o rk  o f  d ra in a g e  d i t c h e s  and f o r e s t r y  r o a d s .

The n o is e  a t  th e  s i t e  h a s  been  r e p o r te d  to  be r e l a t i v e l y  low an d  to  

v a ry  betw een  3 and  20 mm f o r  th e  1—3 C/S band  depend ing  on w e a th e r  

c o n d i t i o n s ' ^ .  T ru s c o t t  (1964—5 ) ^ ^  r e p r e s e n te d  th e  background  

n o is e  a t  th e  s i t e  u n d e r  t y p i c a l  c o n d i t io n s  in  F ig .  (3—1)*

The co m p le te  i n s t a l l a t i o n  co m p rises  an  a r r a y  o f  20 se ism o m e te rs , 

r e c o rd in g  la b o r a to r y  and  s e is m o lo g ic a l  v a u l t .  The a r r a y  c o n s i s t s  

o f  tw o, a lm o s t ,  s t r a i g h t  l i n e s  o f  e s p e c i a l l y  c o n s tru c te d  p i t s  

e x c a v a te d  down to  w e ll  c o n s o l id a te d  ro c k , l e v e l l e d  o f f  w ith  a  

6 - in c h e s  t h i c k  c o n c re te  l a y e r  w here a  c y l i n d r i c a l  s t e e l  s h e l l ,
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covered, by a  f i b r e  g la s s  l i d  w ith  in v e r t e d  U -band v e n t s ,  i s  p la n te d  

u p r ig h t  to  ho u se  th e  se ism om eter*  E very  p r e c a u t io n  h a s  b een  ta k e n  

to  p r e v e n t  th e  p i t s  from  w a te r  d r a in a g e .

The two l i n e s  i n t e r s e c t  a t  r i g h t  a n g le s ,  see  F ig*  (3 -2 )  an d  F i g .  (3 -3 )»  

fo rm in g  a  s e m i-c ro s s  w ith  an  a p e r tu r e  o f  a b o u t 10 km. T here  a r e  e le v e n  

e q u i d i s t a n t  p i t s  on each  l i n e ,  sp aced  a b o u t O .896  km, m aking a  t o t a l
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PIT CARTESIAN COORDINATES 
X (KM) Y

SEISMOMETER
TYPE

ELEVATION
(METERS)

CP 0 .0 0 0 0.000 305 .0

B1 - 1 .049 - 2.659 / \ 274 .7
B2 -0*717 - 1.829 313 .2

B3 - 0.521 - 0.952 31 2 .4

B4 -O .O 56 -0 .1 6 8 2 9 8 .9

B5 0 .2 7 6 0 .6 6 2 310.1

B6 0 .6 0 6 1 .493 337 .7

B7 0 .9 3 7 2 .3 2 3 4 3 6 .2

B8 1*313 3.281 2:H- 4 0 5 .4

B9 1 .598 3 .9 8 4 3O 3 98 .0

B10 1 .929 4 .8 1 5 <D 3 2 7 .4
B11 2 .260 5 .6 4 5 ¥ 3 42 .9

Sr
M

R1 -1 .1 7 4 0 .471 yH 355.7
R2 -0 .3 4 2 0 .1 3 6 3 49 .8

R3 0.489 -0 .1 9 9 321 .6

R4 1.320 -0 .5 3 4 3 37 .7

R5 2.151 -O .869 306.9
R6 2.983 -1 .2 0 4 3 9 5 .5

R7 3 .8 1 4 -1 .5 3 9 348 .6

R8 4 .6 4 5 -1 .8 7 4 4 1 9 .5

R9 5 .477 -2 .2 1 0 428.6
R10 6.308 -2 .5 4 5 3 8 3 .4
R11 7.140 -2 .8 8 0 \ r 35 0 .4

C ro s s -o v e r  P o in t (C P): 55 19 ' 59*48° N )
03 09* 31 .52  W ) Gr:iL(i r e f e r e n ce NT 265050

T ab le  ( 3- 1) C a r te s ia n  c o o rd in a te s  o f  d i f f e r e n t  p i t s  
w ith  r e s p e c t  to  CP -  E sk d a lem u ir A rray



l e n g th  o f  a b o u t 9 km. P i t s  number (10) on each  arm a r e  n o t  

in s tru m e n te d  now. S eism om eters w ere rem oved to  p i t s  (1 1 ) a  

few y e a r s  a g o . The two l i n e s  w ere r e f e r r e d  to  a s  ** RED ** f o r  

th e  NW-SE l i n e  and  11 BLUE ** f o r  th e  o th e r .  The maximum a l t i t u d e  

d i f f e r e n c e  betw een one p i t  and  th e  n e x t i s  ( 99) m e te rs  f o r  th e  b lu e  

a n d  (89) m e te rs  f o r  th e  r e d .  The p i t  c o o rd in a te s  and  e l e v a t i o n s  a r e  

g iv e n  in  t a b l e  (3 -1 ) •

3 .2 * 3  In s tru m e n ta t io n  and  R eco rd in g

Each p i t ,  a p a r t  from R ^  an d  B^q , i s  in s tru m e n te d  w ith  a  v e r t i c a l  

W illm ore Mk I I  s h o r t  p e r io d  se ism o m ete r, a d ju s te d  to  a  n a t u r a l  p e r io d  

o f  one seco n d  and  dam ping f a c t o r  o f  0 .6 ,  a  te le m e try  s e n d e r  u n i t  

w hich c o n ta in s  a  p r e a m p l i f i e r ,  an  a m p litu d e  m odu la ted  (am) to n e  

m o d u la to r , c a l i b r a t i o n  c i r c u i t s ,  f i l t e r s ,  v o l ta g e  s t a b i l i s e r s  and  l i n e  

d r i v e r  c i r c u i t s .  A s e p a r a te  u n i t  c o n ta in s  l i g h tn in g  p r o t e c t io n  

c i r c u i t s .  Power f o r  th e  se n d e rs  i s  f e d  from  th e  s t a t i o n  la b o r a to r y  

v i a  th e  te le m e tr y  t r a n s m is s io n  c a b le s .

In  th e  y e a r  1970j new c a b le s  (known a s  s p i r a l  4 ) and  Mk I I  am to n e  

system  w ere i n s t a l l e d  to  rcpLace th e  o ld  m u l t i—co red  c a b le s  known 

a s  th e  de sy stem  and th e  Mk I  sy s tem . W ith th e  new sy s te m , f re q u e n c y  

m u l t ip le x in g  i s  u sed  to  t r a n s m i t  two am to n e s  a lo n g  one c a b le  

c o r re s p o n d in g  to  two se ism om eters*  o u tp u t .  F o r a  d e t a i l e d  d e s c r ip t io n  

o f  th e  te le m e tr y  system s and  t h e i r  c h a r a c t e r i s t i c s ,  s e e  ( 18) .

The r e c o rd in g  s t a t i o n  i s  a  s in g l e  s to r e y  b r ic k  b u i ld in g  w hich  c o n ta in s  

th e  m ain la b o r a to r y ,  b a t t e r y  room, s to r e  room, o f f i c e ,  . . .  e t c .  

E l e c t r i c a l  pow er, te le p h o n e  an d  w a te r  a r e  a v a i l a b l e .  S hou ld  power
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c u ts  o c c u r ,  a  s ta n d b y  d i e s e l  pow ered a l t e r n a t o r ,  housed  in  th e  

a d ja c e n t  g a ra g e , i s  a u to m a t ic a l ly  b ro u g h t i n to  o p e r a t io n .

The m ain r e c o r d e r  i s  a  24—tr a c k  EMI TD 516 d e c k . The 24 t r a c k s  a r e  

o b ta in e d  by u s in g  two 12—t r a c k  r e c o rd  h e a d s  w ith  th e  h e a d s  m ounted so  

t h a t  th e  t r a c k s  i n t e r l a c e .  One t r a c k  i s  u se d  f o r  th e  s t a t i o n  c lo c k  

co de , two f o r  e r r o r  c o r r e c t io n ,  one f o r  th e  s t r o n g  m otion  se ism o m ete r 

(w hich i s  s i t u a t e d  in  th e  v a u l t )  and  th e  re m a in in g  tw en ty  f o r  th e  

a r r a y  se ism o m e te rs . Incom ing s ig n a l s  a r e  a m p li f ie d ,  f i l t e r e d  

(low  p a r s  15C/S c u t - o f f )  and  f re q u e n c y  m o d u la ted .

One in c h  (2 .5 4  cm) w id th  p o ly e s t e r  b a se  m a g n e tic  t a p e s ,  7200 f e e t  

(2194*5 m) lo n g , a r e  u se d  f o r  r e c o r d in g .  Tapes a r e  u s u a l l y  m ounted 

on 14 in c h e s  (35*56 cm) r e e l s .  R eco rd in g  sp eed  i s  0 .3  i n . / s e c .  

(0 .7 6 2  c m /s e c . ) ,  g iv in g  a  re c o rd in g  tim e  o f  80 h o u r s .  The c a r r i e r  

fre q u e n c y  i s  270 c /S  w ith  a  peak  d e v ia t io n  o f  33§$>.

The c lo c k —c o d e r  in  u se  h a s  been  d e s ig n e d  and  d ev e lo p ed  a t  AWRE, 

B la c k n e s t.  The u n i t  h a s  a  f a s t  warm up c r y s t a l  o s c i l l a t o r  w hich  

o p e ra te s  a t  5 MHrr* I t  ta k e s  o n ly  30 m in u tes  to  re a c h  i t s  s p e c i f i e dLi
-  9 0a c c u ra c y  o f  l e s s  th a n  + 1 p a r t  in  10 p e r  C. The c o d e r  g e n e r a te s

a  f a s t  code in  V ela fo rm a t .  The o u tp u t from  th e  c lo c k —c o d e r  i s

re c o rd e d  in  a  form  w hich g iv e s  1 s e c . ,  10 s e c .  and 1 m in . m a rk e rs ,

to g e th e r  w ith  a  code one p e r  m inu te  w hich  d e s c r ib e s  th e  a b s o lu te  tim e

in  d a y s , h o u rs  and  m in u te s .

A c o r r e l a t o r  system  i s  a v a i l a b l e  a t  th e  la b o r a to r y  and  i s  u se d  to  

p roduce th e  r e p la y  o f  8 c h a n n e ls  from th e  s h o r t  p e r io d  t a p e  deck 

on to  a  p a p e r  c h a r t  r e c o r d e r .  The summed o u tp u t o f  th e  8 c h a n n e ls  

w ith  a u to m a tic  g a in  c o r r e c t io n  and  a l s o  a  c r o s s —c o r r e l a t i o n  o u tp u t i s
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t h e r e f o r e  o b ta in a b le  f o r  any  e v e n t o f  i n t e r e s t *

Tapes a r e  c o l l e c t e d  and  t r a n s p o r te d  m onth ly  to  B la c k n e s t to  be f i l e d  

an d  s to re d *  P ro c e s s in g  f a c i l i t i e s  a r e  a v a i l a b l e  th e r e  w here d e t a i l e d  

a n a l y s i s  o f  s e le c te d  e v e n ts  a r e  c a r r i e d  ou t*  A lso  p la y -b a c k  f a c i l i t i e s  

a r e  a v a i l a b l e  a t  I .G .S . ,  E d inbu rgh  and  e lsew h ere*

3 .3  LOWNET

This i s  a  perm anent r a d io - l in k e d  s h o r t - p e r io d  s iesm o m eter n e tw o rk  

o p e r a t in g  in  th e  c e n t r a l  o f  S c o tla n d  (M id land  V a lle y )  an d  r e c o rd in g  

on an  a n a lo g u e , 2*54 cm (1 in c h )  m ag n e tic  t a p e .  The n e tw o rk  h as  been  

p a r t i a l l y  o p e ra t in g  s in c e  Ja n u a ry  1969 anc  ̂ f u l l y  s in c e  S ep tem ber o f  

th e  same y e a r .  At p r e s e n t ,  i t  c o n s i s t s  o f  seven  v e r t i c a l  W illm ore 

Mark I I  se ism o m e te rs , p la c e d  on h ig h  g round  w ith  l i n e  o f  s i g h t  to  th e  

R oyal O b se rv a to ry , E d in b u rg h , w here th e  r e c o rd in g  ta k e s  p l a c e .  A 

th ree -co m p o n en t s e t  o f  se ism o m eters  i s  lo d g e d  in  th e  O b se rv a to ry  

V a u lt EDI, s e e  F ig  (3—3)*

The n e tw o rk  i s  u se d  m a in ly  f o r  (a )  tim e—te rm  r e f r a c t i o n  s t u d i e s  o f  

t h e  c r u s t a l  s t r u c t u r e  in  c e n t r a l  S c o tla n d ,  (b ) f o r  m o n ito r in g  th e  

m in o r s e is m ic  a c t i v i t i e s  w hich  have been  r e p o r te d ,  in  th e  a r e a ,  a s  

e a r l y  a s  th e  e ig h te e n th  an d  n in e te e n th  c e n t u r i e s ,  se e  D avison  

( 1 9 2 4 ) ^ ^  sh*! c o n t in u in g  in to  th e  tw e n t ie th  c e n tu ry ,  s e e  D o l la r  

( 1 9 5 0 ) ^ ^  Crampin and  W illm ore (1 9 7 3 )^ * ^  an d  (c )  th e  ne tw ork  

c o u ld  be u se d  a s  an  a r r a y  o f 100 km a p e r tu r e  to  d e te rm in e  a p p a re n t 

v e l o c i t i e s  and  az im u th s  o f  t e l e s e i s m s .

Crampin e t  a l  ( 1 9 7 0 ) ^ ^  gave a  d e t a i l e d  d e s c r ip t io n  o f  LOWNET, 

eq u ip m en t, s i t e s  and  th e  r e s u l t s  o f  a  s tu d y  o f  some e x p lo s io n s  and
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n a t u r a l  e v e n ts  re c o rd e d  on th e  n e tw o rk , se e  S e c t io n  (2*4}* A 

com puter program  •• FAMG ** i s  u sed  to  d e te rm in e  th e  e p i c e n t r e ,  d e p th , 

m agn itude  and  t r a v e l  tim e  o f  any ev e n t re c o rd e d  by th e  n e tw o rk , s e e  

Crampin ( 1 9 7 0 ) ^ ^  and  Creunpin ( 1 9 7 3 ) ^ ^ *

3*4 B roughton  S e ism ic  A rray  

3*4*1 I n t r o d u c t io n

R e s u lts  from  lo c a l  e v e n ts  r e c e iv e d  a t  EKA, se e  C h ap te r I I ,  show an  

a z im u th a l s h i f t  v a ry in g  in  s ig n  and  m agn itude  and  v a r i a t i o n s  i n  

a p p a re n t v e l o c i ty  in  b o th  d i r e c t i o n  and  d is ta n c e *  R e s u l ts  from  EKA 

c lo s e  s h o t s ,  see  C h ap te r I ,  i n d i c a te  an  a z im u th a l v e l o c i ty  v a r i a t i o n  

in  th e  v i c i n i t y  o f  E sk d a lem u ir .

R e s u lts  from  an  a r r a y  so u th  o f  th e  S o u th e rn  U plands F a u l t ,  n e a r  th e  

tcwn o f  B ig g a r , w ould h e lp  to  d e f in e  th e  fo l lo w in g  f a c t o r s :

(1 ) S e e in g  w a v e fro n ts  d i f f e r e n t l y  a f f e c t e d  by p o s s ib le  a n i s o t r o p y  

th a n  th o s e  f o r  th e  same e v e n ts  a t  EKA, d e t a i l s  in  C h a p te r  ^ t l .

(2 ) S tu d y in g  th e  a p p a re n t v e l o c i t i e s  from  th e  same s o u rc e s  a t  

d i f f e r e n t  d is ta n c e s  and  azim u ths*

(3 ) The n e a r e s t  l i k e l y  g e o lo g ic a l  f a c t o r  to  EKA i s  th e  l i n e  o f  

S*U* f a u l t .  I f  th e  b lo c k  to  th e  n o r th  o f  th e  f a u l t  h a d  a  

v e l o c i ty  o f  6*0 km /sec* and  t h a t  to  th e  so u th  a  5*6 k m /se c* , 

th e n  15°  ra y  r e —o r i e n t a t i o n  c o u ld  be e x p e c te d  a t  c r i t i c a l  a n g le  

r e f r a c t i o n .  A p p aren t r e - o r i e n t a t i o n  o f  t h i s  amount o c c u r ,  

how ever, a t  n e a r e r  no rm al th a n  p a r a l l e l  in c id e n c e .  The 

p ro p o se d  a r r a y  w i l l  r e c e iv e  a s  c r i t i c a l  a n g le  r e f r a c t i o n s ,  from  

s o u rc e s  to  th e  NE an d  c lo s e  to  t h e  n o r th  s id e  o f  th e  f a u l t .
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( 4 ) We a l s o  hoped to  tim e  th e  b l a s t s  a t  th e  s o u rc e s ,  s e e  C h a p te r  IV,

and  th u s  a c h ie v e  a s  a c c u r a te  o r ig i n  t im e s  and  lo c a t io n s  a s  

p o s s i b l e .

3 .4 * 2  D e s c r ip t io n  o f  S i t e  and  S ta t io n  L ayout

T hree s i t e s  w ere c o n s id e re d  f o r  th e  l o c a t io n  o f  a  tem p o ra ry  s e is m ic

a r r a y  i n  th e  a r e a  so u th  o f  th e  town o f  B ig g a r .  The m ain f a c t o r s

w hich  c o n t r o l l e d  th e  s e a rc h  f o r  a  s u i t a b l e  s i t e  w e re :-

( 1 ) The number o f  th e  s e n s o r s  w i l l  be n in e  v e r t i c a l ,  s h o r t - p e r io d

se ism o m e te rs , a r r a n g e d  on two 3 -6  km lo n g  p e rp e n d ic u la r  s t r a i g h t  

l i n e s ,  fo rm ing  e i t h e r  a  s e m i-c ro s s  o r  a  T o r  I^-shaped a r r a y  an d  

p r e f e r a b ly  w ith  one se ism om eter common to  b o th  l i n e s .

(2 ) One o f  th e  l i n e s  i s  to  ru n  p a r a l l e l  to  th e  s t r i k e  o f  th e  ro c k s

in  th e  a r e a  (ab o u t 40° 3^°) •

(3 ) R eco rd in g  i s  to  be c e n t r a l  where th e  r e c o rd in g  d e v ic e  w i l l  be 

lo d g e d  in  a  w e l l - s e c u re d  p la c e  (b a se  s t a t i o n )  and a l l  th e  o th e r  

s t a t i o n s  w i l l  be co n n e c te d  to  i t  by r a d io ,  a p a r t  from  th e  n e a r e s t  

o n e , w hich m ight be co n n ec ted  by c a b le .  T h e re fo re , a  l i n e  o f  

s ig h t  from  ev e ry  o u t s t a t i o n  to  th e  b a se  sh o u ld  be a c h ie v e d .

(4 ) H e ig h t d i f f e r e n c e s  betw een se ism o m eters  n o t  to  be l a r g e .

(5 ) A l l  se ism o m eters  sh o u ld  be on g e o lo g ic a l ly  homogeneous ro c k  

and  c o u p led  to  i t ,  away from  n o is e  s o u r c e s ,  e a s i l y  a c c e s s i b l e  

and  s e c u re d  a g a in s t  v a n d a lism .

(6 ) P e rm iss io n  to  be p e rm i t te d  by th e  la n d -o w n ers  f o r  a c c e s s  to  

t h e i r  la n d .

(7) The a r r a y  w i l l  be u se d  m a in ly  to  r e c o rd  lo c a l  e v e n ts  (q u a r ry  

b l a s t s  and  n a t u r a l  e v e n ts )  a t  d i f f e r e n t  d i s ta n c e s  and  az im u th s  

and  o r ig i n a t i n g  m ain ly  in  th e  S o u th e rn  U plands and th e



M idland  V a lle y .

The a r e a  a ro u n d  B roughton v i l l a g e  was fo u n d  to  be th e  b e s t  compromise 

betw een  a l l  th e s e  re q u ire m e n ts  and  was f i n a l l y  s e l e c t e d ,  s e e  map o f  

F i g .  ( 3 - 3 ) .

S i t e  D e s c r ip t io n

The a r r a y  was s i t e d  on greyw ackes and  s h a le s  o f  O rd o v ic ia n  (U pper 

L la n d e i lo  -  C aradoc) a g e . These ro c k s  form  a  p a r t  o f  w hat i s  

g e o lo g ic a l ly  known a s  th e  N o rth e rn  B e lt  o f  th e  S o u th e rn  U p lan d s , w hich 

i s  made up o f  t h i c k  greyw acke s u c c e s s io n s  th in n in g  in  a  s o u th - e a s te r ly  

d i r e c t i o n ,  and  a s s o c ia t e d  w ith  Upper L la n d e ilo  o r  C a rad o c ian  

v o l c a n i c i t y ,  s e e  W alton ( 1961) ^ ^ .  At o u tc ro p ,  th e s e  ro c k s  a r e  

w e l l  com pacted , s te e p ly  d ip p in g  ( g e n e r a l ly  SE) and  unm etam orphosed* 

T y p ic a l ro c k  ty p e s  a r e  g rey w ack es, s h a l e s ,  c o n g lo m e ra te s , g r i t s ,  

s a n d s to n e s  an d  l im e s to n e s .

The a l t i t u d e  o f  th e  se ism o m eter p i t s  v a r ie d  betw een 259 m an d  

34-6.5 nu M ost o f  th e  g round  i s  u se d  f o r  sh eep  p a s tu r e .  T here a r e  

few t r e e s  an d  l i t t l e  o f  th e  la n d  i s  u se d  f o r  a g r i c u l t u r a l  p u rp o s e s .

The g ro u n d  i s  c ro s s e d  by an  i r r e g u l a r  n e tw o rk  o f  d ra in a g e  d i t c h e s  

an d  l i t t l e  s tre a m s  w hich jo i n  th e  R iv e r  Tweed. A ll se ism o m ete rs  

w ere k e p t a t  c o n s id e ra b le  d i s ta n c e s  from  d ra in a g e  d i t c h e s  and  s tream s 

to  m in im ise  th e  n o is e  e f f e c t .  S e ism ic  n o is e  so u rc e s  a r e  l i t t l e  and 

th e  s i t e  can  be f a i r l y  d e s c r ib e d  a s  ** q u ie t  •*.
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A rray  L ayout and  P i t  C o n s tru c tio n

The id e a  was to  i n s t a l l  a l l  se ism o m eters  on b ed ro ck , p r e f e r a b ly  on 

two p e r p e n d ic u la r  s t r a i g h t  l i n e s  and  w ith  e q u a l sp ac in g 3  betw een 

se ism o m e te rs . C o n d it io n s , how ever, w ere n o t  fa v o u ra b le  s in c e  p e a t 

an d  b o u ld e r  c la y  sed im en ts  w ere up to  a  few f e e t  t h i c k  in  some p la c e s .  

T h e re fo re ,  some p i t s  w ere moved from  th e  o r i g i n a l  p ro p o se d  s i t e s  f o r  

th e  se ism o m ete rs  to  be on b ed ro ck  and on l i n e  o f  s ig h t  w ith  th e  

b ase  s t a t i o n  to  e n su re  r a d io  c o n n e c tio n .

N ine se ism o m eters  w ere a v a i l a b l e  w ith  e ig h t  r a d io  l i n k s  w h ich  a llo w ed  

th e  i n s t a l l a t i o n  o f  e ig h t  se ism o m eters  on tw o , a lm o st s t r a i g h t ,  l i n e s  

i n t e r s e c t i n g  a t  th e  p o in t  w ith  NG c o o r d in a te s  o f  (3 1 3 .4 2 /6 3 5 * 3 2 ) and 

m aking a  JO0 a n g le ,  see  F ig .  These se ism om eters  w ere co n n ec ted

by r a d io  to  th e  re c o rd in g  b a se  s t a t i o n ,  w hich  was i n s t a l l e d  on 

D reva C ra ig  H i l l .  A P o s t O f f ic e  E n g in e e rs  t e n t  was borrow ed and u se d  

to  house  th e  r e c o rd e r  (G e o s to re ) .  The n in t h  se ism om eter was p la c e d , 

o f f  b o th  l i n e s ,  a t  D reva C ra ig , some JO m from  th e  G eo sto re  an d  

co n n ec ted  to  i t  by c a b le .  The l i n e s ,  r e f e r r e d  to  a s  ,,S It and  t?N M 

f o r  p a r a l l e l  and  norm al to  s t r i k e  r e s p e c t iv e l y ,  w ere o f  le n g th s  o f  

6 .2 0  km f o r  th e  f i r s t  (m easured  from  th e  c r o s s - o v e r  p o in t  i . e .

S,. — CP) and  6 .1 0  km f o r  th e  second  i . e .  (N^ — N ^). Maximum s p a c in g  

and  a l t i t u d e  d i f f e r e n c e s  betw een two s u c c e s s iv e  se ism o m eters  w ere 

1 .77  kro an d  0 .0 8  km f o r  S - l i n e  and  2 .8 7  km and  0 .1 6  km f o r  N - l in e ,  in  

r e s p e c t iv e  o r d e r .  The lo c a t io n ,  h e ig h t  and  c o o rd in a te s  o f  each  

se ism o m eter a r e  g iv e n  in  t a b l e  ( 3 - 2 ) .

P i t s  w ere ex ca v a ted  th ro u g h  t o p s o i l  down to  b ed ro ck , l e v e l l e d  o f f  

w ith  cem en t, 10-20 cm t h i c k .  A w a ll  was b u i l t  a round  each  p i t  and
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wooden b o a rd s  w ere u sed  to  c o v e r them . L i t t l e  d i tc h e s  w ere  dug f o r  

w a te r  d ra in a g e  when n e c e s s a ry .  Every p r e c a u t io n  was ta k e n  to  

p r o te c t  th e  se ism o m eters  from  w a te r ,  w ind and  sheep* In  some c a s e s ,  

fe n c e s  w ere  b u i l t  a ro u n d  th e  p i t s .  Seism om eter was p la c e d  in  a  

c o n c re te  s l a b ,  b u i l t  on ro c k ,  in  an  u n used  q u a r ry .  That was th e  

o n ly  c a se  w here a  p i t  was n o t  e x c a v a te d . Seism om eter was p ro b a b ly  

p la c e d  on a  la rg e  b o u ld e r .  A n e a rb y  b e t t e r  (b ed ro ck ) s i t e  was m issed  

due to  snow on th e  g round  when s e t t i n g  u p . The d e p th s  o f  d i f f e r e n t  

p i t s  v a r ie d  from  2 0 — 50 cm. C ab les c o n n e c tin g  se ism o m ete rs  w ith  

t r a n s m i t t e r s  and  r e c e iv e r s  w ith  th e  G eo s to re  w ere alw ays b u r i e d .

3 .4 .3  In s tru m e n ta t io n  and  Power Supply

Each p i t  was in s tru m e n te d  by a  v e r t i c a l  s h o r t - p e r io d  se ism o m ete r , 

a d ju s te d  to  a  n a t u r a l  p e r io d  o f  1 s e c .  and  co n n ec ted  to  an a m p l i f i e r  

m o d u la to r (amp. mod.) w hich c o n v e r ts  th e  se ism om eter*s o u tp u t  to  a  

t r a i n  o f  p u ls e s  and  t r a n s f e r s  i t  th ro u g h  a  c a b le  in to  a  r a d io  

t r a n s m i t t e r  o f  a  c e r t a i n  f re q u e n c y  w hich  t r a n s m its  th e  s ig n a l  to  a  

ra d io  r e c e iv e r  w ith  th e  same fre q u e n c y , i n s t a l l e d  a t  th e  b a s e  s t a t i o n  

and from w hich th e  s ig n a l  i s  f e d  th ro u g h  a  c a b le  to  th e  r e c o r d e r .  

Seism om eter (S^) was c o n n e c te d  th ro u g h  am p./m od. to  r e c o r d e r  by c a b l e .  

The equipm ent in v o lv e d  in  th e  a r r a y  c o u ld  be g rouped  in  t h r e e  

c a t e g o r ie s :  d e t e c t io n ,  a m p l i f i c a t io n  and t r a n s m is s io n ;  r e c e iv in g

and  re c o rd in g  and  m a in ten an ce  equ ipm en t.
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D e te c t io n ,  A m p lif ic a t io n  and  T ran sm iss io n  Equipm ent 

l A i _  S eism om eters

Two ty p e s  o f  v e r t i c a l ,  s h o r t - p e r io d  se ism o m eters  w ere u s e d .  F o u r  o f  

them w ere o f  W illmore Mk I I I  ty p e  and  th e  o th e r  f iv e  o f  H3 10 t y p e .  

Both in s tru m e n ts  a r e  a d ju s t a b le  freq u en cy  and b ased  on th e  id e a  t h a t

e a r th  movements w i l l  c au se  r e l a t i v e  movements betw een th e  c a s in g  o f

th e  in s tru m e n t and  a  su spended  perm anent m agnet mass w hich  w i l l  

g e n e ra te  an  E .M .F. a s  an  o u tp u t fe d  to  th e  amp. mod. The o u tp u t  

o f  th e  VI Mk I I I  i s  g r e a t e r  th a n  4 V /c m /s e c .,  w ith  s e n s i t i v i t y  

v a r i a t i o n  o f  l e s s  th a n  1 fa o v e r  a  te m p e ra tu re  ran g e  o f  — 40°c — +5 ^ ° c , 

u s in g  a  c o i l  o f  16 Kohm r e s i s t a n c e .  The o u tp u t o f  th e  HS-10 i s  o f  

th e  o r d e r  o f  3*73 V /cm /sec . when f i t t e d  to  a  c o i l  o f  4000 ohm 

r e s i s t a n c e .  F o r  s a f e ty  r e a s o n s ,  i t  i s  recommended t h a t  th e  HS—10 

sh o u ld  be c a r r i e d  u p s id e  down when t r a n s p o r t e d .  VI Mk I I I  i s  

s u p p lie d  w ith  a  c lam ping  f a c i l i t y  f o r  th e s e  re a so n s  and  th e r e f o r e  

when u se d  i t  sh o u ld  be unclam ped .

(B) A m p lif ie r-M o d u la to r  (amp, mod.)

The se ism o m e te rfs o u tp u t i s  d i r e c t l y  fe d  in to  an  amp. mod. w here th e

in p u t i s  a m p l i f ie d  and c o n v e r te d  to  a  s e r i e s  o f  p u ls e s  ( f re q u e n c y  

m odu la ted  s ig n a l  c e n tre d  on 676 H ^). T h is  s im p le  au d io  f re q u e n c y  

o u tp u t s ig n a l  i s  n o t o n ly  s u i t a b l e  f o r  t r a n s m is s io n  by w ire  o r  

r a d io ,  b u t a l s o  f o r  d i r e c t  r e c o rd in g  on m ag n e tic  ta p e .  Power can  

be f e d  a lo n g  th e  same p a r t  o f  w ire s  t h a t  c a r r y  th e  o u tp u t s i g n a l .

The u n i t  i s  d e s ig n e d  f o r  low power consum ption  and i s  p acked  in  a  

w a te rp ro o f  c o n ta in e r .
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Two d i f f e r e n t  ty p e s  o f  amp. mods, w ere u se d  a t  B roughton , known a s  

” p ro to ty p e  and  p r o d u c t io n ” , h av in g  d i f f e r e n t  g a in  s e t t i n g s  to  cope 

w ith  th e  n o is e  l e v e l  in  th e  a r e a  and  th e  ty p e  o f  se ism o m ete r. In  

o u r c a s e  a l l  amp* mods, w ere a d ju s te d  to  a  g a in  o f  " 7 "  

p ro d u c tio n  ty p e  and  , ,3 M f o r  p ro to ty p e  (T h is  was th e  ca se  f o r  b o th  

W Mk I I I  an d  HS—10 s e is m o m e te rs ) . The amp. mods, o u tp u ts  w ere fe d  

th ro u g h  c a b le s ,  c o n n e c te d  d i r e c t  to  th e  in p u t  te rm in a ls  o f  th e  

g e o s to r e  f o r  s t a t i o n  HS "  , and  to  th e  in p u t  te rm in a ls  o f  U .H .F . 

t r a n s m i t t e r s  f o r  th e  o th e r  o u t s t a t i o n s .  A l l  amp. mods, w ere co v ered  

by p l a s t i c  bags and  h o used  in s id e  th e  p i t s  f o r  p r o te c t io n  a g a in s t  

w a te r .

(c) U .H .F . T ra n s m itte r s

F o r  each  o f  t h e .e i g h t  r a d io  l in k e d  o u t s t a t i o n s ,  th e  o u tp u t from  th e  

amp. mod. was co n n ec ted  to  th e  in p u t  te rm in a l  o f  a  m in ia tu re  U .H .F . 

t r a n s m i t t e r ,  housed  in  a  m e ta l can s t r a p p e d  to  th e  a e r i a l  m ast above 

g round  l e v e l  o r  to  th e  a n te n n a .  The c o a x ia l  o u tp u t from  th e  

t r a n s m i t t e r  was co n v ec ted  d i r e c t l y  to  a  m u lti-e le m e n t Yagi a r r a y  

( a n te n n a ) .  The a n te n n a  was f ix e d  on to p  o f  th e  m ast and d i r e c te d  

to w ard s th e  c o rre sp o n d in g  r e c e iv e r  a t  th e  b a se  s t a t i o n  and  in  l i n e  

o f  s ig h t  w ith  i t .  D i f f e r e n t  t r a n s m i t t e r s  h ad  d i f f e r e n t  f r e q u e n c ie s .  

In  some c a s e s ,  fe n c e s  w ere b u i l t  round th e  t r a n s m i t t e r  f o r  p r o te c t io n  

a g a in s t  s h e e p .
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R ece iv in g  and. Recording  

l i L  U .H .F . R ece iv ers

R adiated  s ig n a ls  from tr a n s m it te r s 1 antennae were r e c e iv e d  by s im ila r  

antennae f ix e d  on top  o f  m asts over th e  ground, near th e  rec o rd er , a t  

th e  b ase s t a t io n .  These antennae were d ir e c te d  towards th e  

correspond ing  tr a n sm itte r s  and each con vected  to  a m etal can housed  

r e c e iv e r  arranged in  a s im ila r  way a s  th e tr a n sm itte r . O utputs from 

th e se  r e c e iv e r s  were connected  by c a b le s  to  th e  input term in a ls  o f  

th e  g e o s to r e .  Two or th ree  r e c e iv e r  antennae were strap p ed  to  one 

mast to  reduce the s i z e  o f  area  covered  by m a sts. Power was fe d  to

th e  r e c e iv e r s  from th e  record er  supply v ia  th e  same c a b le s  carry in g  

th e  o u ts ta t io n s *  ou tp u t.

(B) M .S.F . Radio R eceiver

T h is  is  a  t im in g  d e v ic e  w hich  r e c e iv e s  th e  60 KHz s h o r t  wave s ta n d a rd  

tim e  s ig n a l  t r a n s m i t te d  by th e  M .S .F . Rugby s t a t i o n ,  and d e l iv e r s  i t  

to  th e  g e o s to re  f o r  r e f e r e n c in g  th e  i n t e r v a l  encoded tim e  s ig n a l . ,

The r a d io  h a s  an a c c u ra c y  o f  b e t t e r  th a n  1 m s e c .  a t  65O km from  th e  

t r a n s m i t t e r  in  th e  p re se n c e  o f  m o dera te  background  n o is e .  W ith a  

p a s s -b a n d  f re q u e n c y  w id th  o f  25 c / s e c . ,  th e  r a d io  can w ork u n d e r  

te m p e ra tu re  ran g e  o f  0°  -  +45° c ,  s u p p lie d  by  a  4 .5  v o l t  d ry  b a t t e r y  

and  w ith  a  consum ption o f  0 .8  mA.

(c )  G eostore F ie ld  Recorder

This i s  an analogue record in g  d e v ic e , d esign ed  fo r  lon g  term  

c o l le c t io n  o f  frequency m odulated se ism ic  d a ta , w ith  very  low power 

consumption and s u ita b le  fo r  temporary or permanent se ism ic  netw orks.



A ll  g e o s to r e  com ponents a r e  l i g h t  w e ig h t , d e s ig n e d  f o r  e a sy  

i n s t a l l a t i o n ,  f u l l y  p r o te c te d  a g a in s t  th e  im p ress  o f  d i r t  o r  w a te r  

and  each  i s  e a s i l y  3,0063311)16 f o r  r o u t in e  ch eck s and  m a in te n a n c e . 

H oused to g e th e r  w ith  a  tim e  en co d er in  a  co m p le te ly  w a te rp ro o f  

alum inium  c a b in e t ,  th e  f i e l d  r e c o rd e r  u n i t  w eighs 23 kgm, m easu res 

52 cm w id th , 27*5 cm h e ig h t  and  44 cm d e p th , and  u s e s  a  1.27  cm 

( 4  in c h )  w id th , 730 m (2400 f t . )  l e n g th ,  m a g n e tic  ta p e  wound on 

10.16  cm (4  in c h )  d ia m e te r  s p o o l,  w hich accom m odates a  t o t a l  o f  

14 t r a c k s ,  11 o f  w hich a r e  u se d  f o r  s e is m ic  d a ta ,  one f o r  tim e  

and  th e  o th e r  two f o r  f l u t t e r  com pensa tion  to  im prove th e  s ig n a l  

to  n o is e  r a t i o .  Two s e v e n - t r a c k  in t e r l e a v e d  h ead s a r e  f i t t e d  and  

e i t h e r  u n i  o r b i - d i r e c t i o n a l  r e c o rd in g  may be em ployed. In  th e  

seco n d  c a se  o n ly  f iv e  s e is m ic  d a ta  c h a n n e ls  a r e  a v a i la b l e  an d  th e  

r e c o rd in g  tim e  i s  d o u b le d .

The r e c o r d e r  a c c e p ts ,  on th e  s e ism ic  c h a n n e ls ,  o n ly  fre q u e n c y  

m o d u la ted  in p u t  s ig n a l  w ith  a  c e n t r e  c a r r i e r  o f  676 H and  a  

maximum d e v ia t io n  o f  40$>* T h is , how ever, d o es  n o t a p p ly  to  an  

e x t e r n a l  s ta n d a rd  r a d io  tim e  s i g n a l .  R eco rd in g  speed s o f  0 .05953* 

0 .1 1 9 0 6  and  0 .23813  c m /se c . (1 5 /6 4 0 , 15/320 and  15/160 i n / s e c . )  a r e  

p ro v id e d  g iv in g  maximum re c o rd in g  tim e  o f  680 , 340 and  170 h o u rs  

r e s p e c t iv e l y  ( b i - d i r e c t i o n a l  o p e ra t io n )  and  h a l f  th e s e  t im e s  f o r  

u n i - d i r e c t i o n a l .  A 37 way so c k e t i s  p ro v id e d  w hich , in  c o n ju n c tio n  

w ith  th e  g e o s to r e  f i e l d  t e s t  box ( s e e  S e c t io n  4*3*4) w i l l  m o n ito r  

s e le c te d  p o in t s  w ith in  th e  r e c o r d e r  in  o r d e r  to  v e r i f y  c o r r e c t  

f u n c t io n in g  o f  th e  equ ip m en t.

A 12 v o l t  pow er su p p ly  i s  r e q u ir e d  to  o p e ra te  th e  equ ipm en t,
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n o rm a lly  a  s ta n d a rd  c a r  b a t t e r y .  A n o th er 12 v o l t  b a t t e r y  i s  

r e q u i r e d  f o r  th e  o u t s t a t i o n  s u p p ly . Three pow er su p p ly  c a b l e s  a r e  

p ro v id e d , one f o r  th e  o u t s t a t i o n s  and  two f o r  th e  r e c o r d e r  s u p p ly ,  

a s  a  f a c i l i t y  f o r  ch an g in g  b a t t e r i e s  w ith o u t d is tu r b in g  r e c o r d in g  o r  

tim e  c o d e . The equipm ent h a s  been d e s ig n e d  to  keep pow er s u p p ly  

down to  1*5 W. In p u t s o c k e ts  a r e  p ro v id e d  f o r  th e  e le v e n  d a t a  

c h a n n e ls .  These s o c k e ts  a l s o  send  pow er to  th e  o u ts ta t io n s *  r a d io  

r e c e iv e r s  o r ,  f o r  c a b le  l i n k s ,  to  th e  amp. mod.

The tim e  e n co d e r i s  an  i n t e g r a l  p a r t  o f  th e  r e c o r d e r  and  p r o v id e s  

tim e  code d a t a ,  an  a c c u r a te  f l u t t e r  com pen sa tio n  s ig n a l ,  an d  a  

c a p s ta n  se rv o  r e f e r e n c e  f re q u e n c y . The tim in g  s ig n a ls  from  th e  

en co d e r a r e  a c c u ra te  to  one p a r t  in  10^ o v e r  th e  f u l l  o p e r a t in g  

te m p e ra tu re  ra n g e , and  r e c o rd in g  i s  in  a c c o rd a n c e  w ith  ** V e la  U niform  

Code "  f o r  one m inu te  tim e  f ra m e s . Tim ing i s  in  d ay s , h o u r s ,  

m in u tes  and  seconds w hich can be re a d  n u m e r ic a l ly ,  see  F ig .  (3 -5 )*

The tim e  code g e n e ra to r  h a s  a  v is u a l  d is p la y  w hich i s  e n a b le d  by  a  

key  s w itc h  w here push  b u t to n s  e n a b le  th e  d a te / t im e  to  be u p d a te d .  

F a c i l i t i e s  a r e  p ro v id e d  to  a llo w  th e  r e c o rd in g  o f  a  b ro a d c a s t  

s ta n d a rd  r a d io  tim e s ig n a l  ( v ia  an  e x t e r n a l  r e c e iv e r  e .g .  th e  M .S .F .) .  

This may be done e i t h e r  c o n t in u o u s ly  o r  once e v e ry  h o u r on th e  h o u r  

and  f o r  a  l i m i t e d  tim e .

A d e s ic c a to r  i s  screw ed in s id e  th e  r e c o r d e r  to  d ry  o u t th e  a i r  in s id e  

th e  r e c o r d e r  c a se  i f  th e  h u m id ity  i s  h ig h  when th e  l i d  is  c l o s e d .  A 

r o u t in e  check  on th e  ru n n in g  o f  th e  r e c o r d e r  can  be c a r r i e d  o u t  by  

o b s e rv in g  a  r e d  l i g h t  p lu g  c o n n e c te d  to  th e  s id e  o f  th e  c a s e  and  

w ith o u t o p en in g  th e  l i d .
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BIp0 R P2 P, P4 F Ps R Po

Time Frame

F lo g  b i t  'F '

Time d e c o d e d  r e a d s :

Y ear = Z ero

Day o f  y e a r  = 16

H ours & 8

M in u te s  = 1

P — P-. = 0 .8  s e c .  d u r a t i o n  — MO s e c .  m arks* —°  5

P o s i t i o n  I d e n t i f i e r s  ,

R b 0 . 8  s e c .  d u r a t i o n  -  *End o f  fram e  m arks* — 

R e fe re n c e

R & P d e n o te  *1 m in u te  mark* o

B in a ry  c o d ed  d e c im a l b i t s  — *One* = 0 . 9  s e c .

F ig *  ( 3 - 5 )  V e la  s ta n d a r d  tim e  co d e  f o r  u s e  w i th  M ag n e tic  Tape 
R e c o rd in g

•Z ero*  = 0 . 2  s e c

U nused b i t s  m 0 .2  s e c

C lock  r a t e  ( B i t  r a t e )  = 1PPS 

C lock  i n t e r v a l  b 1 s e c . '

Time fram e i n t e r v a l  = 1 m in

F la g  b i t  *F* d e n o te s  a b n o rm a l r e c o r d in g  fo rm a t 

when v a lu e  i s  *0ne* (S ee  in d e x  c o u n t 49 )
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At B roughton  A rra y , n in e  c h a n n e ls  w ere u se d  f o r  s e ism ic  d a ta  and one 

ch an n e l f o r  s ta n d a rd  r a d io  tim e  s i g n a l .  The r e c o rd in g  sp eed  was 

chosen  to  he 0 .11906  c m /se c . (15 /320 i n . / s e c . )  g iv in g  a  maximum 

re c o rd in g  tim e  o f  170 h o u rs  and  a  16 Hz fre q u e n c y  ban d w id th , s e e  

F ig  ( 3 -6 ) •  S ta n d a rd  r a d io  tim e  s ig n a l  was re c o rd e d  c o n tin u o u s ly *

The g e o s to r e ,  th e  M .S .F . r a d io  and  th e  b a t t e r i e s  w ere h o u sed  in  a  

P o s t O f f ic e  E n g in e e rs  t e n t ,  s p e c i a l l y  borrow ed f o r  t h i s  p u rp o se  and  

t h i s  p ro v ed  to  be e f f i c i e n t  a g a in s t  w ind and  r a i n ,  and  th e  g e o s to re  

was k e p t d ry  and  s a f e  d u r in g  th e  p e r io d  o f  th e  e x p e rim e n t. A ll  c a b le s  

c o n n e c tin g  th e  g e o s to re  w ith  se ism o m eter 11 S 11 and  th e  r e c e iv e r s  o f  

th e  o th e r s  w ere b u r ie d  a  few c e n t im e te r s  in  th e  g ro u n d .

Power Supply and Cable C onnections

Each t r a n s m i t t e r  was s u p p l ie d  by a  12 v o l t  c a r  b a t t e r y  w ith  maximum 

c a p a c i ty  o f  40 A/H. The amp. mod. was f e d  by th e  same b a t t e r y  v ia  

th e  s ig n a l  c a b le .  T o ta l pow er co nsum ption , from  t h a t  b a t t e r y ,  was o f  

th e  o rd e r  o f  0 .1  A/H. T wo b a t t e r i e s  o f  th e  same ty p e  w ere u se d  to  

su p p ly  th e  g e o s to r e ,  th e  r e c e iv e r s  and th e  amp. mod o f  se ism o m eter 

S ^ , m aking a  t o t a l  pow er consum ption  o f  a b o u t 0 .4 5  A/H. A lthough  

b a t t e r i e s  w ere supposed  to  su p p ly  pow er f o r  o v e r  a  week, i t  was more 

c o n v e n ie n t to  ch a rg e  them w eek ly . Twenty b a t t e r i e s  w ere u s e d ,

10/w eek.

Army ty p e  •* D 1 0 n c a b le  c o n n e c tio n s  w ere u se d  to  connec t amp. mods, 

w ith  t r a n s m i t t e r s ,  r e c e iv e r s  w ith  g e o s to re  and  amp. mod. o f  

se ism o m eter w ith  g e o s to r e .

F ig .  (3 -7 )  shows th e  o v e r a l l  p i c tu r e  o f  th e  g e o s to re  s e is m ic  d a ta
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f i e ld ,  r e c o rd in g  sy stem .

M ain ten an ce  Equipment

T e s t equ ipm ent and  t o o l s  w ere e s s e n t i a l  f o r  r o u t in e  m a in ten a n ce  and  

c h e c k in g  th e  p erfo rm ance  o f  th e  a r r a y .  A k i t  o f  t o o l s ,  w i r e s ,  f u s e s ,  

t a p e ,  a  v o l tm e te r  and th r e e  f i e l d  t e s t  boxes w ere u sed  th ro u g h o u t th e  

e x p e r im e n t. The f i e l d  t e s t  box i s  a  s e l f - c o n t a in e d  and  v e ry  

com pact one w hich can be u se d  a s  a  11 s h o r t—run*1 se ism ograph  s t a t i o n ,  

an d  i t  may be u se d  to  m o n ito r  any c h an n e l w h i l s t  g e o s to re  sy stem  i s  in  

u s e .  O u tp u ts  from  t h i s  box in c lu d e  pow er f o r  d r iv in g  th e  a m p l i f i e r  

m o d u la to r  o r  r a d io ,  t e s t  s ig n a l  f o r  th e  amp. mod. to  co n firm  i t s  

g a in  a c c u ra c y  and  t e s t  s ig n a l s  f o r  s e t t i n g  up r a d io s  and  th e  f i e l d  

r e c o r d e r .  In p u ts  in c lu d e  th e  se ism o m ete rs  o u tp u t s ig n a l s  w hich can  

be checked  on th e  f i e l d  t e s t  box pen r e c o r d e r ,  and  th e  f i e l d  

r e c o r d e r  h ead  c u r r e n t s  w hich can be m o n ito re d  in  b o th  fre q u e n c y  

and  a m p litu d e  on each o f  th e  14 c h a n n e ls .

C heck ing  on f u n c t io n in g  o f  n e tw o rk  was c a r r i e d  o u t w eekly  a s  a l s o  

ch an g in g  ta p e s  and  b a t t e r i e s .

3*4*4 A rra y  P erform ance

The a r r a y  o p e ra te d  p a r t i a l l y  w ith  s ie sm o m ete rs  N.., Np , N ,,  S . ,  3
I if I j

an d  Sj. on 3 l / l / l 9 7 7  (16 h r .  46 m. U .T .) ,  and  f u l l y  on 2/ 2/1977  

(15  h r .  40 m .) and was d is c o n t in u e d  on 6 / 4/1 9 7 7  (12 h r .  51 m#)»

Ten ta p e s  w ere u sed  s u c c e s s f u l ly  f o r  c o n tin u o u s  re c o rd in g  d u r in g  t h a t  

p e r io d .  Many se ism ic  e v e n ts  w ere r e c o rd e d ,  ra n g in g  from  lo c a l  to  

te le s e i s m s  (o n ly  lo c a l  e v e n ts  w ere p r o c e s s e d ) • F ig .  (4 -4 )  shows a  

l o c a l  ev e n t re c o rd e d  a t  th e  a r r a y .  A s t a t i s t i c a l  su rv e y , c a r r i e d  o u t
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on 119 s e l e c t e d  e v e n ts  re c o rd e d  on a l l  th e  t a p e s ,  showed t h a t  th e  

a v e ra g e  r e c o r d in g  o f  a l l  th e  c h a n n e ls  was 7*1

Some f a u l t s  and  breakdow ns w ere e x p e rie n c e d  in  th e  system  th ro u g h o u t 

th e  ex p e rim en t and  a r e  sum m arised a s  f o l lo w s :

(A) G eo sto re

( 1) C hannel (1) showed to  be n o is y  a t  th e  s t a r t  o f  th e  ex p erim en t 

and  th e r e f o r e  was n o t  used*

(2 ) C hannel (10) was found  f a u l t y  on 3 /4  and  n o t u sed  t h e r e a f t e r .

( 3) Two days* r e c o rd in g  was l o s t  due to  b a t t e r y  f a i l u r e  

(22 -  23 M arch).

(B) S eism om eters

On o n ly  one o c c a s io n  se ism om eter xvas found  on i t s  s i d e .  T h is 

was a  p o s s ib le  w i l f u l  i n t e r f e r e n c e .

(c) Amp./Mods.

O c c a s io n a l h ig h  fre q u e n c y  n o is e  was n o t i c e d  on p la y -b a c k  o f  se ism om eter 

N,j • T his i s  b e l ie v e d  to  have  been cau sed  by an  am p./m od. f a u l t .

( d ) Radio T e lem e te r L inks

O c c a s io n a l t r a n s m is s io n / r e c e p t io n  f a i l u r e s  o c c u rre d  and  found  to  

have been  cau sed  by :

( 1) f u s e  f a i l u r e  (one c a s e )  a t  t r a n s m i t t e r  •

(2 ) u n tu n e d  t r a n s m i t t e r  (one c a se )  a t  S^.

( 3) w et r e c e iv e r  (one c a s e )  a t

(4 ) p o s s ib le  h ig h  m o is tu re  c a u s in g  i n t e r m i t t e n t  t r a n s m is s io n  (one
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c a s e )  a t  S^.

(E) C ab les

Damage o c c u r re d  in  o n ly  two c a s e s .  One was cau sed  p o s s ib ly  by 

sheep  a t  and  th e  o th e r  (S4) by s t r a i n  when a t  f i r s t  s t r e t c h i n g  

th e  c a b le s  betw een th e  t r e e s  a t  th e  b a se  s t a t i o n  was a t te m p te d .
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CHAPTER IV

SOURCES, ORIGIN TIME RECORDING AND DATA PROCESSING

4*1 S o u rces  

4*1*1 I n t r o d u c t io n

As o u t l in e d  in  th e  in t r o d u c t io n  to  t h i s  t h e s i s  ( c h a p te r  i ) ,  o u r  f i r s t  

i n t e r e s t  was in  lo c a l  e v e n ts  r e c e iv e d  a t  EKA from  d i f f e r e n t  a z im u th s  

and  d i s ta n c e s  and  show ing s h o r t - p e r io d  (a b o u t 1 s e c . )  s u r f a c e  w aves. 

S u rch  f o r  such  e v e n ts  began th ro u g h  t r a n s c r ib e d  EKA and LOWNET 

re c o rd s  f i l e d  in  th e  I .G .S .  (E d inbu rgh ) and  c o n ta in in g  d i f f e r e n t  e v e n t s .  

These e v e n ts  v a r ie d  from lo c a l  to  te le s e i s m s .  The l a t t e r  c a te g o ry  

was ig n o re d . L ocal events w ere m a in ly  q u a r ry  b l a s t s ,  s p e c ia l  m arine  

s h o ts  and  LCWNET f ix e d  e a r th  tre m o rs .  P la y -b a c k s  w ere c a r r i e d  o u t 

f o r  more th a n  ( 70) o f  th e s e  and  showed t h a t  e v e n ts  o f  th e  l a s t  c a te g o ry  

( i e  e a r th  tre m o rs )  a r e  th e  o n ly  l i k e l y  ones to  show s u r f a c e  w aves. 

U n fo r tu n a te ly ,  th e s e  w ere o n ly  a few .

F i r s t  F - a r r i v a l s  o f  th e s e  e v e n ts  w ere c o n s id e re d  n e x t .  R e s u l t s  

r e v e a le d  th e  need  f o r  (D  more e v e n ts  a t  v a r io u s  az im u th s  and  ra n g e s , 

s e e  c h a p te r  (V i) .  (2 ) s h o ts  to  be f i r e d  a t  s h o r t  ra n g e s  in  th e

v i c i n i t y  o f  E sk d a lem u ir a r r a y ,  see  c h a p te r  (v) ,  and  (3) th e  s tu d y  o f  

o th e r  e v e n ts ,  p r e f e r a b ly  from  th e  same s o u rc e s ,  re c o rd e d  a t  d i f f e r e n t  

lo c a t io n  in  th e  S o u th ern  U plands, see  S e c t io n  (3*4) and  c h a p te r  (V i) .

The d a ta  u se d  f o r  t h i s  t h e s i s  a r e  sum m arised in  th e  fo llo w in g  s e c t i o n s .  

F ig .  ( 4-1 ) shows th e  lo c a t io n  o f  a l l  s o u rc e s ,  a p a r t  from th e  c lo s e
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sh o ts  which a re  shown on F ig  (5—1)* A l i s t  o f a l l  so u rces , t h e i r

lo c a t io n s ,  o r ig in  tim e and where re c e iv e d , i s  g iven in  Appendix ( l )#

4*1*2 EKA Close Shots

These sh o ts  were f i r e d  in  summer 1976, a t  ranges le s s  th an  (10) km 

from th e  c ro ss -o v e r  p o in t o f  EKA* C hapter (V) has been devoted  f o r  

th i s  d a ta ,  i t s  p re s e n ta t io n , an a ly se s  and in te rp re ta t io n #

4*1*3 Quarry B la s ts  (19km $  & $  130 km)

Numerous q u a r r ie s  in  th e  M idland V alley  and a few in  th e  Southern 

Uplands f i r i n g  heavy (1,000 lb  to  over 10,000 lb )  sh o ts  p ro v id e  th e  

main source o f  d a ta , see re fe re n c e s  (60) and (6l )#  The r e g u la r i ty  

o f  b la s t in g  a t  d i f f e r e n t  q u a r r ie s  v a r ie s  from se v e ra l a  y e a r  to  as  

many each week# Most q u a r r ie s  a re  re q u ire d  to  use tim e d e lay s  in  

b la s t in g  to  avo id  damage to  su rround ing  b u ild in g s#  Time d e lay s  vary  

from 0 .7  m# sec# to  20 m# sec# Maximum charge p e r  d e lay  v a r ie s  a lso  

from le s s  th an  (100 lb )  to  hundreds o f pounds# These b la s t s  a re  

reco rded  on L0WNET and EKA a t  ranges o f  over 100 km i f  th e  c h a rg e / 

d e lay  i s  more th an  (300 l b ) .  E p ic e n tre s  w ith in  L0VJNET can be f i r e d  

from i t s  reco rd in g s  to  + 0#5 km (N eilson  (1977) p e rso n a l com m unications).

Events from th e se  q u a r r ie s  can be grouped in to  two b a tc h e s : th e  f i r s t

ba tch  in c lu d e s  a l l  th e  (p re-F eb ruary  1977) ev en ts  rec e iv e d  a t  EKA 

and f ix e d  by L0WNET# These were about (25) even ts re c e iv e d  from (10) 

d i f f e r e n t  q u a r r ie s  a t  d is ta n c e s  rang ing  between 20 km and 126 km from 

EKA c ro s s -o v e r  p o in t and p ro p ag a tio n  s e c to r s  rang ing  between 90° and 

210°, see  Fig# (4-2)*



-  65  -

Source

C ross-over 
P o in t (0 ,0

Sensor (Xi t

F ig . (4—2) P ropagation  V ector ( )

The second b a tch  spanned e s s e n t ia l ly  th e  p e r io d  du ring  which Broughton 

a r ra y  was o p e ra tin g  (1 s t February  — 6th  A p ril 1977)* Through d i r e c t  

communication w ith  th e  q u arry  o p e ra to rs , c lo se  checking on th e  lo c a tio n  

o f  th e se  b la s t s  was p o s s ib le .  This r e s u l te d  in  d )  th e  id e n t i f i c a t io n  

o f  over (60) even ts  from (22) d i f f e r e n t  q u a r r ie s ,  g iv in g  p ro p ag a tio n  

vecto r ranges o f 90° — 248° and 89° — 224° and d is ta n c e  ranges o f  

20 km — 126 km and 19 km — 81*5 km from th e  c ro ss—over p o in ts  o f  EKA 

and B rou^iton Array r e s p e c t iv e ly .  (18) o f  th e se  even ts were tim ed 

a t  (14) d i f f e r e n t  q u a r r ie s .  F ig u res  (4 -3 /5 ) show th e  re c o rd in g s  o f  

a  quarry  b la s t  (C raig  Park Q.) a t  EKA, Broughton and LOVJNET re s p e c t iv e ly ,  

(2 ) Some o f  th e  LOVJNET id e n t i f ic a t io n s  were found to  be wrong.

Therefore about ( 15) even ts o f  th e  f i r s t  b a tch  were r e je c te d  from th e  

a n a ly s is .
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Fig. (4-4) Broughton record of the above mentioned blast at
Craig Park Quarry.
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4*1*4 M arine S h o ts  (100 km ^  A  340 km)

W ith  th e  k in d  p e rm is s io n  o f  I .G .S .  (E d in b u rg h ) , s h o ts  (22 — 36) o f  

SOSP ( i l )  p r o j e c t  in  t h e  N o rth  Channel w ere made a v a i l a b l e  f o r  my 

u s e .  A lso  a  few Navy s h o t s ,  n e a r  th e  I s l e  o f  May, and  some s h o ts  

o f  SOSP ( i )  p r o je c t  w ere a l s o  p e rm itte d *  EKA re c o rd s  o f  th e s e  s h o ts  

w ere o f  im p o r ta n c e . They e n la rg e d  th e  ran g e  o f  p ro p a g a t io n  s e c to r s  

to  54° -  2 4 8 ° .

4*1*5 N a tu r a l  E v en ts  (56 km ^  ^  165 km)

T here i s  a  c o n s id e ra b le  s e is m ic  a c t i v i t y  in  th e  M idland V a l le y ,  some 

o f  w hich h a s  been  a s s o c ia t e d  w ith  th e  m in in g  a c t i v i t y ,  s e e  M ashkour 

( 1 9 7 6 )^ ^  and  r e f e r e n c e s  th e r e w i th .  Trem ors a r e  re c o rd e d  on b o th  

EKA and  LOWNET where th e  seco n d  i s  u se d  to  d e te rm in e  th e  e p i c e n t r e s  

o f  such  e v e n t s .  A ccuracy  o f  d e te rm in a tio n  i s  o f  th e  o r d e r  o f  + 0 .5  km, 

p ro v id in g  t h a t  th e  ev en t h as  been  re c o rd e d  a t  f iv e  s e n s o r s ,  o r  m ore, 

o f  th e  n e tw o rk  (N e ilso n  (1977) p e rs o n a l  com m un ica tion ). A bout ( 15) 

(p re —F e b ru a ry  1977) EKA re c o rd s  o f  such  e v e n ts  w ere a n a ly s e d  b u t 

th e  lo c a t io n  of more th a n  h a l f  o f  th e s e  w ere d o u b tfu l  and  th e r e f o r e  

w ere r e j e c t e d .

4*2 O r ig in  Time R eco rd in g

As m en tioned  in  th e  p re v io u s  s e c t io n ,  ( 14) d i f f e r e n t  q u a r r i e s  w ere 

v i s i t e d ,  d u r in g  th e  p e r io d  when B roughton A rray  was in  o p e r a t io n ,  

a t te m p t in g  to  d e te rm in e  th e  o r ig i n  tim e s  o f  t h e i r  b l a s t s .
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Timing D evice

W ith  th e  k in d  c o o p e ra tio n  o f  th e  Geology D epartm en t, Birmingham 

U n iv e r s i ty ,  t h e i r  t im in g  d e v ic e  was a v a i l a b l e  f o r  o u r u se  d u r in g  th e  

p e r io d  o f  o u r  experim en t a t  Broughton* The d e v ic e  c o n s i s t s  o f : —

(1) An M .S .P . r a d io ,  s e e  S e c t io n  (3 -4 -3 )*

(2 )  Seism om eter o f  any ty p e .

(3 ) A m ix e r box , w ith  v a r i a b l e  g a in  c o n t r o l ,  w hich a m p l i f i e s  th e  

s e is m ic  s ig n a l  o u tp u t and  m ixes i t  w ith  th e  o u tp u t o f  th e  M .S .F . 

r a d i o .  The mixed o u tp u t i s  f e d  and  re c o rd e d  o n : -

(4 ) An o r d in a r y ,  one c h a n n e l, c a s s e t t e  r e c o r d e r .

To tim e  any  b l a s t ,  th e  se ism o m eter was p la n te d  a s  n e a r  a s  p o s s ib le  

to  th e  c e n t r e  o f  th e  s h o t p a t t e r n ,  m o s tly  o f  th e  o rd e r  o f  (10 m) and 

su rro u n d e d  by a  w a ll  o f  s to n e s  to  a v o id  any  p o s s ib le  dam age. A

(100 m — 150 m) c a b le  c o n n e c te d  th e  se ism o m eter w ith  th e  r e c o r d e r  box 

w hich was g e n e r a l ly  p la c e d  n e a r  th e  s h o t  f i r e r .  The in s tru m e n t was 

sw itc h e d  on a  few m in u tes  b e fo re  th e  s h o t and  o f f  a  few m in u te s  

a f t e r #

A d i f f i c u l t y  was e x p e rie n c e d  in  t im in g  some b l a s t s ,  w here th e  M .S .P . 

tim e  s ig n a l  d is a p p e a re d  th ro u g h  a  background  n o is e  o f  t e l e v i s i o n  a n d /o r  

r a d io  p ro g ram s. That r e s u l t e d  in  th e  l o s s  o f  a  few tim ed  b l a s t s .

T h is  i s  b e l ie v e d  to  have been  ca u se d  by e i t h e r  ( 1) b a t t e r y  v o l ta g e  

b e in g  to o  low to  d r iv e  th e  o s c i l l a t o r  g a te d  by th e  M .S .F . p u ls e s  

a n d /o r  (2 ) th e  lo n g  c a b le  c o n n e c tin g  th e  se ism o m eter w ith  th e  box, 

w here th e  c a b le  m ight have a c te d  a s  a  r e c e i v e r .  T h e r e a f te r ,  th e  

b a t t e r y  was r e p la c e d  and  a  s h o r t  c a b le  was u s e d . The se ism o m ete r
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was lo c a te d  a b o u t (100 m) from  th e  s h o t and sm a ll c o r r e c t io n s  w ere 

made to  th e  o r i g i n  t im e s .

A ll tim e d  b l a s t s ,  a t  th e  q u a r r i e s ,  w ere p la y e d  back  u s in g  e i t h e r  th e  

f a c i l i t i e s  o f  I .G .S .  (E d in b u rg h ), s e e  S e c t io n  (4*3)» o r  a  s i n g l e  

c h an n e l h o t - s t y l u s  d e v ic e  a t  Glasgow U n iv e r s i ty .  T im ing a c c u ra c y  

was o f  th e  o r d e r  o f  + 0 .0 1  s e c .

I t  sh o u ld  be m en tioned  t h a t  th e  M .S .F . m inu te  m ark e rs  w ere n o t  decoded 

a t  th e  tim e  o f  th e  e x p e r im e n t. To a v o id  c o n fu s in g  th e  tim e d  b l a s t  

w ith  any n e a r  s im u lta n e o u s  e v e n t on th e  s e is m ic  ta p e s ,  an  a c c u r a te  

hand  w atch  was u sed  to  tim e  th e  b l a s t  to  th e  n e a r e s t  m in u te .

4*3 D ata P ro c e s s in g

W ith th e  k in d  p e rm is s io n  and c o o p e ra tio n  o f  th e  U .K .A .E .A ., a l l  w anted  

EKA ta p e s  w ere t r a n s p o r te d  to  E d inburgh  f o r  my u se  and w ith  th e  k in d  

p e rm is s io n  o f  I .G .S .  (E d in b u rg h ) , a l l  LOViNET ta p e s  and  p la y b a c k  

f a c i l i t i e s  f o r  a l l  ty p e s  o f  ta p e s  w ere a c c e s s i b l e .  Two p la y b a c k  

system s w ere u s e d , one w hich  h a n d le s  g e o s to re  1.27  cm (-^ in c h )

B roughton t a p e s ,  r e f e r r e d  to  a s  G eo sto re  R ep lay  System , and  th e  o th e r  

h a n d le s  2 .5 4  cm (1 in c h )  EKA and  LOWNET ta p e s  and  r e f e r r e d  to  a s  

A nalogue P ro c e s s in g  S ystem . Both sy s te m s , d e s c r ib e d  in  d e t a i l  by 

H o u lis to n ,  e t  a l  (1976) w i l l  be b r i e f l y  d e s c r ib e d  in  t h i s  s e c t i o n .

4*3.1 G eo s to re  R eplay  System

The g e o s to r e  re p ro d u c e r  co m p rises  a  m ains o p e ra te d  ta p e  deck  and  an

e l e c t r o n i c s  u n i t .  Two d i f f e r e n t  head  a s s e m b lie s  a re  o f f e r e d  w ith

th e  ta p e  d eck , th e  c h o ic e  o f  w hich depends on w h e th e r u n i  o r  b i - d i r e c t i o n a l
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r e c o r d in g  was em ployed in  th e  f i e l d  i . e .  p ro v id in g  s im u lta n e o u s  

p la y b a c k  o f   ̂ o r  14 c h a n n e ls  r e s p e c t iv e l y .  A s u b t r a c t iv e  f l u t t e r  

co m p en sa tio n  system  i s  u se d  to  red u ce  th e  b ase  l i n e  n o is e  a n d  th e re b y  

im prove th e  S/N r a t i o  on a l l  d a ta  c h a n n e ls .  A m o n ito r s w i tc h  e n a b le s  

any  one c h a n n e l to  be sw itc h e d  in d e p e n d e n tly  to  a  p r e - a m p l i f i e r  u n i t  

(h o u sed  in  th e  rear* o f  th e  equ ipm ent) w hich a u to m a t ic a l ly  a d j u s t s  th e  

g a in  and  bandw id th  to  s u i t  th e  l e v e l  and  fre q u e n c y  o f  th e  s i g n a l .

T h is  sw itc h e d  g a in /b a n d w id th  f a c i l i t y  a llo w s  re p ro d u c t io n  o f  s ig n a l s  

a t  sp e e d s  in  th e  ran g e  o f  2 . 38/ 25 , 4 *7625 , 9 *525» 19*05 and  38 .1  c m /se c . 

( 15/ 16, 1-J-, 3$-, 7 i and  30 i n . / s e c .  r e s p e c t i v e l y ) .  I n s e r t s  f o r  th e  

d e m o d u la to rs  c a rd s  a r e  a l s o  a v a i l a b l e  f o r  th e s e  sp e e d s . The o u tp u t 

may be f e d  to  an  i n k - j e t  r e c o r d e r ,  com puter o r  any o th e r  a n a ly s in g  

equipm ent •

The 1 6 -ch an n e l i n k - j e t  r e c o r d e r  p ro v id e s  a  v i s i b l e  d is p la y  o f  th e  

a n a lo g u e  m ag n e tic  t a p e .  A f in e  j e t  o f  in k  i s  d i r e c te d  a t  a  m oving 

p a p e r  c h a r t .  A g a lv an o m e te r  s w itc h , c o n s i s t i n g  o f  a  sm a ll perm anen t 

magnet m ounted upon a  g la s s  c a p i l l a r y  tu b e ,  i s  p ro v id e d  to  c o n t r o l  

th e  o s c i l l a t i o n  o f  th e  i n k - j e t .  The in k  flo w  i s  a d j u s t a b l e  and  

c o n t r o l l e d  by a  pump w hich  fe e d s  i t  to  th e  c a p i l l a r y  tu b e  j e t  v i a  a  

f i t t e r .

T h is sy stem  was u sed  f o r  p la y in g  b ack  B roughton A rray  ta p e s  from  w hich 

a b o u t (120) s e le c te d  e v e n ts  w ere re p ro d u c e d  in  an  a n a lo g u e  form  on 

p a p e r .  These e v e n ts  w ere tim ed  q u a r ry  b l a s t s ,  known u n tim ed  q u a r ry  

b l a s t s ,  LOVJNET f ix e d  n a t u r a l  e v e n ts  and  q u a r ry  b l a s t s  and  few  s p e c ia l  

m arin e  s h o t s .  The r e p la y  sp eed  was s e l e c t e d  a t  2 . 38/25  c m /s e c .

( 15/16  i n . / s e c . )  c o r re sp o n d in g  to  a  s p e e d in g  f a c t o r  o f  ( 2 0 ) .  The in k —
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j e t  g a in  was m o s tly  chosen  to  be a t  2*5 v o lt /c m  and  found  to  be  more 

a p p r o p r ia te  f o r  sm a ll and  d i s t a n t  q u a r ry  b l a s t s  r e c o r d in g s .  P a p e r  

sp eed  was a lw ay s s e l e c te d  a t  1000 m m /sec. Time ch an n e l was 

re p ro d u c e d  a s  f i r s t  and l a s t  t r a c e s  to  in c r e a s e  th e  a c c u ra c y  o f  tim e  

m easurem ents (+ .01 s e c . ) .  M .S .F . r a d io  s ig n a l  was a l s o  made on e v e ry  

r e c o r d .

A few s e l e c t e d  e v e n ts ,  w ith  p o s s ib le  s u r f a c e  w aves, w ere t r a n s c r i b e d  

on a n o th e r  ta p e  in  a  d i g i t a l  form  u s in g  th e  PDP11/50 com puter 

a v a i l a b l e  in  I .G .S .  L im ita t io n s  c o n c e rn in g  sp e e d in g  up f a c t o r ,  

f re q u e n c y  l i m i t  and  a  com puter maximum c a p a c i ty  o f  12,000 s a m p le s / s e c . ,  

l i m i t e d  th e  number o f  d i g i t i s e d  c h a n n e ls  f o r  any e v e n ts  to  (6 ) 

in c lu d in g  th e  tim e  ch an n e l a t  a  d i g i t i s i n g  r a t e  o f  120 s a m p le s /s e c .

4»3»2 A nalogue P ro c e s s in g  System

T h is  system  was dev e lo p ed  to  p ro v id e  p r o c e s s in g  f a c i l i t i e s  f o r  

s e is m ic  n e tw o rk  d a ta  re c o rd e d  on 2 .5 4  era (1 in c h )  t a p e s .  The sy stem  

c o n s i s t s  o f  a  24-c h a n n e l r e p la y  u n i t  co n n e c te d  to  a  program m ing b o a rd  

to  f a c i l i t a t e  th e  in te r c o n n e c t io n s  betw een v a r io u s  in s tru m e n ts ,  

s te r e o  l i s t e n i n g  f o r  e v en t d e t e c t io n ,  24 a n a lo g u e  band p a s s  f i l t e r s ,  

a  16—ch an n e l i n k - j e t  r e c o r d e r  to  p ro v id e  v i s u a l  p la y b a c k s , tim e  

d eco d e r to  decode and  d is p la y  tim e  c h a n n e l, two p a r t i c l e  m o tion  

a n a ly s e r s ,  an  a u to m a tic  an a lo g u e  p la y b ack  c o n t r o l  u n i t  and  b a s s - l i f t  

c i r c u i t s  f o r  wave v e l o c i ty  re sp o n se  m o d i f ic a t io n .

The u n i t  i s  c a p a b le  o f  r e p la y in g  2 4 - t r a c k  ta p e s  a t  v a r io u s  sp e e d s  

19*°5> 38*1 and  7 6 .2  cm /sec . (7*5» 15 a n <l 30 i n / s e c . )  w hich a r e  25 ,

50 and  100 tim e s  th e  r e c o rd in g  speed  o f  EKA ta p e s  and 64 , 128 and
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2^6 tim e s  th e  re c o rd in g  sp eed  o f  LOWNET ta p e s*  QVo re p la y  h ead s

p ro v id e  th e  d a ta  f o r  a m p l i f i c a t io n  and  d em o d u la tio n , one t r a c k  p e r

h ead  b e in g  u se d  f o r  f l u t t e r  com pensation* The band—p a s s  f i l t e r s

p ro v id e  o p t io n a l  an a lo g u e  f i l t e r i n g  w ith in  th e  ran g e  0*01 H *~z

100 KH , w i th  an  a t t e n u a t io n  s lo p e  o f  24 db o c ta v e .  The i n k - j e t  z

r e c o r d e r  i s  th e  same one d e s c r ib e d  in  S e c t io n  (4 * 3 * 0 *

The r e p la y  sp e e d  f o r  b o th  EKA and  LOWNET ta p e s  was s e le c te d  a t

19*05 c m /se c . (7*5 i n / s e c . ) .  F i l t e r i n g  was a p p l ie d  w ith in  th e  range

0 .1  H - 1 6 H  f o r  b o th  ta p e  ty p e s .  I n k - j e t  g a in s ,  m o s tly  u s e d , z z

w ere 1 v o lt /c m  o r  2 .5  v o l t / c m . ,  depend ing  on th e  s iz e  o f  th e  e v e n t .  

P ap er sp eed  was a lw ays s e le c te d  a t  1000 m m /sec. Time ch an n e l was 

a lw ays p la y e d  back  a t  th e  to p  a n d  bo ttom  o f  each  r e c o rd ,  f o r  more 

tim e-m easurem en t a c c u ra c y .

When p la y in g ^ b a c k  an  EKA ta p e ,  th e  o p e ra t io n  was c a r r i e d  o u t tw ic e  

to  c o v e r a l l  th e  ch a n n e ls  (20 se ism ic  + tim e  c h a n n e l)  s in c e  th e  

i n k - j e t  r e c o r d e r  can  d i s p la y  o n ly  16 c h a n n e ls  a t  a  t im e .

F o r  th e  co n v en ien ce  o f  anyone w ish in g  to  re p ro d u c e  EKA d a ta ,  th e  ( 24) 

ta p e  t r a c k s  c o rre sp o n d  to  th e  c h a n n e ls  a s  shown in  t a b l e  (4 -1 )
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T rack
P lu g  S ock e t 
on I .G .S .  
P lay b ack

EKA
Tapes

1 R1

2 B1

3 R2

4 B2

5 R3

6 B3

7 R4

8 B4

9 R5

10 B5

11 EC

12 EC

13 R6

14 B6

15 R7

16 B7

17 R8

18 B8

19 R9

20 B9

21 R11

22 B11

23 BB

24 TIME

T ab le  (4—1) EKA re c o rd s  -  t r a c k s  and  c o r re s p o n d in g  c h a n n e ls
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CHAPTER V

ESKDALEMUIR ARRAY SHALLOW STRUCTURE 

5*1 I n t r o d u c t io n

P re l im in a ry  a n a ly s i s  o f  P-w aves o f  ab o u t (50) lo c a l  e v e n ts  an d  

R a y le ig h  w aves o f  f i v e  o f  th e s e  re c e iv e d  a t  E sk d a lem u ir A rra y  from  

d i f f e r e n t  az im u th s  and  ra n g e s  (some o f  w hich w ere r e p e a te d )  r e v e a le d  

th e  e x i s t e n c e  of an  a z im u th a l anom aly o r  s h i f t  (b e a r in g  o f  d i r e c t  

so u rc e  to  r e c e iv e r  r a y  — o b se rv e d )  v a ry in g  in  s ig n  and  m a g n itu d e  

from  one s o u rc e  to  a n o th e r  and  ra n g in g  from  ( 5° to  +15° )*  In  o th e r  

w o rd s, w aves t r a v e l l i n g  from  d i f f e r e n t  s o u r c e s ,  o r i g i n a t i n g  in  th e  

M idland  V a l le y ,  S o u th e rn  U plands and  o f f - s h o r e ,  seemed to  h av e  been  

r e f r a c t e d  from  t h e i r  s t r a i g h t  l i n e  r o u te s  to  E sk d a lem u ir .

At t h a t  s t a g e ,  an  e x p la n a tio n  o f  th e  a z im u th a l an o m alie s  o f  R a y le ig h  

w aves w ere c o n s id e re d  o f  fo re m o s t im p o r ta n c e . T h e ir  p e r io d s  v a r i e d  

w i th in  th e  ra n g e  (0 .5  s e c .  -  1*5 s e c . )  and  th e r e f o r e  r e q u i r e d  any  

c a u s a t iv e  s t r u c t u r e  to  l i e  w i th in  th e  u p p e r  0—3 km o f  th e  e a r th * s  

s u r f a c e ,  anyw here betw een th e  so u rc e s  and  E sk d a le m u ir . On th e  o th e r  

h an d , P-w aves may be a f f e c t e d  by d e e p e r  s t r u c t u r e s  a s  t h e i r  em ergen t 

r a y  a n g le s  from  th e  v e r t i c a l  a r e  in  th e  ra n g e  40° to  J0° •

Azim uth a n o m a lie s  o f  s e is m ic  w aves from  a r r a y  d a ta  have been  r e p o r te d  

by  d i f f e r e n t  a u th o rs  (more d e t a i l s  in  C h ap te r  V i ) • Such a n o m a lie s  

have been  a t t r i b u t e d  to  d i f f e r e n t  c a u se s  su ch  a s :  non—hom ogeneous and  

a n i s o t r o p ic  c o n d i t io n s  w i th in  th e  wave p a th ;  l a t e r a l  h e te r o g e n e i ty  

in  th e  m edia such  a s  d ip p in g  p la n e s  a n d /o r  a  com plex v e l o c i t y
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s t r u c t u r e  o f  some s o r t  im m ed ia te ly  b e n e a th  th e  r e c o rd in g  s t a t i o n .

An e x p lo s io n  ex p erim en t in  th e  v i c i n i t y  o f  E sk d a le m u ir  seem ed to  be a  

c o n v e n ie n t way to  s tu d y  th e  sh a llo w  v e l o c i ty  s t r u c t u r e  w i th in  th e  

Lower P a la e o z o ic  b ed rock  b e n e a th  th e  a r r a y ,  u t i l i z i n g  P-w aves and  

a im in g  t o :

( D  i d e n t i f y  any l a t e r a l  inhom ogeneity  such  a s  d ip p in g  r e f r a c t o r s .

(2 ) s tu d y  th e  e f f e c t  o f  d e p th  on v e l o c i ty ,  i . e .  s ig n i f i c a n c e  o f  

l a y e r i n g .

( 3) an d  to  s tu d y  th e  v e l o c i t i e s  in  d i f f e r e n t  d i r e c t i o n s ,  i . e .  

p o s s i b le  a n is o t r o p y .

R eso u rces  a v a i l a b l e  p e rm i t te d  a  p a t t e r n  o f  s i x  u n tim ed  s h o ts  

p r o v id in g  enough en erg y  to  be d e te c ta b le  a c r o s s  th e  w hole a r r a y ,  i . e .  

ra n g e s  up to  ab o u t 10 km g iv in g  in fo rm a tio n  to  d e p th s  o f  a b o u t 1 km. 

S in c e  a l l  se ism o m eters  a r e  founded  on th e  s t e e p l y  d ip p in g  Lower 

P a la e o z o ic  b ed ro ck  ( s h a le s  & greyw ackes) no e f f e c t  from s u p e r f i c i a l  

d e p o s i t s  ( a t  m ost a  few m e tre s  o f  p e a t ,  b o u ld e r  c l a y ,  a l lu v iu m , san d  

o r  g r a v e l )  i s  a n t i c ip a t e d  on th e  a p p a re n t v e l o c i t i e s  m easured  a t  o v e r  

100 m r a n g e .  There i s  no e x p e c ta t io n  o f  any o th e r  change o f  ro c k  

ty p e  w i th in  th e  to p  k i lo m e tre  o f  d e p th . V e lo c i ty  changes w ith  

d e p th ,  t h e r e f o r e ,  a re  o n ly  to  be e x p e c te d  from  j o i n t  and c ra c k  

e f f e c t s .  L a t e r a l  changes in  v e l o c i ty  may be d u e , in  a d d i t i o n ,  to  

any  c o n t r a s t  betw een s h a le  and  greyw acke b e d s .

5*2 D e s c r ip t io n  o f  Shot P a t t e r n  and  O p e ra tio n a l  D e ta i l s

F o u r r e v e r s e d  i n l i n e  s h o ts  w ere f i r e d  on th e  two arm s o f  th e  a r r a y  

an d  two s h o ts  in  betw een (s e e  F ig .  (5“ 1 ))*  D is ta n c e s  betw een  s h o ts
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Bll ft-

J

Infer-.nt- s > .ometers varied between 0.1 km and 10 .09 km. 

irje . :s av* ;ed around 4 kg/shot, c ided into separate units 

roujhly 0*2, 0.4 O.o kg depending shot—hole depths and were 

:n . . ..laneously. Holes were drilled by hand percussion bore 

... or earth down to 1— 2 rn or rockhead if shallower, than 

. patterns were limited to a line or two, with maximum 

aut 15 m, parallel to the cable lines (which run roughly 

arms of the array) and about 10 m off them to avoid any 

ssl. ... *ge. For the two off—arm shots, holes were drilled 

;:.m circles of about 7 ni diameter. Shots were located to 4- 0.01 km 

relation *o the seismometer array, certainly for those on its 

sand probably, through compass bearings to features on the 6 18 

ips, f e other two*

operation of the supervisors in the recording laboratory,

hsta.t.necus play—back of three shots was carried out using the 

pliable ..ay-back facility referred to in Section (3«2»3)»

Anfp 'ecording and check on the efficiency of these shots.

Analysis & Interpretation

!; -backs were carried out in I.G.S. (Edinburgh), see Section (4*3)*

L\ (5-2) shows the record of shot (6). All shots were received on 

ivery sor of the array. First arrivals (P-waves) were picked from

recor 1 the six shots with an accuracy of 0.01 sec. Relative

■ames (see Appendix 2) were first plotted against distances' 

shot* Origin times were calculated on the assumption that the 

between the nearest pair of seismometers to the shot projected 

.3 point (0.0). Three of the inline shots were about 0.10 km
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from  th e  n e a r e s t  se ism o m ete r, th e  f o u r th  was ab o u t O.48  km. The 

n e a r e s t  se ism o m eters  to  th e  o f f - l i n e  s h o t s ,  2 & 4» were a t  1 .6 6  km 

an d  1.58  km r e s p e c t iv e l y .  F o r  th e  i n l i n e  s h o ts  a c c u ra c y  o f  o r ig i n  

tim e  d e te rm in a t io n  i s  b e l ie v e d  to  be + 0 .0 1  s e o .  w hich i s  th e  

d i f f e r e n c e  betw een th e  t r a v e l  tim es  to  th e  n e a r e s t  se ism o m eter a t  

4*3 and  3 k m /se c . F o r  th e  o th e r  s h o ts  a c c u ra c y  i s  o f  th e  o r d e r  o f  

+ 0 .0 2  s e c .

5*3*1 V e r t ic a l  V e lo c ity  V a ria tio n  

T-X G ra p h s/in lin e  Shots

F i r s t  in s p e c t io n  o f  th e  t r a v e l —tim e - d is ta n c e  g ra p h s  o f  th e  i n l i n e  

s h o ts  s u g g e s te d  t h a t  th r e e  l i n e a r  segm ents c o u ld  be f i t t e d  to  e a c h .

I t  sh o u ld  be m en tio n ed , how ever, t h a t  th e  t h i r d  segm ent (w ith  lo w e s t 

s lo p e )  o f  each  cu rv e  was f i t t e d  to  o n ly  two o r  th r e e  p o in t s  a t  m o s t. 

V e lo c i t i e s  a s s o c ia t e d  w ith  d i f f e r e n t  segm ents a r e  g iv e n  on th e  g ra p h s , 

s e e  F ig .  (5 -3  A ).

(A) P lu s  — Minus Method

U t i l i z i n g  th e  r e s u l t s  o b ta in e d  from th e  T-X g ra p h s  o f  F ig .  (5—3A) 

and  c o n s id e r in g  a  tw o - la y e r  m odel, th e  p lu s —m inus m ethod h a s  been  

a p p l ie d  to  th e  re v e r s e d  i n l i n e  s h o ts ,  s e e  H agedoom  ( 1 9 5 9 ) ^ ^ *

R e s u lt s  a r e  g iv e n  in  t a b l e  (5—0  and  F ig *  (5 -4 )*  Commenting on th e s e ,  

th e  fo llo w in g  p o in t s  sh o u ld  be made;

(1 ) The r e f r a c t o r  v e l o c i ty  u n d e r th e  B lue arm d i f f e r s  s i g n i f i c a n t l y  

from  t h a t  u n d e r th e  Red (+  0 .3 6  + 0 .0 3  k m /s e c .) .  The h ig h e r  

v e l o c i ty  i s  in  th e  d i r e c t i o n  c l o s e r  to  th e  lo c a l  g e o lo g ic a l  

s t r i k e  (20° com pared w ith  70°) (more d e t a i l s  l a t e r ) . T h is  

d i f f e r e n c e  means t h a t  th e  b a s ic  a ssu m p tio n s  o f  t h i s  m ethod o f
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D epth (km)

( s o d s ) dujxji x ^ * 6^

O v O -

D epth (km)
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P i t tA
s e c s .

tB
se c s ,

«+
Ud

n
o

(—) v a lu e  
i«e*

tA -  tB  -  tAB

+ v a lu e  

tA + tB  -  tAB

D epth  to  
, r e f r a c t o r  b 

(+) v a lu e )  (km)

R3 0 .4 3 2

4 0 .6 1 4

5 0 .7 9 4
6 O.982  

*1 1 .172

1.167

0 .9 9 4
0.809
0 .6 4 5

0 .4 3 8

VJl yp*'-
•
VO
00

I

ro

2 .2 4 5
1.890

1 .525

1 .173

0 .7 7 6

0 .0 8 9

0 .0 9 8

0 .093

0 .117
0 .100

0 .440

0 .480
0 .460

0 .580

0 .490

(a )  Red arm , A * s h o t (5 )»  B « sh o t ( 6 )

Vj *= 4*35 k m /s e c .,  « 4*86 + .02  k ra /sec .

B
4 0 .2 7 7 O.919 ._v n -  1.751 0 .087 0 .3 5 0

5 0 .466 O.740
0
VO -F=>. -  1 .383 0 .0 9 7 0 .3 9 0

6 0 .6 3 7 O .56O
CQ
OO

O
fe -  1.032 0 .088 0.360

B7 O.824 0.402
. VJi

-  0 .687 0 .1 1 7 O.470

(b ) B lue arm : A *= sh o t ( l ) ,  B *= s h o t ( 3)

*= 4*45 k ra /s e c .,  ■ 5*22 + .02  k m /se c .

T ab le  ( 5 - 1 ) :  R e s u l ts  from  + m ethod. L as t column g iv e s  th e  d ep th

to  th e  r e f r a c t o r  u n d e r d i f f e r e n t  p i t s .



VO
CO&

O'

rO
CO J

PQ

00 00

VO VO

LTv S '
VO
o \00

UN

rO rOPQ

C\J

3 ?00

( ud̂ ijStoh

P4

UN ’v

CO
( ue>i)  qq.decc ( udj) q .q S i0H

~T--------- ------------------------1—
r-i vo vo

vo Q) ON ON
o \ > OD 00

CO <D . .
. ci ,-J .  O O

0 0 1
CO

0) 
> 0) 

ci h-3 <D
co

(uni) q^doo;
TO­

O N
00

•
0

F
ig

.(
5-

4)
 

V
er

ti
ca

l 
se

ct
io

n 
al

on
g 

th
e 

tw
b 

ar
m

s 
sh

ow
in

g 
de

pt
hs

 
to 

re
fr

a
c

to
r 

un
de

r 
d

if
fe

re
n

t 
pi

ts
 

as 
ca

lc
ul

at
ed

 
th

ro
ug

h 
(£

). 
m

et
ho

d.



a n a ly s e s  a r e  n o t m e t. R e f r a c to r  d e p th s  u n d e r  one arm c a n n o t ,  

s t r i c t l y ,  he com pared w ith  th o s e  u n d e r  th e  o th e r  when t h e  

v e l o c i t i e s  d i f f e r .

From a  r e f e r e n c e  datum th e  a p p a re n t a m p litu d e  o f  r e l i e f  on th e  

r e f r a c t o r  i s  66 m on Red and  m on B lue ( t a b l e  5—2» c o l .  7) 

w ith  a  maximum a p p a re n t s lo p eb e tw een  a d ja c e n t  s e ism o m e te rs  o f  

4 ° .  On th e  Red arm th e  r e f r a c t o r  a p p e a rs  to  be s l i g h t l y  d eep e r 

n e a r  th e  c e n t r e  o f  th e  re v e r s e d  s p re a d  (R5 & R6) • The 

u n re v e r s e d  o f f - l i n e  r a y  p a th s  can n o t be u se d  to  add  unam biguously  

to  t h i s  p a t t e r n .

The m ost s u s ta in e d  a p p a re n t  s lo p eo n  th e  r e f r a c t o r  i s  shown 

to w a rd s  ESE a lo n g  Red (Re to  R 6). T h is  i s  l i t t l e  m ore th a n  one 

d e g r e e .  A d ip  in  t h i s  se n se  w ould te n d  to  p ro d u ce  b o th  az im uth  

s h i f t s  an d  a p p a re n t v e l o c i t y  d i f f e r e n c e s  in  th e  s e n s e s  o b se rv ed  

f o r  a r r i v a l s  from  th e  n o r th e r ly  q u a d r a n ts .  The maximum 

a z im u th  s h i f t  i . e .  a r r i v a l  a lo n g  s t r i k e  w ith  a  2° d ip  an d  a  

v e l o c i t y  c o n t r a s t  o f  0 .8  w ould, how ever, o n ly  be  1—2° com pared 

w ith  10-15° o b s e rv e d . S im i la r ly  th e  maximum v e l o c i t y  d i f f e r e n c e  

w ould  b e  ab o u t 2% com pared w ith  10^6 o b se rv e d  ( a l lo w in g  f o r  r a n g e ) .  

C o rb is h le y  ( 1 9 7 0 ) ^ ^  found  from  te le s e is m s  i . e .  a r r i v a l s  a t  

n e a r ly  v e r t i c a l  in c id e n c e  t h a t  tim e  d e la y s  betw een EKA 

S e ism om eters  c o r r e l a t e  w ith  t h e i r  e l e v a t io n s  w hich i s  i n d i c a t iv e  

o f  a  s u r f a c e  la y e r  v e l o c i t y  o f  2 .9 4  + 1 .3  k m /se c . T h is  i s  a  

low f i g u r e  f o r  th e  w e ll-c o m p a c te d  ro c k s  on w hich th e  se ism om eters  

a r e  fo u n d e d . Lack of o r i g i n a l  tim e s  com bined w ith  th e  

w ide se ism o m eter s p a c in g  ex c lu d e  th e  p o s s i b i l i t y  o f  d i r e c t  

d e te rm in a t io n  o f  n e a r  ( t e n s  o f  m e tre s )  s u r f a c e  v e l o c i t i e s  from
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th e  p r e s e n t  m easurem en ts. I t  i s  found., how ever, t h a t  th e  

a lg e b r a ic  sum o f  th e  d i f f e r e n c e s  in  d e la y s  due to  u s in g  a  

s u r f a c e  v e l o c i ty  o f  4«0 r a t h e r  th a n  3*0 k m /se c . i s  c a n c e l l e d  

by th e  a d d i t io n a l  d e la y s  in tro d u c e d  by  th e  s t r u c t u r e  on th e  

5 -0  k m /se c . r e f r a c t o r  ta k in g  an  a v e ra g e  f ig u r e  an d  f o r  t h i s  

p u rp o se  assum ing  t h a t  d e p th s  u n d e r  Red and  Blue can  be 

com pared.

At l e s s  th a n  v e r t i c a l  in c id e n c e  and n e g le c t in g  th e  e f f e c t  o f

I V2 *■ V1 ̂
r e f r a c t o r  d ip  (d e la y  -  A h  ( VI j j j 2^ — (*e ^a^ s ^u e

v a r i a t i o n s  in  to p  l a y e r  th ic k n e s s  w i l l  be d e c re a se d  by up to  •§•

( a t  th e  c r i t i c a l  a n g le ) ,  i . e .  in  th e  w o rs t c a s e s  (B7 & R6 r e l a t i v e  to

B4) w i l l  l i e  betw een + ’0 .0 3 6  and  0 .0 2 4  s e c .  Assuming c r i t i c a l

a n g le  r e f r a c t i o n  and  e l e v a t io n  d i f f e r e n c e s  o n ly ,  c a l c u la te d  a p p a re n t

v e l o c i t i e s ,  see  Jacob  ( 1969) and A ppendix (4 ) d i f f e r e d  by up to

0 .0 3  k m /se c . from  th o s e  found  by n e g le c t in g  th e  e l e v a t io n  e f f e c t

e n t i r e l y .

(B) C ontinuously  In crea s in g  V e lo c ity  w ith  Depth

The d a ta  (A ppendix  2 and  F ig .  (5 -3A )) c o u ld  be c o n s id e re d  to  

r e p r e s e n t  sam ple p o in t s  on sm ooth T-X c u rv e s  in s te a d  o f  l i n e a r l y  

segm ented o n e s .  The s l i g h t l y  g r e a t e r  a p p a re n t  r e f r a c t o r  d e p th s  

u n d e r th e  m id d le  o f  th e  Red arm c o u ld  r e f l e c t  th e  p r o g r e s s iv e ly  

d e c re a s in g  T-X g r a d ie n t .  I n - l i n e  s h o ts  a t  d i f f e r e n t  ra n g e s  in to  

th e  a r r a y  arm s w ould , in  p r i n c i p l e ,  r e s o lv e  t h i s  a m b ig u ity .

W h ils t th e s e  a r e  n o t a v a i l a b l e ,  th e  in c r e a s e  in  a p p a re n t v e l o c i t y

w ith  ran g e  f o r  more d i s t a n t  (20—150 km) s o u rc e s ,  s e e  Ja c o b  ( 1 9 ^ 9 ) ^ ^  

and  C h ap te r V I, su p p o r ts  th e  co n tin u o u s  v e l o c i t y  v a r i a t i o n  m odel a t
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g r e a t e r  d e p th  (3 to  10 km ).

The in v e r s io n  o f  a  s u i t a b l e  T-X g raph  to  y i e l d  th e  im p lie d  v e l o c i t y  

d ep th  fu n c t io n  may be a c h ie v e d  by a p p ly in g  th e  W ie c h e r t-H e rg lo tz — 

Bateman (WHB) i n t e g r a l .  T h is  may be fo rm u la te d  a s :

The program  u se d  h e re  f o r  e v a lu a t in g  t h i s  i n t e g r a l  i s  l i s t e d  in  

A ppendix (3)*  In —p u t to  i t  r e q u i r e s  a  s e r i e s  o f  T-X sam ple p o in t s  

such  t h a t  each  s u c c e s s iv e  tim e  in c rem en t i s  l e s s  th a n  th e  p re v io u s #  

Such s e r i e s  have been  e s t im a te d  from  th e  i n - l i n e  d a ta  f o r  e a c h  a r r a y  

arm , se e  A ppendix (£ ) •

The r e s u l t s  (F ig# (5 -3B )) a p p e a r  to  i n d i c a t e :

(1 ) a  r a p id  (1 .3  to  1 .4  k m /se c ./k ra ) , though  s l i g h t l y  d e c r e a s in g  

r a t e  o f  v e lo c i ty  in c r e a s e  o v e r  th e  f i r s t  0 .7  to  0#9 km#

(2) a  red u ce d  r a t e  ( 0 .3  k m /sec ./k m ) n e a r  th e  l i m i t  o f  d e p th  

p e n e t r a t i o n  (0 .8  to  1 .0  km).

(3 ) a  g r e a t e r  v e lo c i ty  u n d e r  th e  B lue a r r a y  arm th a n  u n d e r  th e  Red 

a t  e v e ry  d e p th  w i th in  th e  ran g e  (+ 0 .3  to  0 .4  k m /s e c .) .

These v e l o c i t i e s ,  how ever, a p p e a r  to  be to o  h ig h  when com pared w ith  

th e  r e f r a c t o r  m odel. A s im p le r  ap p ro ach  w hich a llo w s  th e  t h e o r e t i c a l ,  

t r a v e l  tim es  to  be c a l c u la te d  f o r  com parison  w ith  th e  o b s e rv a t io n s  

i s  to  f in d  th e  b e s t  v a lu e  o f  l i n e a r  r a t e  o f  in c r e a s e  in  v e l o c i t y  w ith  

d ep th  > (k ) f o r  each  l i n e  ta k in g  th e  a p p r o p r ia te  v a lu e s  o f  Vo i . e .  

4*35 k m /se c . f o r  Red and 4*50 k m /se c . f o r  B lu e . On t h i s  b a s i s ,

cosh

Where 1 /v  = («~) x  ~ se e  G ran t & West ( 1965) ^ ,  P- 139*
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u s in g  e q u a t io n  (5~2) K was found  to  be ab o u t 0*8 km /sec./km  f o r  

b o th  a rm s•

The v e l o c i ty —d e p th  cu rv e  u n d e r  EKA d e r iv e d  from  th e  l i n e a r  r e l a t i o n  

betw een a p p a re n t  v e l o c i ty  and  ran g e  (20 $  & 120 km)

e x t r a p o la te d  to  ze ro  ran g e  shows v e l o c i ty  in c r e a s in g  from  5*54 to

6 .0  ( o r  6 .2 )  k m /se c . a t  a  d e c re a s in g  r a t e  o v e r  th e  d ep th  ra n g e  0 

to  10 o r  12 km, se e  Jaco b  ( 1 9 ^ 9 ) ^ ^  and. F ig .  ( 2 - 6 a ) .  T h is  i s  in  

g e n e ra l  ag reem en t w ith  la b o r a to r y  m easurem ents on greyw ackes o v e r  a  

ran g e  o f  p r e s s u r e  (5*4 k m /se c . a t  0 .01  k b a r  to  6 .1 3  k m /se c . a t  

10 k  b a r ,  se e  A nderson & Liberm an ( 1968) ^ ^ .  High i n i t i a l  r a t e s  

o f  v e l o c i ty  in c re a s e  have been  found  in  g r a n i t i c  g n e is s  (1 .0  km / 

se c ./k m ) in  th e  f i r s t  0 .3  kra, see  Sm ithson & S h iv e  ( 1 9 7 5 ) ^ ^ »

These e f f e c t s  a r e  c o n s id e re d  to  be due to  th e  c lo s u re  o f  c ra c k s  

( j o i n t s ,  b e d d in g , c le a v a g e —f r a c t u r e )  u n d e r  p r e s s u r e ,  see  H a ll &

Al—Haddad (1 9 7 6 )(6^ .

The v e lo c i ty - d e p th  c u rv e s  d e r iv e d  h e re  a p p e a r  to  jo in  th e  c u rv e  

found  f o r  g r e a t e r  d e p th s  a t  ab o u t 1 km below  th e  s u r fa c e  ( s l i g h t l y  

g r e a t e r  u n d e r Red) (F ig .  (5 ~ 3 B )). The h ig h e r  v e l o c i t i e s  u n d e r  th e  

B lue arm c o u ld  be due to  th e  o r i e n t a t i o n  p a t t e r n  o f  c r a c k s ,  se e  

Schenk & Schenkova ( 1 9 7 4 ) ^ ^  i th u s  more f r e q u e n t  c ra c k s  may be 

e x p e c te d  xo be p a r a l l e l  w ith  th e  s te e p ly  i n c l in e d  bedd ing  ( s t r i k e  

20° o f f  B lue) and  re d u c e , r e l a t i v e l y ,  th e  v e l o c i t y  o f  p a th s  a c ro s s  

them ( th e  Red arm l i e s  a t  70° to  th e  s t r i k e ) .  At d e p th s  o v e r  3 km, 

how ever, w here v e l o c i ty  in c re m e n ts  w ith  p r e s s u r e  become sm all 

(F ig .  (2 -6A )) such  an  az im u th  e f f e c t  sh o u ld  a l s o  be much red u ce d  

b u t see  C h ap te r VI on a p p a re n t v e l o c i ty  v a r i a t i o n  w ith  a z im u th ) .
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5 .3 * 2  A zim uthal V e lo c i ty  V a r ia t io n s

W h ils t a  T-X p l o t  o f  a l l  th e  d a ta  p o in t s  ( F ig .  (5~5)» 6 s h o ts  in to

i n - l i n e  m easurem ents i n d i c a te  h ig h e r  v e l o c i t i e s  u n d e r th e  B lue 

th a n  th e  Red arm . In  o f f - l i n e  az im u th s  th e  t r a v e l  tim e s  a r e ,  in  

g e n e r a l ,  known f o r  o n ly  a  s in g le  ran g e  a lo n g  a  p a r t i c u l a r  l i n e .

In  o rd e r  to  compare them th e  a v e ra g e  l i n e a r  r a t e  o f  in c r e a s e  o f  

v e l o c i ty  w ith  d e p th  (K ss 0 .8 )  h a s  been  u s e d . On t h i s  b a s i s  th e  

im p lie d  z e ro -d e p th  v e l o c i ty ,  Vo, h as  been  c a l c u la te d  f o r  each  

t r a v e l  t im e , T, and  ra n g e , X, from  th e  e q u a t io n :

These v e l o c i t i e s  a r e  p l o t t e d  a g a in s t  ra y  a z im u th  from th e  g e o lo g ic a l  

s t r i k e  d i r e c t i o n  (N 50 E -  S 50 Vi) in  F ig .  (5"-6) w here some 

s y s te m a tic  v a r i a t i o n  becomes a p p a re n t when th e  Red and  B lue 

se ism o m eter p o in t s  a r e  t r e a t e d  s e p a r a te ly  and  a l l  p o in t s  from  

ra n g e s  <  1 .8  km a r e  o m itte d .  Each s e t  o f  l i n e s  th e n  shows a  Vo 

ran g e  a p p ro a c h in g  1 k m /sec . betw een a  minimum 70 /80° and  a  maximum, 

b e s t  seen  on B lu e , 10/20 from  th e  s t r i k e  d i r e c t i o n .  The B lue s e t ,  

how ever, l i e  ab o u t 1 k m /se c . above Red r e p r e s e n t in g  d i f f e r e n c e s ,  in  

th e  same s e n se  f o r  each  s h o t ,  in  th e  i n t e r p o la t e d  c r o s s - o v e r  t im e s .  

The mean c ro s s - o v e r  tim e  d i f f e r e n c e  (R ed-B lue) i s  0 .0 7  + 0 .0 0 5  s e c .  

and  th e  mean Vo d i f f e r e n c e  i s  (-O .85  + 0 .0 5  k m /s e c .) .  Each 

d i f f e r e n c e  depends o n ly  on r e l a t i v e  a r r i v a l  tim e s  a t  Red and  B lue 

se ism o m eters  re a d  from  an  an a lo g u e  p la y -b a c k  o f  b o th  on to  th e  same 

c h a r t .  E r r o r s  h e re  sh o u ld  n o t  exceed  + 0 .0 2  s e c .  and  d e s p i t e  

re c h e c k in g  no e x p la n a tio n  o f  th e  la rg e  and s y s te m a tic  d i f f e r e n c e

20 se ism o m ete rs )  shows a  mean v e l o c i ty  o f  5 + 1 k m /se c . w ith  a  

p o s s ib le  3 to  4 k m /sec . to p  l a y e r  betw een 0 an d  0 .07  km t h i c k ,

see N e t t l e to n  (

it /K.X\ / e . , /TK\
v° c  \ ~ y s in h  (*T '

p .  259 .

( 5- 2 ) ,
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Fig. (5-5) T—X g ra p h , a l l  c lo s e  s h o t s .
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has been found* The most d ir e c t  e s t im a te  o f  i t s  v a lu e  i s  g iv en  by 

th e  tim e d if fe r e n c e s  on th re e  rev ersed  ray p ath s in v o lv in g  a B lue  

and Red seism om eter + 0*123 + 0*03 (Red—B lue) • E stim ates o f  Vo 

fo r  one arm and one sh ot a t  co n sta n t azim uth a re :

Shot 1 (B lue 5*03 + 0*06 km /sec; shot 5 (Red.) 4*60 + 0*06 km /sec

Shot 3 11 4*89 + 0*06 km /sec; sh ot 6 11 4*59 + 0*06 km /sec

Mean = 4*96 ±  0*06 km /sec; Mean = 4*595 + *6 km /sec

On read in g  th e  above. Dr* B* Jacob suggested  th a t  a  m isalignm ent o f 

th e  tap e  heads on th e  I*G*S* (Edinburgh) p layback  system could have 

produced such a  tim e d iffe ren c e*  New analogue p laybacks, p rovided  

by Dr* T hirlaw ay, from th e  o r ig in a l  tap es  a t  M*0*D*, B lacknest have, 

in  f a c t ,  confirm ed t h i s .  For th e  f i r e  sh o ts  (2 , 3> 4j 5 & 8) o f 

7 September, th e  f i r s t  a r r iv a l s  f o r  red  on th e se  new playbacks were 

found to  average 0*05 sec* e a r l i e r ,  r e l a t iv e  to  Blue, than  on th e  

o r ig in a l  p laybacks. R e la tiv e  to  each o th e r ,  a r r iv a l  tim es on Red 

had not changed. The same a p p lie s  to  B lue. S ince fo r  sh o ts  1, 3>

5 & 6 th e  o r ig in  tim es were es tim a ted  r e l a t iv e  to  e i th e r  Blue (1 & 3)

o r Red (5 & 6) tim es , th e re  has been no need to  change th e  t r a v e l  

tim es used in  S ec tio n  5*3*1* S im ila r ly  on F ig . (5-6) th e  in - l in e  

Vo values f o r  th e se  sh o ts  a re  u n a ffe c te d . The ranges f o r  each o f 

th e se  4 s e t s  o f  p o in ts  a re  an in d ic a tio n  o f th e  u n c e r ta in t ie s  

a p p lic a b le  to  in d iv id u a l o f f - l in e  p o in ts .  F or the  o f f - l in e  

seismom eter t r a v e l  tim es , however, th o se  from sh o ts  1 & 3 in to  Red 

have been shortened by 0 .0 5  s e c . and th o se  from sho ts  5 & 6 in to  Blue 

leng thened  by 0 .05  s e c . in  producing F ig . (5-6A ). F or sh o ts  2 & 4j 

off*-line w ith  re sp e c t to  both  Red and B lue, th e  t r a v e l  tim es have 

been sho rtened  and leng thened  by 0 .025 s e c . in to  Red and Blue 

re s p e c tiv e ly  in  th e  c a lc u la t io n s  o f Vo f o r  F ig . (5>~6&)»
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To read, t r a v e l  tim e s  from A ppendix  ( 2 ) ,  th e  o r i g i n  tim es  have now been ta k e n  

a s  fo l lo w s :

S h o t ( l )  B lue 13hr 06* 2 8 .0 5 "  S h o t(2 ) B lue 11hr 20* 0 2 .4 5 ” -  0 .0 2 5 11
Red " 11 "  11 "  " + 0 .0 2 5 "

S h o t(3 ) B lue 13hr 48* 4 0 .8 2 "  S h o t(4 ) Blue 15h r  34* 4 5 * 1 0 " -  0 .025*
Red it it m it ti it

(5 ) B lue 17hr 24* 45*70" S h o t(6 ) B lue 19hr 21* 4 6 .7 5 '* -  0 .0 5 "
11 »i it tt tt it

C o n c lu s io n s  to  be drawn from  t h i s  a n a l y s i s ,  F ig .  ( 5- 6A) a r e :

(1 ) C a lc u la te d  a s  Vo, from  eqn ( 5 - 2 ) ,  w here K = 0 .8  km /sec/km , th e  v e l o c i ty  

v a r i e s  s y s te m a t ic a l ly  w ith  az im u th  from  a  maximum aro u n d  5*1 km /sec p a r a l l e l  

w ith  th e  g e o lo g ic a l  s t r i k e  to  a  minimum aro u n d  4*4 km /sec norm al to  th e  

s t r i k e .  Towards th e  maximum ra n g e , w here i t s  e f f e c t  i s  m ost, chang ing  K

by + 0 .1 ,  a f f e c t s  Vo by n o t more th a n  + 0 .0 3  km /sec so t h a t  t h i s  c o n c lu s io n  

i s  n o t p a r t i c u l a r l y  s e n s i t i v e  to  th e  r a t e  o f  in c r e a s e  o f  v e l o c i ty  w ith  d e p th , 

in  f a c t ,  i t  i s  a p p a re n t in  th e  u n c o r re c te d  t r a v e l  tim es  (K = 0 ) .

(2) An a v e ra g e  v a r i a t i o n  d e r iv e d  a s  p o in ts  a t  10° az im u th  i n t e r v a l s  from 

a v e ra g e s  o f  a l l  th e  c a l c u la te d  p o in t s  in  th o s e  i n t e r v a l s  i s  shown on F ig .

( 5- 6B) in  com parison  w ith  th e  t h e o r e t i c a l  v a r i a t i o n  in  v e l o c i ty  f o r  a
/ Op\

t r a n s v e r s i t y  i s o t r o p i c  m a te r ia l  ( s e e  Crampin (1978) , F ig .  (2 ) f o r  o l i v in e

p a r a l l e l  to  (0 0 l)  w ith  th e  b & c a x e s  random ly o r i e n t a te d )  s c a le d  to  th e  

same am p litu d e  ( . 85) .

(3) A n iso tro p y  o f  t h i s  amount w ould p roduce  wave f r o n t  s h i f t s  up to  10°

from  th e  n o rm als  to  ra y  p a th s  in  th e  sen se  shown on F ig .  (6 -3 )*  The

t h e o r e t i c a l  e s t im a t io n  o f  th e s e  s h i f t s  i s  b a se d  on th e  r e l a t i o n s h ip  g iv en  on

(8 ”0page 106 w hich com pares c lo s e ly  w ith  t h a t  g iv e n  by Crampin (1977) »

J^ig* (3) f o r  th e  v a r i a t i o n  in  a n g le  (PH U ) betw een group v e l o c i ty  and 

p ro p a g a tio n  v e c to r  w ith  p ro p a g a t io n  v e c to r  f o r  qP in  a n i s o t r o p ic  m a te r i a l .

(4 ) 'The p roblem  w hich a ro s e  b eca u se  o f  th e  tim e  d i f f e r e n c e  betw een Red and 

B lue c r o s s - o v e r  tim e s  have been e x p la in e d  by a  m isa lig n m en t o f  th e  heads o f  

th e  r e p la y  sy s te m . C o rre c t io n  f o r  t h i s  h a s  n o t  changed th e  d a ta  o r  

c o n c lu s io n s  ab o u t v e lo c i ty  v a r i a t i o n  w ith  d e p th  o f  S e c tio n  (5*3*1) a s  th e s e  

w ere b ased  on tim e  d i f f e r e n c e s  a lo n g  e i t h e r  th e  Red o r  B lue arm s.



-  95 -

CHAPTER VI

PRESENTATION OF RESULTS AND INTERPRETATION

ALL LOCAL EVENTS

EKA« BROUGHTON & LOWNET

6.1  I n t r o d u c t io n

F i r s t  P—a r r i v a l s  o f  m ost l o c a l  e v e n ts ,  see  map o f  F ig .  ( 4 - 1 ) ,  A ppendix  (1 ) 

and  C h a p te r  IV, w ere p ic k e d  w ith  an  a c c u ra c y  o f  + 0 .01  s e c .  an d  l e s s  

th a n  t h a t  f o r  weak a r r i v a l s .  T ra v e l tim e s  and  a v e ra g e  v e l o c i t i e s  

w ere c a lc u la te d  f o r  a l l  tim ed  s h o ts .  A com puter program  "  CLOSE " ,  

se e  A ppendix  ( 4 ) ,  d e s ig n e d  to  h a n d le  a r r a y  d a ta  and  makes a llo w a n c e  f o r  

th e  c u rv a tu r e  o f  th e  w a v e fro n t and th e  a l t i t u d e  v a r i a t i o n  betw een  th e  

se ism o m e te rs , h a s  been u se d  to  c a l c u l a t e  th e  a p p a re n t v e l o c i t i e s  and  

a n g le s  o f  ap p ro ac h  (w ith  a c c u r a c ie s  o f  + 0 .0 0 2  k m /se c . and  + 0 * 3 °  

r e s p e c t iv e l y )  f o r  a l l  l o c a l  e v e n ts  r e c e iv e d  a t  B roughton and  EKA.

S in ce  m ost o f  th e  so u rc e s  l i e  w i th in  th e  d i s ta n c e  ra n g e s  20 km A ^  

126.85 km and  20 km ^  ^  90 kro from  EKA and  B roughton r e s p e c t iv e l y ,

i t  i s  a n t i c i p a t e d  from  p re v io u s  work ( t a b l e  6—1) t h a t  f i r s t  a r r i v a l s  

a t  b o th  a r r a y s  w i l l  be e i t h e r  P^ o r  P* e x c e p t f o r  a  few p o s s ib le  P^ 

from  o v e r  130 km.

I t  sh o u ld  be m en tioned  t h a t  f o r  th e s e  e v e n ts  l i n e a r l y  i n t e r p o la t e d  

c r o s s - o v e r  tim e s  from th e  Red and  B lue arm s a g re e  to  w i th in  th e  e x p e c te d  

re a d in g  e r r o r ,  b u t t h a t  from  Red i s  s y s t e m a t ic a l ly  l a t e r  by up to  0 .0 2  s e c .

The r e s u l t s  f o r  each  a r r a y  (a p p a re n t v e l o c i t i e s  (V a), az im u th  s h i f t s  

( A O ) )  a r e  f i r s t  c o n s id e re d  s e p a r a t e ly .  T ra v e l tim es  to  b o th  a r r a y s  

and  some LGWNET s t a t i o n s  a r e  c o n s id e re d  to g e th e r  in  a  fo llo w in g  s e c t i o n .
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Phase

Southern Uplands ' M idland V a lle y

V e lo c ity (k m /se c ) Range(km) V e lo c ity (k m /sec ) Range(km) 
------ -

pg 5 .8 -6 .0 20-80 5 * 9 3 + °* °3 20-50

P* 6 .7 - 6 .9 80-130 6 .4 50-90

Pn 7 .9 -8 .1 130 • r* 8 90

T able (6 -1 )  S e ism ic  c r u s t a l  p h a se s  — t h e i r  e x p e c te d  v e l o c i t i e s
and  ra n g e s  a t  B roughton and  EKA a s  seen  from p re v io u s  
w ork, see  r e f e r e n c e s  21 , 26 and  31•

!ii

6 .2  EKA

6 .2 .1  Va A gain st D istan ce  ( A )  and Azimuth (^  )

A pparen t v e l o c i t i e s ,  c a l c u la t e d  by th e  program  "CLOSE", f o r  62 e v e n ts  

from  41 d i f f e r e n t  so u rc e  lo c a t io n s  a r e  p l o t t e d  a g a in s t  d i s ta n c e  in  

F ig .  (6 -1 )  More th a n  one e v e n t has been  re c o rd e d  from  11 o f  th e s e  

so u rc e s  ( l in k e d  p o in t s  in  F ig .  ( 6 - 1 ) ) .  These r e p e t i t i o n s  i n d i c a t e  

an  a v e ra g e  s ta n d a rd  d e v ia t io n  o f  ab o u t 0 .0 6  k m /se c . b u t may be  tw ic e  

t h a t  f i g u r e  a t  low s ig n a l /n o i s e  r a t i o s .  W ith th e  e x c e p tio n  o f  th e  

n a t u r a l  e v e n ts  and  a  few m arine s h o ts  ( f o r  w hich  o n ly  a  g e n e ra l  

lo c a t io n  i s  known) d is ta n c e  e r r o r s  a r e  n e g l i g i b l e .  A l i n e a r  

r e g r e s s io n  th ro u g h  a l l  th e  p o in t s  s u g g e s ts  Va in c r e a s e s  a t  0 .0 1  k m /se c / 

km. The c o r r e l a t i o n  c o e f f i c i e n t  (0 .4 3 )  and  s ta n d a rd  d e v ia t io n  

0 .4  k m /se c . in  c o n ju n c tio n  w ith  th e  e x p e c te d  e r r o r s  (< .12  k m /se c .)  

in d i c a te  t h a t  Va v a r ie s  a t  l e a s t  a s  much due to  o th e r  f a c t o r s  a s  i t
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does p r o p o r t i o n a l ly  to  d i s t a n c e .  On a  s im i l a r  p l o t  u s in g  d i f f e r e n t

(31)e v e n ts  b u t  p ro b a b ly  a  few o f  th e  same s o u rc e s ,  J a c o b ' 7 r e c o g n is e d  

slow  ( 5 .5  -  6 .0  k m /se c .)  an d  f a s t  (6 .4 4  k m /se c . a v e ra g e )  g ro u p s  o f  

30 an d  41 e v e n ts  r e s p e c t iv e l y ,  w ith  none in  th e  6 .0  -  6 .2  k m /se c . 

i n t e r v a l ,  an d  f i t t e d  r e g r e s s io n  l i n e s  to  each  s e p a r a t e ly .  Ten o f  

th e  p o in t s  on P ig  ( 6 - 1 ) ,  how ever, l i e  in  t h i s  i n t e r v a l .  S in c e  th e  

d i s ta n c e  ra n g e s  o f  J a c o b 's  f a s t  and  slow  g roups o v e r la p  i t  i s  no 

lo n g e r  c l e a r  how to  j u s t i f y  t h i s  s e p a r a t io n .  I f  th e  u p p e r  l i m i t  

o f  th e  s low  group  i s  r a i s e d  from  6 .0  to  6 .2  k m /s e c .,  a  r e g r e s s io n  

l i n e  th ro u g h  th o s e  p o in t s  on F ig .  (6—1) below  t h a t  l i m i t  i s ,  in  

f a c t ,  v e ry  c lo s e  to  t h a t  f o r  J a c o b 's  slow  group b u t th e  c o r r e l a t i o n  

c o e f f i c i e n t  i s  n o t  im proved by com parison  w ith  ta k in g  a l l  t h e  e v e n ts  

to g e th e r  an d  i s  c o n s id e ra b ly  lo w er th a n  t h a t  o b ta in e d  by Ja c o b  f o r  

th e  n a rro w e r  v e l o c i ty  i n t e r v a l  (0 .4 3  com pared w ith  O .78) .  I t  i s  

co n c lu d ed  t h a t  more th a n  h a l f  th e  v a r i a t i o n  in  Va i s  s t i l l  due to  

o th e r  f a c t o r s  th a n  d i s t a n c e .

D e s p ite  th e  o v e r la p  in  d i s ta n c e  ra n g e s  betw een th e  f a s t  an d  slow  

g ro u p s , w here a l l  a r e  c o n s id e re d  a s  f i r s t  a r r i v a l s ,  Jacob  p ro p o se d  

a  model c o n s i s t i n g  o f  an  in c r e a s e  in  v e l o c i ty  w ith  d ep th  ( 5 .5  t o  

6 .0  k m /s e c .)  to  12 km fo llo w e d  by a  r e f r a c t o r  h a v in g  a  v e l o c i t y  n e a r  

th e  f a s t  g ro u p  a v e ra g e  (6*4 k m /s e c .) .  To e x p la in  t h a t  t h e  f a s t  

g roup s o u rc e s  ap p ro ach  c l o s e r  to  EKA a lo n g  a  NE—SVJ a x is  th a n  a  

NVf-SE o n e , h e  su g g e s te d  t h a t  th e  r e f r a c t o r  d e p th  d e c re a se d  w ith  

d i s ta n c e  from  EKA a lo n g  th e  ' f a s t '  a x i s  and  in c re a s e d  a lo n g  th e  

's lo w 1 o n e . A lthough th e  LISPB i n t e r p r e t a t i o n  o f  a  6 .4  k m /se c . 

r e f r a c t o r  l i m i t e d  to  th e  M idland V a lle y  a t  7 km d ep th  does n o t 

s u p p o r t t h i s  a s p e c t  o f  J a c o b 's  m odel, th e  r e l a t i o n s h ip  on w hich  i t
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was b a se d  i s  co n firm ed  by th e  a d d i t io n a l  d a ta  r e p o r te d  h e re*  In  

F ig .  (6 -2 )  a  l i n e a r  r e g r e s s io n  i s  drawn betw een  a p p a re n t v e l o c i t y  

and  a  f u n c t io n  o f  az im u th  i . e .  th e  s in e  o f  th e  a n g le  betw een a r r i v a l  

az im u th  and  a  r e f e r e n c e  a x i s  ( l4 0 ° /3 2 0 ° )  w hich i s  a p p ro x im a te ly  th e

norm al to  th e  t r e n d  o f  th e  S o u th ern  U plands F a u l t  and  th e  Lower

P a la e o z o ic  s t r u c t u r e .  The c o r r e l a t i o n  c o e f f i c i e n t  i s  0 .4 3  and  

th e  s ta n d a rd  d e v ia t io n  0 .3 5  k m /se c . The te n d en cy  f o r  V& to  in c r e a s e  

w ith  ra n g e  a t  c o n s ta n t  az im u th  can  a l s o  be seen  on t h i s  d ia g ra m .

In  t h i s  a n a l y s i s  e v e n ts  have o n ly  been  l i m i t e d  to  ex c lu d e  th o s e  w ith

Va  >  6 .9  k m /s e c .,  i . e .  6*9 k m /s e c .,  see  t a b le  (6—1 ) .  A few

e v e n ts  from  J a c o b ’ s p a p e r  f o r  w hich th e  so u rc e  az im u th s  c o u ld  be 

i d e n t i f i e d  have been in c lu d e d  b ecau se  th e y  l i e  in  o th e rw is e  

u n re p re s e n te d  s o u th e r ly  q u a d ra n ts  i . e .  th e y  su p p o rt th e  r a d i a l  symmetry 

o f  th e  r e l a t i o n s h i p s .  The az im u th  o f  th e  LISPB l i n e  i s  shown on 

F ig .  (6 -2 )  and i t  a p p e a rs  in  t h i s  o r i e n t a t i o n  t h a t  5*8 k ra /sec . X . V 

^  6 .1  k m /se c . i . e .  th e  ran g e  o f  v e l o c i t i e s  w hich th e  LISPB i n t e r p r e t a t i o n  

a s s ig n s  to  th e  f i r s t  12 km u n d e r  th e  S o u th e rn  Uplands i s  r e s t r i c t e d  

b eca u se  o f  th e  o r i e n t a t i o n  o f  th e  m easu rem en ts.

6 .2 .2  A zim u thal A nom alies

As m en tioned  e a r l i e r ,  in  S e c t io n  (5 * 0 »  i t  was found t h a t  w aves 

t r a v e l l i n g  to  EKA from  d i f f e r e n t  so u rc e s  show a z im u th a l a n o m a lie s  

v a ry in g  in  s ig n  and m ag n itu d e , w here

A zim uth anom aly ( s h i f t )  « (D ire c t  — C a lc u la te d  P ro p a g a tio n  V ec to r)

F ig .  (6 -3 )  shows th e  r e l a t i o n  betw een th e s e  anom alies  and th e  d i r e c t
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p ro jm g a tio n  v e c to r  (P .V .)  a s  m easured a t  th e  c r o s s —o v e r  p o in t  o f  EKA, 

f o r  a l l  l o c a l  e v e n ts  i . e .  in c lu d in g  a l l  p o s s ib le  f i r s t - a r r i v a l  

p h a s e s ,  P ^ , P* & P ^. I t  seem s a p p r o p r ia te  to  in c lu d e  h e re  r a y s  

from  any  d e p th , i . e .  in c lu d in g  P ^ , s in c e  any az im u th  a n o m a lie s  th e y  

show may be p ro d u ced  by th e  v e l o c i ty  s t r u c t u r e  in  a  d e p th  ra n g e  

common to  them a l l .

The p r i n c i p a l  f e a tu r e s  o f  th e s e  o b se rv ed  an o m a lie s  a r e  a s  f o l lo w s :  

d )  S e ism ic  r a y s  t r a v e l l i n g  a t  p ro p a g a tio n  v e c to r s  ly in g  in  th e  

ra n g e s  120°  -  140°  and  220°  -  240°  a r e  n o t  d e f l e c te d ,  i . e .  

a p p ro x im a te ly  norm al and p a r a l l e l  to  th e  g e o lo g ic a l  s t r i k e .

(2 ) A ll  r a y s  w ith  a  p ro p a g a t io n  v e c to r  betw een  ab o u t 130° -  230° 

seem to  be d e f l e c te d  a n t i - c lo c k w is e .  D e f le c t io n  ( s h i f t )  

seem s to  in c r e a s e  s y s te m a t ic a l ly  from  0° a t  ab o u t 130° (P .V .)  

in to  a  maximum o f  a b o u t 11° somewhere around 180° (P .V .)  and 

d e c re a s e s  a f te r w a r d s .

(3 ) Rays t r a v e l l i n g  a t  p ro p a g a t io n  v e c to r s  l e s s  th a n  120° seem 

to  be d e f l e c te d  c lo c k w is e . D e f le c t io n  ( s h i f t )  in c r e a s e s  a s  

p ro p a g a t io n  v e c to r  d e c r e a s e s ,  g iv in g  a  maximum o f  10°  a t  

ab o u t 55°(£\J;)*Lack o f  d a ta  beyond t h a t  p o in t  makes th e  

p r e d i c t i o n  o f  th e  s t a t e  o f  th e  anom aly u n re s o lv e d .  On th e  

o th e r  h an d , th e  few p o in t s  beyond 230° i n d i c a te  a  c lo c k w ise  

s h i f t .

A zim uthal an o m a lie s  o f  d i f f e r e n t  s e is m ic  w aves have been  o b se rv e d , 

d is c u s s e d  and  i n t e r p r e t e d  by d i f f e r e n t  a u th o r s .

O tsuka ( 1966a ) (70) o b se rv e d  a z im u th a l a n o m a lie s  o f  some te le s e is m s  

re c o rd e d  a t  th e  U n iv e r s i ty  o f  C a l i f o r n ia  n e tw o rk . These w ere found
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t o  be c y c l i c  f u n c t io n s  o f  th e  d i r e c t i o n  o f  th e  so u rc e  and  w ith

a m p litu d e  o f  10°• The a u t h o r d i s c u s s e d  e r r o r  s o u rc e s  an d

co n c lu d ed  t h a t  th e s e  a n o m a lie s  can n o t be a t t r i b u t e d  to  m easurem ent

( 7 l )e r r o r s .  In  a  fo llo w in g  p u b l i c a t i o n ,  O tsuka  ( 1966b ) '  r e p o r te d

t h a t  th e  s t r u c t u r a l  f e a t u r e  w hich i s  p r im a r i ly  r e s p o n s ib le  f o r

th e s e  a n o m a lie s  i s  lo c a te d  in  th e  u p p e r m an tle  w ith in  a  d e p th  o f

(71)a b o u t 100 km. To a cc o u n t f o r  th e s e  a n o m a lie s , th e  a u th o r v '  

su g g e s te d  a  m o d e ra te ly  d ip p in g  Moho u n d e r la in  by a  second  d e e p e r  

i n t e r f a c e  w ith  a  v e l o c i ty  d e c re a se  downward an d  w ith  a  s te e p  d ip  

to w ard s  th e  O cean.

N ia z i  (1 9 6 6 )V( 7 r e p o r te d  t h a t  when a  l a y e r  i s  o v e r ly in g  a  h a l f -  

sp ace  w ith  a  t i l t e d  i n t e r f a c e ,  th e  r e f r a c t i o n  o f  s e ism ic  w aves, 

from  th e  h a l f —sp a c e , g e n e r a l ly  r e s u l t s  in  t h e i r  r e - o r i e n t a t i o n  

away from  th e  v e r t i c a l  p la n e  o f  in c id e n c e  w ith  th e  fo llo w in g  

c o n se q u e n c e s :—

( 1) The a n g le  o f  em ergence a t  th e  f r e e  s u r f a c e  w i l l  become 

az im u th  d e p e n d e n t.

(2 ) The a p p a re n t  d i r e c t i o n  o f  ap p ro ach  w i l l  be d i f f e r e n t  from  th e  

t r u e  a z im u th . The a z im u th a l v a r i a t i o n  a l s o  v a r ie s  w ith  

a z im u th .

( 7 ?)The a u th o r  ICJ gave a  m a th e m a tic a l fo rm u la t io n  f o r  th e  com pu ta tion  

o f  a p p a re n t  az im u th  and  th e  a n g le  o f  in c id e n c e  a t  th e  f r e e  s u r f a c e  

an d  t a b u la te d  some n u m e ric a l c o r r e c t io n s  to  th e  o b se rv ed  a p p a re n t 

az im u th  f o r  a  number o f  co m b in a tio n s  of v a r io u s  d ip  a n g le s  and  

v e l o c i ty  c o n t r a s t s .
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B o lt & N u t t l i  ( 1966) ^ 3) s tu d ie d  F-^wave d e la y  tim e s  a t  12 

C a l i f o r n ia  s t a t i o n s  r e l a t i v e  to  B erk e ley  a s  fu n c t io n s  o f  a z im u th  

and  com puted b e s t—f i t  s in u s o id s .  In  a  l a t e r  p u b l i c a t io n  N u t t l i  & 

B o lt ( 1969) ^ ^  co n c lu d ed  t h a t  v a r i a t i o n s  in  th e  d e p th s  to  th e  to p  

and  bo ttom  o f  th e  m an tle  lo w -v e lo c i ty  l a y e r  can  acc o u n t f o r  t h e  

o b se rv e d  a z im u th a l a n o m a lie s .

Brown, Borg & E ath  ( 1969) ^ * ^  s tu d ie d  a p p a re n t  v e l o c i t i e s  i n  

d i f f e r e n t  az im u th s  and  p ro p o se d  a  p o s s ib le  m ethod o f  c a l c u l a t i n g  

t r u e  s t r i k e  and d ip  o f  c r u s t a l  b o u n d a r ie s .  They d ev e lo p ed  a  

th e o ry ,  p a r t l y  fo r  a  s lo p in g  Moho o n ly  an d  p a r t l y  f o r  s lo p in g  Conrad 

and  Moho w ith  p a r a l l e l  s t r i k e s .  They a p p l ie d  th e  th e o ry  to  some 

o b se rv ed  Pn—a r r i v a l s  and  c a l c u la te d  th e  s t r i k e  and  d ip  o f  t h e  Moho. 

They a l s o  co n c lu d ed  t h a t  i f  a  s u f f i c i e n t  number o f  P* a r r i v a l s  can  

be o b se rv e d , i t  w ould be p o s s ib le  to  d e te rm in e  th e  s t r i k e  an d  d ip  

o f  th e  C onrad.

E l l i s  & Basham ( 1968) ^ ^  r e p o r te d  a z im u th a l s h i f t s  a s  h ig h  a s  18° 

from  te le s e is m s  re c o rd e d  a t  f o u r  s e ism ic  s t a t i o n s  in  C e n tra l  A lb e r ta #  

They u t i l i z e d  N i a z i * s ^ ^  ap p ro ac h  to  con c lu d e  th a t  a  (15° — 2 0 °) 

d ip p in g  p la n e  c o u ld  e x p la in  such  s h i f t s .

From h i s  s tu d i e s  o f  s low ness  and  az im u th  a t  th e  U ppsala A rra y ,

Brown (1973 a  & b )(7 7 t7 8 )  r e p o r te d  t h a t  n e a r - s u r f a c e  l a t e r a l

inhom ogeneity  was found from  az im u th  d e v ia t io n s  to  be sm a ll an d

e q u iv a le n t  to  l e s s  th a n  3° d ip  on th e  Moho. He p o in te d  o u t t h a t

to  s tu d y  th e  n e a r—s u r f a c e  s t r u c t u r e ,  az im u th  i s  a  b e t t e r  so u n d in g

p a ra m e te r  th a n  s lo w n e ss . In  a n o th e r  p u b l i c a t i o n ,  Brown (1973 c ) ^ ^ )  

f i t t e d  s in e  cu rv es  to  th e  t r a v e l  tim e  r e s id u a l s  o f  P -w aves, from
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■ teleseism s re c o rd e d  a t  13 F en n o scan d ia n  s t a t i o n s ,  w ith  h ack  a z im u th s

a s  th e  in d e p e n d e n t v a r i a b l e .  The r e s u l t  showed a  c l e a r  r e g io n a l

t r e n d  to w a rd s  a p p a re n t ly  e a r ly  a r r i v a l s  from  th e  n o r th  r e l a t i v e
( 7 0 )

to  th o s e  from  th e  s o u th .  U lt im a te ly  th e  a u t h o r p r o p o s e d  two 

p o s s ib le  s o lu t io n s

( 1) s y s te m a tic  e p i c e n t r a l  m is lo c a t io n

(2 ) l a t e r a l  inhom ogeneity  in  P - v e lo c i ty  s t r u c t u r e  o f  th e  

F en n o scan d ia n  c r u s t  a n d /o r  upperm ost m a n tle .

In  r e s p e c t  o f  EKA, how ever, s in c e :

( 1) f o r  a r r i v a l s  from  2 0 -$  A  $  150 km i ^ .  a p p ro x im a te ly  

e q u iv a le n t  to  d e p th  p e n e t r a t i o n s  r a n g in g  from 2 to  25 km, a  

c o n s i s t e n t  az im u th  anom aly p a t t e r n  i s  d is c e m a b le  ( F ig .  ( 6—3) ) ,

(2 ) f o r  a r r i v a l s  in  th e  v e l o c i ty  ran g e  5*4 va  ^  ^*9 k m /se c ,

Va  te n d s  to  a  maximum (6 .2 8  k m /se c .)  a lo n g  s t r i k e s  and  a  

minimum (5*71 k m /se c .)  norm al to  i t  i . e .  a  r a t i o  o f  0 .9 2  

w h ich , in  so f a r  a s  d a ta  a re  a v a i l a b l e ,  a p p e a rs  to  a p p ly  to  

a l l  q u a d ra n ts ,

(3) f o r  th e  c lo s e  s h o t t r a v e l  tim es  a  s i m i l a r  d i r e c t i o n a l  v e l o c i ty  

v a r i a t i o n  (5*4 to  4*8 k m /se c . a s  Vo on B lue (F ig .  (5—6 ) )  w ith  

a  r a t i o  o f  0 .8 8  k m /s e c .,

i t  seems l i k e l y  and  m ost econom ica l o f  h y p o th e se s  to  s u g g e s t  t h a t  

th e  a z im u th a l v a r i a t i o n  in  p ro p a g a t io n  v e l o c i t y  ( a n is o t ro p y )  w ith in  

th e  ro c k s  u n d e r  and  a ro u n d  th e  a r r a y  i n f e r r e d  from  th e  c lo s e  s h o t  

d a ta  i s  a l s o  r e s p o n s ib le  f o r  th e  e f f e c t s  d e s c r ib e d  on a r r i v a l s  from 

more d i s t a n t  s o u rc e s .
i

I f  i t  i s  c o n s id e re d  t h a t  a t  any d e p th , , w i th in  th e s e  ro c k s  t h a t
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th e  v e l o c i t y ,  v  , in  th e  v e r t i c a l  p la n e  (YZ) o f  th e  b e d d in g  i s  

c o n s ta n t  an d  g r e a t e r  th a n  th e  v e l o c i ty ,  V^, no rm al to  th e  b e d d in g , 

th e n  th e  s e is m ic  w a v e fro n ts  sh o u ld  be c o n s id e re d  a s  o b la te  s p h e ro id s  

r a t h e r  th a n  s p h e re s .  Then th e  a z im u th , (p , o f  th e  no rm al to  th e  

td tn g e n t  p la n e  a t  a  p o in t  (x , y ,  z) on a  w a v e fro n t s u r f a c e  i s
2 2

a r c ta n  (Y. V^ /X . Vp ) w hereas t h a t  o f  th e  r a y  to  th e  o r i g i n  ( s o u r c e ) ,

i s  a r c t a n  ( y/ x) .  T h e ir  d i f f e r e n c e  (<3>'-Cp) i s  th e n  th e  a p p a re n t

d e f l e c t i o n  o r  s h i f t  in  th e  p ro p a g a t io n  v e c to r .  Under th e s e

assu m p tio n s  th e s e  a n g le s  a r e  in d e p en d en t o f  th e  v e r t i c a l  a n g le  o f

ap p ro a c h . The s h i f t ,  a lw ays tow ards th e  slow  d i r e c t i o n ,  w ould  be

up to  10° f o r  Vjj/Vp = O .85 . The assum ed l i n e a r  r e l a t i o n s h i p s  betw een

Va  and A  , see  F ig .  ( 6 - 1 ) ,  and  Va  and  s i n  ( 0^ ) ,  see  F ig .  (6 -2 )  a r e

l i k e l y  to  be b ia s s e d  b eca u se  n o t a l l  a z im u th s  a r e  r e p r e s e n te d  a t  a l l

r a n g e s .  Such e f f e c t s  may be red u ced  i f  th e  Va  v a lu e s  a r e  c o r r e c te d

f o r  known v a r i a t i o n s  in  Vo, see  F ig .  ( 5 - 8 ) ,  a c c o rd in g  to  th e  r e l a t i o n !

c - t \ Vo Vo 
S in  (e )  « j -  = v~ 

a  a

W here 'V  i s  th e  a n g le  o f  em ergence o f  a  ra y  p a th .  T aking Vo v a lu e s

from th e  B lue d a ta  s h i f t e d  to  a  mean p o s i t i o n  betw een th e  Red and  B lue

p o in t s  o f  F ig .  ( 5 - 8 ) ,  (4*4 $  Vo ^  5*0 k m /se c .)  a  s e t  o f  V v a lu e sa

have been c a l c u la te d  f o r  a  mean (Vo) v a lu e  o f  4*7 k m /sec . F o r  t h i s  

p u rp o se  some o f  th e  e v e n ts  on F ig .  ( 8—1) have been o m itte d .  These 

a r e  from s o u rc e s  o v e r 50 km beyond th e  S o u th e rn  Uplands F a u l t  in to  

th e  M idland  V a lley  m easured  a lo n g  t h e i r  az im u th s  from EKA w here th e  

minimum tim e  p a th s  a r e  l i k e l y  to  in v o lv e  th e  6 .4  k m /sec . basem ent 

(LISPB ). One v a lu e  from  a  n e a r e r  so u rc e  (D u n ti l la n d ,  d i s ta n c e  ==

72 km) h as  been d is c a rd e d  a s  i t  i s  to o  low com pared w ith  two o th e r s  

from n e a rb y  and  even com pared w ith  two from  20 km. F iv e  o f  J a c o b ’ s



e v e n ts  from  th e  so u th  and  one a t  s h o r t  ra n g e  from  th e  w e s t h av e  been  

in c lu d e d  on th e  F ig u re  (6 -3 A ). In  f i t t i n g  a  r e g r e s s io n  l i n e  th e  two 

s h o r t  ra n g e  so u rc e s  ( ^  20 km) have been  e x c lu d e d  from th e  

c a l c u l a t i o n .  I t s  s lo p e  i s  now much l e s s  th a n  in  F ig .  (6 -1 )  and  

s u g g e s t a  v e ry  slow  r a t e  o f  in c re a s e  o f  v e l o c i ty  w ith  d e p th  

( <  0 . 003 t) km /sec ./km ) a f f e c t i n g  ra n g e s  from  35 km o u t to  150 km.

The i n i t i a l  r a t e  o f  v e l o c i ty  in c re a s e  w ith  d e p th  (0 .8  k m /se c ./k m ), 

see  C h ap te r V, c o u ld  be m a in ta in e d  to  a  d e p th  o f  ab o u t 1 .6  km b e fo re  

re a c h in g  th e  6 .0  k m /se c . v a lu e  in d ic a te d  a t  a  ra n g e  o f  40 km, s e e  

F ig .  (6 -3 A )• The two a r r i v a l s  from s o u rc e s  a t  ab o u t 20 km sh o u ld  

th e n ,  b u t do n o t ,  re a c h  t h i s  v e l o c i t y .

I t  i s , how ever, p ro p o sed  t h a t  th e  a p p a re n t v e l o c i ty  w ith  ran g e  

v a r i a t i o n  in to  EKA ta k in g  a z im u th  in to  a c c o u n t i s  r e p re s e n te d  by 

F ig .  (6 -3 A ). I f  t h i s  i s  t r u e ,  th e  s e is m ic  problem  o f  r e c o g n is in g  

th e  p re s e n c e  o r  ab sen ce  o f  a  6 .4  k m /se c . M idland  V a lley  ty p e  

basem ent u n d e r  th e  S o u th e rn  U plands i s  n o t o n ly  d i f f i c u l t  a c r o s s  

s t r i k e  (LISPB) b u t im p o ss ib le  a lo n g  s t r i k e  w here such v e l o c i t i e s  a r e  

a c h ie v e d  w ith in  th e  Lower P a la e o z o ic .
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6 .3  B roughton A rray

6 .3 .1  A pparen t V e lo c i ty  (V ) a g a in s t  D is ta n c e  ( / \ )
c l

T h i r ty  e v e n ts  from  20 d i f f e r e n t  so u rc e s  a r e  p l o t t e d  in  F i g .  ( 6- 4 ) •  

The n in e  e v e n ts  w hich r e p e a t  a  so u rc e  ( l in k e d  p o in t s )  i n d i c a t e  a  

s ta n d a rd  d e v ia t io n  o f  0 .0 8  k m /se c . A l e a s t  s q u a re s  f i t  th ro u g h  

a l l  th e  p o in t s  (L ine  2) h a s  a  c o r r e l a t i o n  c o e f f i c i e n t  o f  0 .7 9 *

The th r e e  ab n o rm a lly  low V v a lu e s  a r e  f o r  th e  o n ly  e v e n ts€L

o r i g i n a t i n g  w ith in  th e  S o u th e rn  U p lan d s. O m ittin g  th e s e  im proves 

th e  c o r r e l a t i o n  c o e f f i c i e n t  to  (O .90) and  shows V in c r e a s in g  a t  

0 .024  k m /sec ./k m  from a  p r o je c te d  5*59 k m /se c . a t  ze ro  d i s t a n c e  

(L in e  3)* The s ta n d a rd  d e v ia t io n  (0 .1  k m /se c .)  i s  s i m i l a r  to  t h a t  

e x p e c te d  from  r e p e t i t i o n s  o f  a  s o u rc e . The th r e e  e v e n ts  from  th e  

S o u th e rn  U plands (L ine  1) s u g g e s t a  p a r a l l e l  t r e n d  ab o u t 1 k m /se c . 

s lo w e r .  P lo t t e d  on F ig .  (6 -1 )  th e s e  th r e e  p o in t s  a re  n o t a s  

anom alous a s  th e y  a re  on F ig .  ( 6—4) .

6 .3 * 2  A pparen t V e lo c i ty  (Va ) a g a i n s t  P ro p a g a tio n  V ec to r ( 0 ) ,

T aking  a l l  th e  p o in t s  to g e th e r ,  s e e  F i g .  (6- 5) ,  th e re  i s  l i t t l e

a p p a re n t  s y s te m a tic  v a r i a t i o n .  F o r  th e  S o u th e rn  U plands* t r i o ,

t h a t  p a r a l l e l  w ith  th e  s t r i k e  h a s  th e  h ig h e s t  V w ith  th e  o th e r  twoa

s y m m e tr ic a lly  d isp o se d  a b o u t i t .  P lo t t e d  on F ig .  (6—2) th e s e  th r e e  

p o in t s  a g a in  a r e  n o t  anom alous.

D iv id in g  th o s e  from  th e  M id land  V a lle y  s id e  o f  th e  a r r a y  a b o u t th e  

c r i t i c a l  d is ta n c e  (50 km, se e  t a b l e  ( 6 -1 ) )  s u g g e s ts  a  p o s s ib le  

minimum V norm al to  th e  s t r i k e  f o r  th e  lo n g e r  ran g e  b u t n o t  f o r
c l

th e  s h o r t e r  ran g e  g ro u p .
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6 •3 •3  A zim uth A nom alies

P ig ,  (6—6) shows th e  r e l a t i o n  betw een a z im u th  an o m alie s  ( a s  d e f in e d  

in  S e c t io n  (6 ,2 * 4 ) )  and th e  p ro p a g a t io n  v e c t o r .  One o f  th e  two 

most anom alous e v e n ts  i s  a  S o u th e rn  U plands s o u rc e  and th e  o th e r  

i s  a  n o n - re p e a te d  78*4 km d is ta n c e  q u a r ry  ( H i l l h o u s e ) • T ak ing  

a l l  th e  p o i n t s ,  th e r e  i s  no s y s te m a tic  anom aly  ch an g e . P l o t t i n g  

th e  th r e e  S o u th e rn  U plands s o u rc e s  on P ig .  (6 -3 )*  th e y  seem to  f i t  

th e  E sk d a lem u ir p a t t e r n ,

6 ,3 * 4  C o n c lu s io n s  and Com parison w ith  EKA

When th e  a p p a re n t  v e l o c i t i e s  m easured a t  B roughton  from M idland  

V a lle y  s o u rc e s  a r e  p lo t t e d  o v e r  th e  l i n e s  r e p r e s e n t in g  th e  u p p e r  

( p a r a l l e l  to  s t r i k e ,  P) and  lo w er (p e rp e n d ic u la r  to  s t r i k e ,  N) 

v e lo c i ty  l i m i t s  m easured a t  EKA, see  P ig ,  (6—7)* i t  i s  c l e a r  t h a t  

o u t to  a  ra n g e  o f  37 km, B roughton v a lu e s  l i e  w ith in  th e s e  l i m i t s .

I t  i s  c o n s id e re d  p a r t i c u l a r l y  s i g n i f i c a n t  t h a t  th e y  l i e  v e ry  c lo s e  

to  th e  p a r a l l e l  to  s t r i k e  v a lu e  l i n e  a t  EKA. At EKA t h i s  d i r e c t i o n  

l i e s  in  th e  p la n e  o f  th e  e s s e n t i a l l y  v e r t i c a l  b e d d in g . S in c e  th e  

Lower P a la e o z o ic  s t r a t a  o f  th e  M idland V a lle y  i n l i e r s  a r e  much l e s s  

deform ed th a n  in  th e  S o u th e rn  U plands, i t  i s  p o s s ib le  t h a t  th e  

s e ism ic  waves from  th e  n o r th  t r a v e l  to  B roughton  a ls o  e s s e n t i a l l y  in  

th e  p la n e  o f  t h i s  b ed d in g . At th e  same tim e  t h i s  p ro p o s a l e x p la in s  

th e  ab sen ce  o f  az im u th  anom aly a t  B roughton i f  t h i s  i s  to  be 

a s s o c ia t e d  w ith  a n is o tro p y  a lo n g  and a c r o s s  th e  b ed d in g .

Prom 40 — 80 km ra n g e , a r r i v a l s  from th e  M idland  V a lley  in to  B roughton 

h av e , w ith o u t e x c e p tio n , h ig h e r  a p p a re n t v e l o c i t i e s  th a n  th e  f a s t  

l i m i t  in to  EKA from s im i la r  r a n g e s .  The a lig n m e n t o f  th e  B roughton
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e v o n to , F ig *  ( 6—4 ) i s  p ro b a b ly  f o r tu i to u s *  The a r r i v a l s  from  

h> ^  40 km a r e  b e t t e r  c o n s id e re d  a s  r e f r a c t i o n s  from  a  h ig h e r  v e l o c i ty  

basem ent ( 6 .4  k m /seo . a t  7 -  8 kn u n d e r  th e  LISPB l i n e )  f o r  w hich th e  

c r i t i c a l  d i s ta n c e  i s  ab o u t r i g h t ,  see  t a b i c  ( 6 - 1 ) .  The a p p a re n t  

v e l o c i ty  v a lu e s  a r e ,  how ever, h ig h e r  th a n  e x p e c te d  from  LISPB. As 

p o in te d  o u t p r e v io u s ly ,  th e  a c r o s s  s t r i k o  o r i e n t a t i o n  o f  th e  LISPB 

l i n e  in  th e  S o u th e rn  U plands lc a d 3  to  v e l o c i t i e s  com patab le  w ith  th o s e  

deduced  from  th e  EKA m easurem ents in  t h a t  d i r e c t io n *  As seen  

LISPB th e  sarao v e lo o i ty  ra n g a  (5*8 — 6*0 k m /se c * ) , i s  found  u n d e r  th e  

M idland V a lle y  w here i t  i s  a g a in  a s s o c ia t e d  w ith  Lower P a la e o z o ic  r o c k s .  

At B rough ton , how ever, v e l o c i t i e s  in  t h in  l a y e r  may ra n g e  up to  

6*3 km /seo* and th e  u n d e r ly in g  basem ent v e l o c i t i e s  exceed  6*4 km /sco* 

These p rob lem s seem l e s s  s e v e re  th a n  th o s e  w hich w ould bo fa c e d  in  

a c c e p t in g  th e  h ig h  c o n tin u o u s  r a t e  o f  v e l o c i t y  in c re a s e  w ith  d e p th  

im p lie d  by th o  l i n e  on F ig*  ( 6- 4 ) •

D ip p in g  I n t e r f a c e s ) u n d e r  Broughton A rray

As an  a l t e r n a t i v e ,  th o  r a t h e r  h ig h  a p p a re n t  v e l o c i t i e s  o f  w aves 

re c e iv e d  a t  E roughton  A rray  from  th e  L id la n d  V a lle y  s id e  c o u ld  have 

been m a g n if ie d  by a p p ro a c h in g  th o  a r r a y  up—d ip  from th e  n o rth *  

C o n s id e r in g  an  a v e ra g e  s o lu t i o n  where th e  27 e v e n ts  o f  l i n e  3 ,

Fig* ( 6- 4 ) a r e  s u b -d iv id e d  in to  two g roups^  th e  f i r s t  group 

in c lu d e s  14 e v e n ts  a t  6  ^  40 km, r a y s  f o r  w hich  a r e  u n l ik e ly  to  

havo re a c h e d  th e  6*4 km /sec b asem e n t. These havo an  a v e ra g e  V o f  

6*32 + 0*13 km /sec w ith  a  mean p ro p a g a t io n  v o c to r  o f  162° + 36°*

The second  group  c o n s i s t s  o f  13 ovenxs a t  ^  ^  40 km w ith  an  av e ra g e  

V^ o f  6.92  + 0*4  km /sec and  a  mean p ro p a g a t io n  v e c to r  o f  143°  + 340 .
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The i n d i c a t i o n s 'o f  d ip p in g  p la n e  e f f e c t  a r e :  ( l )  m agn itude  o f  Va

(2 ) A zim uth s h i f t s ,  shown on F ig .  ( 6 - 6 ) ,  i s  in  r e v e r s e  se n s e  from  EKA.

From th e  g e o lo g ic a l  and  s e is m ic  p o in t s  o f  v iew , a  d ip p in g  v e l o c i ty  s t r u c t u r e  

in  th e  v i c i n i t y  o f  B roughton c o u ld  be one o f  th e  fo l lo w in g  p o s s i b i l i t i e s : —

(1) R e la t iv e ly  sh a llo w  boundary  w i th in  th e  Lower* P a la e o z o ic  on w hich 

th e  a r r a y  i s  s i t u a t e d  w ith  a  v e l o c i ty  c o n t r a s t  b ase  o f  n w ea th e red  ft 

o r  f r a c t u r e d  l a y e r ,  o f .  + r e s u l t s  o f  EKA c lo s e  s h o ts  b u t w ith  a

d ip  to w ard s  th e  n o r th .

(2) Upper P a la eo zo ic /L o w er P a la e o z o ic  d i s c o n t in u i t y  to  th e  n o r th  o f  

S o u th e rn  U pland F a u l t  a ro u n d  B ig g ar w here th e  L .O .R .S . i s  seen  a t

th e  o u tc ro p . Such a  d i s c o n t in u i t y  i s  u n l i k e ly  to  be d e e p e r  th a n  1km.

(3 ) Lower P a la e o z o ic /6 .4  km /sec basem ent w hich i s  known to  be a t  a  

d e p th  o f  ab o u t 7*“8 km.

I f  we c o n s id e r  a  ra y  com ing up from  a  r e f r a c t o r  w ith  v e l o c i ty  ( e i t h e r  

5*8 km /sec o r  6 .4  km /sec) th ro u g h  a  r e f r a c t o r  d ip p in g  w ith  an  a n g le  

( 6 )  and s e p a r a t in g  betw een two m edia w ith  v e l o c i t i e s  VQ a t  th e  to p  and 

V-j a t  th e  bo ttom  th e n  i t  can be e a s i l y  shown t h a t :

. / A \  V v V v  -  V V./Vta n  ( )  ■= o r  a  o V  1o Y n - * ( A )

Now i f  th e  f i r s t  group a r r i v e  from  th e  Lower P a la e o z o ic  (5*8 km /sec) and

th e  second  group from th e  6 .4  km /sec basem en t, th e n  a  d ip p in g  i n t e r f a c e

tow ards 162° + 143° + 180° « 332° w hich w i l l  p ro v id e  th e  V v a lu e s ,  w i l l  
2 a 

have VQ & V-j w hich s a t i s f y

w hich le a d s  to  a  s e t  o f  v a lu e s  o f  & V.,. The maximum v a lu e  o f  Vo 1 (o
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i s  2 .9  km /seo w hich  le a d s  t o 'V j  « 4*3 k m /se c , i&  -  4 2 .5  and  Q » 5°*

Such a  r e f r a c t o r  w i l l  have a  d e p th  l e s s  th a n  1 km in  10 km a lo n g  d ip .

C o n s id e r in g  in d iv id u a l  e v e n ts  from  th e  f i r s t  g ro u p , f o r  example ,

Tams Loup i s  a b o u t 10° o f f  t r u e  d ip  d i r e c t i o n  w ith  V& -  6 .4  k m /seo .

T h is  r e q u i r e s  to  ho ab o u t 6 .0  km /seo to  m a in ta in  a  d ip  o f  a b o u t 5°»

F o r M idd lo ton  w hich i s  .bou t -75° o f f  t r u e  d ip  d i r e o t io n ,  i t s  6 .3 8  km /seo 

o b se rv ed  v e l o c i ty  r e q u i r e s  a l s o  a  5° d ip  a lo n g  i t s  d i r e c t i o n .  I t  was 

found t h a t ,  f o r  t h i s  g ro u p , to  s a t i s f y  e q u a t io n  A t h i s  r e q u i r e s  (1 ) Vn 

i s  a b o u t 6 .0  k m /se c . ( 2 ) th e  d ip  o f  5° t h i s  sh a llo w  r e f r a o t o r  to  

bo m a in ta in e d  th ro u g h  th e  ran g o  o f  a z im u th 3 th e y  sp a n .

F o r  th e  second  g ro u p , i . e .  a r r i v a l s  from  a  r e f r a o t o r  w ith  -  6 .4  km /seo , 

th o s e  Va *s ^  6.52  km /seo r e q u i r e  a  d ip  o f  n o t  l e s s  th a n  5°  w ith  th e  

s p e o i f i e d  VQ & V^. S in ce  some o f  th e  s t r o n g  e v e n ts  a s s o c i a t e  Va  

7.0  km /seo w ith  az im u th s  up to  60° from  t r u e  u p d ip  d i r e c t i o n  ( e . g .  

H i i lh o u s e ) ,  t h i s  group a l s o  r e q u i r e  a  d e e p e r  i n t e r f a c e  ( 6 .4  km /seo) w ith  

r a d i a t i n g  d ip  in  a d d i t io n  to  th e  sh a llo w  o n e .

T h e re fo re  a  model c o u ld  be a  c h o ic e  o f  one o r  a  co m bination  o f  two o f

th o  fo l lo w in g :

(1 ) H ig h e r Lov:er P a la e o z o ic  v e lo o i ty  th a n  5 *8—6 .0  km /seo .

(2) H ig h er basem ent v e lo o i ty  th a n  6 .4  k m /seo .

( 3) S hallow  d ip p in g  p la n e .

(4 ) D eeper d ip p in g  p la n e .

U n ti l  f u tu r e  w ork shows t h a t  sh a llo w  d ip p in g  p la n e  e x i s t s  o r  n o t  o r  

h ig h e r  v a lu e s  e x i s t  o r  n o t ,  th e  s t r u c t u r e ,  a s  seen  from  t h i s  d a ta ,

rem ains a  c h o ic e  betw een th e  above p o s s i b i l i t i e s .
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G enera l C o n c lu sio n

W h ils t th e  g e n e ra l  p r o p o s i t io n  t h a t  th e  h ig h  av e ra g e  a p p a re n t 

v e l o c i t i e s  a t  B roughton may be due to  a  s t r u c t u r a l  model in v o lv in g  

t r u e  v e l o c i t i e s  c o n s i s te n t  w ith  LISPB/LOWNET i s  re a s o n a b le ,  th e r e  a r e  

c o m p le x it ie s  beyond a  s in g le  d ip p in g  p la n e  s t r u c t u r e  when th e  a p p a re n t 

v e l o c i t i e s  and  az im u ths o f  in d iv id u a l  e v e n ts  a r e  c o n s id e re d , i . e .  

a lm o st c e r t a i n l y  r a d i a t i n g  d ip s  and  l e s s  c e r t a i n l y  b o th  a  sh a llo w  

and  a  deep i n t e r f a c e .

W ith th e  p r e s e n t  datiX such  a  model i s ,  p e rh a p s , to  be p r e f e r r e d  to  

one in v o lv in g  such  h ig h  t r u e  v e l o c i t i e s  a s  Lower P a la e o z o ic  V o f
c l

6 .3  km /sec and  basem ent V o f  6 .9  k m /sec . The s im p le s t  way toa

choose betw een th e s e  a l t e r n a t i v e s  w ould be a  sh a llo w  r e f r a c t i o n  su rv ey  

a t  th e  s i t e  o f  th e  B roughton A rra y .

6 .4  T ra v e l Times (EKA, B roughton & LQWNET)

Sc..\e p r e l im in a ry  c a l c u la t io n s  f o r  s im p le  m o d e ls , in  p a r t i c u l a r  th o se  

d e s c r ib in g  v e lo c i ty  s t r u c t u r e  a s  c o n tin u o u s  l i n e a r  r a t e s  o f  v e l o c i ty  

in c re a s e  w ith  d ep th  have been made u s in g  th e  fo llo w in g  e q u a tio n s

K = -  a / v 2 -  V 2 & T «= |  S in  h ~ 1 KXx V a  o K ^
o

Where K i s  th e  v e lo c i ty  r a t e  o f  in c re a s e  in  km /sec/km , Vq i s  th e

v e l o c i ty ,  a t  th e  s u r fa c e  (z e ro  d e p th ) ,  V i s  th e  a p p a re n t v e l o c i ty ,a

X i s  th e  h o r iz o n ta l  d is ta n c e  and  T i s  th e  t r a v e l  t im e .

Assuming a  mean s u r fa c e  v e l o c i ty  o f  5*0 k m /s e c .,  K was c a l c u la te d  

f o r  each  o f  12 tim ed  e v e n ts  re c o rd e d  a t  EKA and  from t h i s  t h e i r
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Event * s 
Name D istan ce

(km)

Apparent
V e lo c ity

km /sec

Observed 
Tr. Time

(s e c )

C a lctd . 
Tr. Time

(s e c )

O bs.-C alc

( s e c )

K

km/sec/km

C raig Park 66.83 5 .7 5 12.02 12.22 - 0 .20 .0 5

H illh o u se 96.11 6.40 16.76 16.50 + 0 .26 .068

Boards Farm 93*31 6.52 16.59 16.90 - 0 .31 .0 9

C lobum 48 .4 3 5 .5 8 8 .7 5 8 .7 7 - 0 .02 .0 4

M iddleton 53 .09 5 .9 9 9.86 9 .9 6 - 0 .10 .1 2 4

Tams Loup 70 .27 5-67 12.80 12.65 + 0 .1 5 .0 4

Kaimes 62.96 5 .7 5 11.40 11.28 0 .12 .05

Douglasmuur 101.72 7 .3 0 17 .93 16 .75 + 0 .18 .11

M urrayshall 99-63 6.70 17.90 17.87 + 0 .0 3 .0 9

C o lla ce 126.85 6 .0 21.91 2 2 .4 2 - 0 .51 .04

Loanhead 103.23 5 .8 17.72 18 .40 - 0 .6 8 .0 4

V fe stf ie ld 94.21 6 .3 17.02 17.01 + 0 .01 .09

T able (6 -2 )  O bserved an d  t h e o r e t i c a l  t r a v e l  tim e s  a s  c a l c u l a t e d  
th ro u g h  a  model w ith  co n tin u o u s  l i n e a r  in c r e a s e  o f  
v e l o c i ty  w ith  d e p th  f o r  tim ed  e v e n ts  re c e iv e d  a t  EKA.

t r a v e l  tim e s  w hich show an  a v e ra g e  d i f f e r e n c e  from  th e  o b se rv e d

tim e s  o f  —0 .0 9  s e c . ,  se e  t a b l e  (6—2 ) .  The tim e  d i f f e r e n c e s  betw een

(31)an assum ed l i n e a r  in c re a s e  and  J a c o b ’s v ' n o n - l i n e a r  f u n c t io n  o v e r  

h i s  g iv e n  v e l o c i ty  ran g e  5 .54  -  6 .0  k m /se c . f o r  th e  to p  12 km a r e  

o n ly  a  few h u n d re d th ’s o f  a  se c o n d .



— 117 —

The tim ed  e v e n ts  f o r  w hich F ig s .  (6—3A) and  (6—7) a r e  supposed  to  

a p p ly  c o v e r  a  l im i t e d  ran g e  o f  az im u th s  a ro u n d  th e  slow  d i r e c t i o n  

(108° -  188° ( P .V .) ) .  The low v e l o c i ty  g r a d ie n t  below  a  d ep th  

o f  1 .6  km s u g g e s ts  t h a t  t r a v e l  tim e s  s h o u ld  m atch  th e  a p p a re n t  

v e l o c i t y  o f  th e  r e f r a c t o r  a l lo w in g  f o r  a z im u th  and  d e la y s  in  th e  

to p  1 .6  km (0 .3 3  s e c ) .  On t h i s  b a s i s  a  mean V o f  5*7 km /sec a t  

a  mean ra n g e  o f  57 km com pares w ith  an  a p p a re n t v e l o c i ty  o f  

5 .78  km /sec  from  F i g . ( 6- 7) .

O bserved  t r a v e l  tim es  in to  th e  B roughton A rray  and fo u r  LOWNET 

s t a t i o n s  (GL, BL, AB & AU) from  M idland  V a lle y  so u rc e s  w ere com pared 

w ith  th o s e  c a lc u la te d  f o r  th e  r e g io n a l  LOVJNET m odel, s e e  S e c t io n  

( 2 . 4 ); f o r  12 e v e n ts .

The mean d i f f e r e n c e  (o b se rv e d  T .T . — c a l c u la t e d  T .T .) a t  B roughton 

i s  0 .2 4  s e c . ,  a t  (GL, BL, AU), a l s o  on th e  S o u th e rn  U plands F a u l t  

s id e  o f  th e  M idland V a lle y , 0 .2 3  s e c .  and  f o r  (AB) on th e  n o r th  s id e  

by th e  H ig h lan d  Boundary F a u l t ,  0 .2 0  s e c .  I t  i s  co n c lu d ed  t h a t  

th e  a v e ra g e  v e l o c i ty  s t r u c t u r e  a p p ro a c h in g  B roughton 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  from  t h a t  a p p ro a c h in g  th e  q u o te d  LOWNET 

s t a t i o n s .

C a lc u la te d  t r a v e l  tim e s  in to  B roughton b ased  on K v a lu e s  (from  

m easured  Va ' s  and  an assum ed V0 = 5 k m /se c .)  have an  a v e ra g e  

c l o s e r  to  th e  o b se rv ed  th a n  th o s e  from  th e  LOV/NET model (0 .0 9  s e c .  

com pared w ith  0 .2 4  s e c . )  The r a t e s  o f  c o n tin u o u s  v e r t i c a l  in c re a s e  

o f  v e l o c i t y  w ith  d ep th  (K ^  0 .2  — 0 .2 5  k m /sec ./km ) a r e  q u i t e  h ig h .
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Ine c o n t in u i ty  o f  v e lo c i ty  in c r e a s e  w ith  d e p th  to  helow  7 •** 8 km 

im p lie d  by th e  l i n e  o f  F ig .  ( 6 - 4 ) ,  how ever, h a s  been r e j e c t e d  and  

th e  a lig n m e n t o f  th e  B roughton p o in t s  in  th e  ran g e  20 — 38 km 

su g g e s ts  a  low r a t e ,  se e  F ig .  (6—7) (on EKA l i m i t  l i n e s )  in  

p resum ab ly  th e  Lower P a la e o z o ic  ro c k s  above th e  b asem en t. In  th e  

ab sen ce  o f  s h o r t e r  ran g e  d a ta  ( 20 km) th e r e  i s  l i t t l e  p o in t  in

e la b o r a t in g  th e  m odel. Some co n tin u o u s  tho u g h  n o n - l in e a r  f u n c t io n  

o f  v e l o c i ty  in c re a s e  w ith  d e p th  from O ld Red S andstone  in to  th e  

u n d e r ly in g  Lower P a la e o z o ic  w ould , how ever, be c o n s i s te n t  w ith  th e  

g e o lo g ic a l ly  o b se rv ed  g r a d a t io n  betw een them .

6 .5  C o n c lu sio n s

(1) V e lo c i t i e s  in  th e  Lower P a la e o z o ic  ro c k s  o f  th e  S o u th e rn  

U plands a r e  seen  b o th  from  th e  c lo s e  s h o ts  and  th e  lo c a l  e v e n ts  

to  v a ry  from  a  maximum a lo n g  a  d i r e c t i o n  p a r a l l e l  to  b ed d in g  

( s t r i k e )  and to  a  minimum a t  r i g h t  a n g le s .  The r a t i o  betw een 

th e s e  v e l o c i t i e s  i s  s im i l a r  in  b o th  c a s e s .  T his m agnitude

o f  a n is o t ro p y  w i l l  p ro v id e  az im u th  an o m a lie s  o f  th e  o b se rv e d  

m agn itude and p a t t e r n .

(2) The v e lo c i ty  a p p e a rs  to  in c re a s e  r a p id ly  (ab o u t 0 .8  k m /sec ./km ) 

down to  a  d e p th  o f  1 -  1.5  km and  t h e r e a f t e r  a t  a  v e ry  slow  

r a t e  o f  ab o u t 0 .003  k m /se c ./k m .

( 3) T h is  in d i c a te s  a lo n g  s t r i k e  v e l o c i t i e s  in  th e  S ou thern  

U p lands, a p p ro a c h in g  t h a t  o f  th e  6 .4  k m /se c . r e f r a c t o r  u n d e r 

th e  M idland V a lle y , a t  a  ran g e  o f a b o u t 75 km.

(4) The r a t h e r  h ig h  a p p a re n t v e l o c i t i e s  m easured  a t  B roughton from 

th e  M idland V a lle y  s id e  may g e n e r a l ly  p ro p o se  a  s t r u c t u r a l  

model in v o lv in g  v e l o c i t i e s  c o n s i s t e n t  w ith  LISPB & LOWNET 

w ith  th e  e x is te n c e  o f  a  sh a llo w  4 .3  km /sec r e f r a c t o r  u n d e r



B roughton w ith  a  r a d i a t i n g  d ip  o f  a b o u t 5° m a in ta in e d  th ro u g h  a  

w ide az im u th  ra n g e .

I f  su ch  a  s t r u c t u r e  does n o t e x i s t  u n d e r  B roughton  a r e a ,  th e n  

th o s e  h ig h  v e l o c i t i e s  from  th e  M idland V a lle y  s id e ,  w hich seem to  

a g re e  w ith  th e  a lo n g  s t r i k e  i . e .  in  th e  p la n e  o f  th e  b e d d in g  

v e l o c i t i e s  in  th e  S o u th e rn  U plands, t o g e th e r  w ith  a b sen ce  o f  

s y s te m a tic  az im u th  an o m alie s  seem to  be c o n s i s t e n t  w ith  th e  

Lower P a la e o z o ic  s t r u c t u r e  u n d er th e  M id land  V a lle y  b e in g  on 

a v e ra g e  sub—h o r i z o n t a l .  There th e  v e l o c i t y  o f  t h i s  r e f r a c t o r

and  th e  u n d e r ly in g  basem ent a p p e a r  to  be g r e a t e r  th a n  th o s e  

found by LISPB.

On th e  ev id en ce  p r e s e n te d  h e re  i t  i s  c o n s id e re d  t h a t  th e  v e lo c i ty  

o f  P waves w ith in  th e  Lower P a la e o z o ic  ro c k s  a round  EKA n o t o n ly  

in c r e a s e s  w ith  d e p th  b u t a l s o  v a r ie s  w ith  a z im u th . S im i la r  

a n is o t r o p y  dependen t upon th e  a t t i t u d e  o f  th e  b ed d in g  in  th e s e  

ro c k s  i s  to  be e x p e c te d  e lsew h ere  in  th e  S o u th e rn  U plands and  

n eed s  to  be in v e s t ig a t e d  b e fo re  a  com p le te  i n t e r p r e t a t i o n  o f  a  

s e is m ic  p r o f i l e  in  any s in g le  az im u th  can be a c h ie v e d . S in ce  

i t  is  n o t known w h e th e r th e  sh a llo w  s t r u c t u r e  u n d e r B roughton 

i s  a  s u f f i c i e n t  cause  f o r  th e  h ig h  a p p a re n t  v e l o c i t i e s  o b se rv ed  

t h e r e ,  i t  i s  recommended t h a t  t h i s  s t r u c t u r e  sh o u ld  be d e te rm in e d  

h e re  an d , r o u t in e ly  d u r in g  f u tu r e  a r r a y  work in  th e  r e g io n .

U n t i l  t h i s  p o in t  i s  r e s o lv e d  a t  B roughton th e  r e s u l t s  th e r e  

can n o t be u sed  to  say  how im p o rta n t i t  i s  to  u se  a r r a y s  r a t h e r  

th a n  l i n e a r  p r o f i l e s  in  s e is m ic a l ly  i n v e s t i g a t in g  th e  Lower 

P a la e o z o ic  basem ent i n t e r f a c e  u n d e r th e  M id la n d 'V a lle y .
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APPENDIX ( 3 )

T h is  program was u sed  f o r  th e  i n v e r s i o n  o f  t h e  T—X d a ta  f o r  th e  

i n l i n e  s h o t s  o f  ‘Chapter V and i s  b ased  on VIi e c h e r t - H e r g l o t z —Bateman 

i n t e g r a l ,  s e e  Grant & West ( 1965) ’ P* 139- Input t o  i t  a r e

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

F i g .  (5—3 B ) .

WATFIV n A TCP. J OB
-L- r- ir J  /, 1 f  I v PATCH J 0 3  >:• -vr a  « i:-
<r v  /; | F 1 V LH A rcM J OB « « « « « « • »

<5- V; A T F I  V PATCH J OB

£ C OMP I L E GALV0 7

'><• V  *».' v.* *..* v  ',c \ r  v* ’>c '  %

V vf ->r -,r v  v «:•
vJ* %ir £* vF v  v  #  v  \> v  vr 

%r •*- •!> ^  w w  v* v* •;> <•

\r  %,v v  “X* Si* v  -w vr v  «' *X' vr v* v  v  v  *£,* vr v  *#•’ vr "£♦* Sc vr Sc v  vr v  •«* vr v

vr vr v  v.' v  vr v

C E L -  J 3 A , P E C E P T  i ON
C P P 0 GP AM WHli H A L L , G L A S GO W,  J UNE  ] 9 7 7
C WIE C H E R T ~ h E R G L 0  T 7 -  d  A T E M A N I NT EGRAL FOR I N V E R S I O N  OF T - X  OAT

1 D I M E N S I O N  V111T ( 1 0  0 )  , V P T < 1 0 0 >  , Z ( 1 0 0 ) , T ( 1 0 O )
? REAL-‘A T E X T (5 )
3 PEAO ( 5 , 1 0 6 )  UPK
a do sr. k= 1 , n p r
5 REAn ( 0 , 1 0 6 )  TEXT
6 w R I T F  ( ^ , 1 0 5 )  K 5 TEXT
7 RE A 0  (5 , 1 0 0 ) • I , X Pi A a
P. -<Em > ( 0 - 1 0 1 )  (T ( J )  » J = 1  , N )
9  '•>’ < I i t. ( A 1 ] 0  j i  )

) 0 Vi.NT ( 1 ) “ XMAX/T ( 1 ) / !4
11 10 ?0 J - ( ' v  N
I P  V1 j IT ( J ) = X P A X /  ( T ( J ) -  T ( J - 1 ) ) /  * 1
13  PC) CONTINUE
| A M ~ is- ]
1 0  0 0  3i> J = 1 , M
1 6  D l S T  = J«-XMAX/rJ
] 7 VPT ( J )  = 0 . 5 * < V I  \!T ( J )  +V1MT ( J + l  ) )
16 /  ( J ) “- 0 « 0
1 9  0 0  AO I - l , j
P 0  X - V P T ( J ) / V I N T ( 1 )
P I  A C 0 S H = A L 0 6 ( X + S U R T < X * * P - 1 * 0 ) )
PP  7 ( J )  = 7. ( J )  + X M A x * A C 0 S H / N / 3 . 1 6 1 6
P 3  6 0 COOT IOUL
P 6 WRITE. (6 * 1 0 P ) 7A J)  , VPT ( J ) , T ( J ) * 0 1 ST
P 5  3 0  COOT l ‘ !UE
P 6 SO C OOTi DUE
P 7  1 0 0  F O R M A T ( P X < 1 3 , F I  0 . 3 )
P 6 1 0 1  F O R M A T ( ? X i 1 0 F 7 . < 0
P 9  1 OP FORMAT { l 0 X * F 7 . 3 , 1 0 X - F  7 . 3  * 16X , F 7  . 6 , aX , r 7 . 3 )
3 0  1 0 3  r 0  F '' AT ( /  /  6 X ? ’ 0 E T L k  M11'  IA T I C  N OF VELOCI  T Y-Or . RT H F UNCTI  ON */ 6 X , 1

] rl E R T -  H L P G L O T X -  H ATE M A N 1 n T E G P A L ‘ / / 3 X , ‘ Oh P Tr l  I N  KM‘ n X ,  ' V l ' l O C I
I N  PER S • 6 X , 1T I  ME I N  S *6 X , » 0 i S T A N C E  IN 6 0 1/ )

31 106 F O R M A T (? X ,13)
3 ?  1 OS FOH M A T ( / / / / P X  , ' P R 0 3 L L M  NUMbt-R • , I 3 » S A t t )
3 3  1 0 6  FORMAT ( 5 A S )  •
3 6  STOP
36 e n d

COAT a
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SHOT ( 6 ) k  l  0  ONLY 6 / 9 / 2 0 7 0 o

0 i' T r R ' 1 N AT I OH 0 A V E L O CI  T Y- 0 L P T h  F U i C '( I 0 N 
i 1Y I t .  CM E H I  -  H [- r •? H L. 0  T 7.7 B A T E M A M I NT L 6 P A L

DEPTH I N  r \h V L L 0  C I T Y  I .’•! K M P E k  S

^ VVp'tA/\J

T I ME  IN S D I S T A N C E  I N  r

0 . 0 2 1 A .  3 4  6 0 . 1 1 6 0 0 . 6 0 0
0  0 0  7  3 A • a  6  5 0  * 2 3 0  0 1 . 0 0 0
0 * 1 1 5 4 . 5 6 5 0 . 3 4 0  0 1 . 5 0 0
0 * 1 3 5 4 ' .  5 9 1

0r>vt•
0

2  * 0  0  0
0  . 1 A 7 4 . 5 9 6 0  * 5 5 /  6 2 . 5 0 0
0 * 1 5  9 4  * 6 0  2 0 . 6 6 5 5 3 * 0 0 0
0 * 3 0 2 4 . 6 1 9 0  * 7 7 5 1 3 . 5 0 0
0 * 4 2 1 4 . 7 9 2 0 . 8 6 3 0 4 . 0 0 0
0 * 5 7 1 4 . 9 7 5 0 . 9  6 4  0 4 * 5 0 0
0  * 7 2 5 . 5 . 1 3 2  • 1 . 0 6 4  0 5 . 0 0 0
0 . 9 2 6 5 . 3 7 9 1 . 1 7 9 0 5 . 5 0 0
1 .  0  A 2 5 * 5 2 5 1 . 2 7 0 0 6 * 0 0 0
1 * 1 0  9 5 * 5 6 7 1 .  3  6 0  0 6 . 5 0 0
1 . 1 6  5 5 . 6 5 0 1 . 4  h  j  0 7  . 0 0 0
1 . 2 6 6 5 . 7 1 4 1 . 5 3 / 0 /  .  5  0  0

LEM NUMkER 2 SHOT ( 1 )  b L U c  ONLY 6 / 9 / 1 A / 6 .

0 E T E R MI N A T I 0 N OF V L L 0  C I T  Y -  D E P T r, FUNCT 1 0  N 
BY .*• 1 E C n E R T - r i E P G L O T / - - B A T E M A N  I NTE G k AL

D E P T h  I N  KM V E L O C I T Y  I N  KM Pc.R S TI ME I ‘i S D I S T A N C E  I N  r.

0 . 0 3 4 4 . 8  6 9 0 . 1 0 3 0 0 * 5 0 0
0 . 0 6 5 5  * 0 0 0 0 . 2 0 3 5 1 . 0 0 0
0 . 0 9 0 5 . 0 3 3 0 * 3 0 d0 1 * 5 0 0
0 . 1.28 5 . 0 7 6 0 * a  0 + 0 2 * 0 0 0
0 . 2 4 9 5 . 2 3 9 0 . 5  0 i  0 4 * 6 0 0
0 . 8 2  9 5 * 3 4 1 0 . 5 9 3  0 3 . 0 0 0
0 . 3 6 1 5 . 4 2 0 0 . 6  is 7 5 3 * 5 0 0
0 . 3 9 5 5 . 4 5 0 0 0 7 7 7 6 4 . 0 0 0
0 . 4 4  0 5  » a- 7 9 0 . 8 71 0 4 * 6 0 0
0 * 4 8 6 5 . 5 1 0 0  e V 6  ‘i. U 5 * 0 0 0
0 . 5 3 5 5 . 5 4  0 1 . 0 6 i  d 5 . 5 0 0
0 . 8 9 4 6 e (’) 7 2 1 * 1 4 ^ 5 6 . 0 0 0
1 . 1 1 7 6 . 1 9 2 1 . 2 2 3 3 6  « 6  0  0
1 . 1 3 1 6 * 4 0  J 1 . 3 0  + 0 7  * 0 0 0
1 . 1 4 8 6 . 2 0 7 1 . 3  8 16 7 . 5 0 0
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; :̂ .1 ' / 
• ’ ‘ l ' 1-. • , 4 ERA ( 3 )

I NAT J v *1 1 OF V E L O C I  T Y~DE
C p ER ■ 'i ' l l f- i-v < ■»L O T Z - B A T E M A N

I ' x ! ■«' f\ M VL’LOC 1 TV I N

0 . 0 ] ] 4«. 3 3  A
o * o -j 4 . 3 7  7
0 - 0 6 4  • 0* 0 3
0 * 1 2 4  . t > ( b
0 . 1 3 ■i 4 .  7 3 9
0 . 2 3 i 4  ,  7 3  3
0 . 3 ] 4  . 8 3  3
0 . A 0 4  e 9 3  1
o .. 5 ; 3 . 0  3 1
0 . o 3 L c: i i. w/ « x b
0 . 7 2 3  * 2 *. > 2
0 c *'b ■_« 3 . 3  A 3
l* . 9 L 7 « **r '
] * 0 4 / 3 . 3 0 7
1 - 11 • 3 . 6 3  0
1 of!:* :» 3  . 7 i  q-
1 . 3 3 3 . 7 6 4

Mt.L >'• 3 E K A ( 3  )

i i . A , o r VELOC 1 T Y - D E
CfiLr-: 1 —ri c. R GLOT Z-GATEM.A. ]

0 0 0

A M

/

V E L O C I T Y  r ;  

4  c 3 3 0
0 - 0 1 b 4  c 3 3  6
0 .  1 - o 4 , 7 3 4
0 . 3 3 _< 4 . 9 7 - 3
i; . 3  1 S 3 .  1 3 3
0 •* 1 r j 3  . v  0 9
i' . b  '■ > 3  . 6 1 4
0 . 6 ? 1 N f. %. -v t -J

0 3 3 . 0  4 3
C  . ' j  
v.- *> . i'. 3 . 6 3  6
t . 6 b 3  . 7 0 3
0 .  : j : . b 3  - 7 • 1
0 .  6 : 3  .  7 ] 6
(.  * 7 ' 3 .  7 6 4

RED ONLY 6 /  v /  7 o

> T M. r U M C T 10 M

KM PER S T I me D ISTANC E IN  n M

0  .  I  ]. 0  0 0  *  3  0  0
0 . 2 I v d 1 * 0  v) 0
0  * 3 2  f t> b l o b  0  0
0  * 4 -  3  o  b 2  * 0  0  0
0  c 3 4 . 7 3 2 «  3  0  c
( : .  :> • ;  7 b 3  » \J {) 0
0 . 7 3 1 3 3  o 3  0  0
C  .  L, b  b  b 4  .  0  0  C
0  .  3  .o 3  b 4 . 3 0 0
1 . 0  3  j. b 3 * 0 0 0
1 .  1 - v 7 b 3 * 3 0 0
1 * 6 4 i 3 . 6 * 0 0 0
1 .  3  3  3  9 6 . 3 0 0
i. o 3  ..J 7 7 * 0 0  0
1 . b  1 2 9 7 * 3 0 0
1 .  f. * v G 9 8  .  0  0 0
1 . 6 6 7 v 8 * 3 0 0

( 3 )  D E L E  ONLY ( G R A P r i )  6 / v / 7 6

PLR S Mr. i i * S D I S T A N C E  1

0 * 1 1 0 0 0  c 3  0  0
0  V 4  1 V b 1 * 0 0  0
0 . 3 3 9 3 1 * 3 0 0
0  . ‘ - 3 0 3 2 * 0 0 0
0 . 3  3 . 0  3 2 * 3 0  0
G .  t> 4  5  b 3  * 0 0 0
0  . 7 1 D b -  3 * 3 0 0
0 . 4 0 3 b 4  .  0  0 0
0  C b  9  1 'r < 4 . 5 0 0
0  .  V / V c. 5 * 0 0  0
\  o 0 6 6 9 3 * 3 0 0
JL c i  b  c r b G » 0  0 0
i . P a  d o 6 * 3 0 0
i . 3 4 9 4 7 * 0 0 0
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APPENDIX (4)

CALCULATION OF TIME OF ARRIVAL AT AN ARRAY ELEMENT FOR A 

NON-PLANE WAVE-FRONT

T h is  a p p e n d ix  c o n ta in s  a  l i s t i n g  o f th e  program  11 CLOSE 11 which.

was u se d  f o r  th e  a p p a re n t v e l o c i t y  and  p ro p a g a t io n  v e c to r

c a l c u l a t i o n s ,  see  C h ap te r V I. The program  was w r i t t e n  by 

( 31)Jaco b  (1969) who gave th e  fo llo w in g  t h e o r e t i c a l  t r e a tm e n t  

a s  th e  b a s i s  f o r  th e  c a l c u l a t i o n  o f  th e  d e la y  in  th e  tim e  o f  

a r r i v a l  o f  a  cu rv ed  w a v e fro n t.

C o r re c t io n  f o r  a  Curved Wave—F ro n t

R e fe r in g  back  to  P ig .  (4 -2 )  th e  y - a x is  i s  NS an d  th e  x - a x is  i s  

EW. Where th e  c ro s s -o v e r  p o in t  o f  th e  a r r a y  i s  (0 , 0 ) in  

C a r te s ia n  c o - o r d in a te s  and  th e  p o s i t i o n  o f  th e  i**1 se ism o m eter i s  

a t  (x ^ , y ^ ) we have t h a t  th e  d is ta n c e  D from  th e  so u rc e  to  th e  

se ism o m eter i s

d  -  [ ( x ± + A s i n  0  w) 2 + (y*  + A  0 0 s  9 w) 2  J ^
and  th e  d i f f e r e n c e  betw een t h i s  and  th e  d i s ta n c e  o f  th e  s o u rc e  to  

th e  c ro s s —o v e r  j o i n t  i s  (A -  D ). T h e re fo re ,  fo r  each  se ism o m e te r , 

th e  tim e  c o r r e c t io n  to  be added  to  i t s  a r r i v a l  t i n e  i s

^  * i ( w ) "  ^  “  f r x i  + -A s i n ® „ ) 2 + (yA + A  c o s  0 w) 2 J ^

Va  (

I f  th e  a z im u th , 0 , o f  th e  shock  i s  u sed  in s te a d  o f  th e  p ro p a g a t io n

v e c to r  0 w, change s ig n s  in s id e  th e  in n e r  b r a c k e ts .  In  p r o c e s s in g

th e  s ig n a l  on th e  a r r a y  0 ^ i s  u se d  a s  t h i s  i s  what i s  "  seen  ”  by

th e  a r r a y .



C o r re c t io n  f o r  A l t i tu d e  D if fe re n c e s

thThe d e la y  due to  r e l a t i v e  a l t i t u d e  o f  th e  1 se ism om eter i s

z .  cos
^ h ( z )  -  1

v i

B u t, a s  s in  j  ■» ^1/V ^ th e  c o r r e c t io n  te rm  to  he added  is

S*i(») ' _zi ( P "  " 72 } *

1 a  ( 2)
Summing e q u a t io n s  ( 1) and  (2 ) and  a l lo w in g  f o r  e x p e r im e n ta l e r r o r ,

t hE ^ , we g e t  f o r  th e  i  se ism om eter

t  -  t .o x -  t h

“ A  -  D xi  + A  S in  9 f ) 2 + (y A + A  SOS 0 f ) 2J  2

'  11 (t ' t )  ’ ‘‘ 0>
W rite  0 £  = 8  w ith  s u b s c r ip t  f  u n d e rs to o d . The e q u a tio n  (3 )

r e p r e s e n t s  a  c o n ic a l  wave f r o n t  w here V& ^  • T h is  e q u a t io n  a s

i t  s ta n d s  can n o t be u se d  to  make a  l e a s t  s q u a re s  f i t  to  th e  d a t a  a s  

i t  i s  n o n - le n e a r  in  te rm s o f  two o f  th e  unknow ns. An i t e r a t i o n  

m ethod h a s  th u s  been u se d , s u c c e s s iv e ly  c o r r e c t in g  su g g e s te d  v a lu e s .  

A ppro x im atio n s  a r e  u sed  w hich a r e  a c c e p ta b le  a s  t h i s  i s  an  i t e r a t i o n  

m ethod . The f i r s t  one i s  a c c e p ta b le  a s  i t  i s  an  ap p ro x im a tio n  to  a  

sm a ll te rm  in  e q u a tio n  ( 3) .
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so we can  r e w r i te

* 0 - *i * *  Ki + ̂  (Ta + ,bVa)“1

V. V? V?- z. / 1 - V1 0 - 1   , - 11i —  — --------- 2 — --------- 4
\  2(Va  + ^ V a ) 8(Va  + l6(V a  + -5Vft)

Va + [ f xi  + A  s i a (0 + ,t>9 ) J  + + A  oos( 0 + ^ |

Where Va  and 0  are suggested  va lu es and V a  and are c o r r e c tio n s .

Taking the contents o f  the square bracket,

£  J  = x? + 2x± A  s in  (Q  + ^ 0 )  + A  2s in 2 (g  ) + y2

+ 2 A  y± cos ( 0  + ^ 0 )  + A 2 cos2 ( g  + ^ 0 )

= x2 + y2 2 + 2A  W  Sin (0 +<S 0 ) + y i  C0S (0 +<S 0 ))

p u t t i n g  s in  ^ 0  = ^ 0 a n d  c o s ^ Q =  1

s in  ( g  + £  g )  s in  Q + ^ 0 c o s  0

c o s  ( 0  + ^ 0 ) ^  co s  0  + ^ g s i n 0

so

[_ J  *5=* x f  + y f  + ^ 2 + 2 A ( Xi s i n g +  y ± c o s Q )  + ^ ( f a . c o s f ^  s in g )

p u ttin g

r i  = x i  + y i  +A . 2 + 2 A  (x i  s in  0  + y i  cosg  ) 

and

s i  *=2A W  c o s 0  -  s i n 9 )

we have

L  3  ^  [ r i + s i^ » 0  3

• * . [ ] *  f t *  *£  [ i  *  ( 5 )
i

Now maximum s^ i s  le s s  than minimum r^ a n d ^ 0  i s  normally 

sm all, so

s ll M
r .l

<
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and. e q u a tio n  ( 5 ) may be expanded . In  th e  program  h a s  in  f a c t  

been  l i m i t e d  to  + 0 ,2  r a d ia n s .  We may a l s o  expand in  e q u a t io n  ( 4 )

-1  ~  1 - * 7 aV + <  V ^  __L_ “  — -B.+ % \  ~  V

a s,
J _  ,  x J i < 8

t  -  t . E . + V ( A  -  r ?  — 2 r?  -  V + vo 1 ^  1 a  V 1 1 a  *a

d is c a rd e d  ]
+ ^ Va* te rm y

z. -  1 l - ’ l L + % \ \  - A  1 1 + S Va V 4
V1 V 2V? \  Va  /  8V4 V Vaa  > /  a

And p u t t i n g

16v6 I V I  /  (6 )

Va

Where n *= 2 , 4» 6 in  e q u a tio n  (6 ) we g e t

«  r i  ^  -  S i  1> 6  -  Vj__a
V2

A - 4

1 - 4 ^ Va
Va

(7)

r e a r r a n g in g  e q u a tio n  ( 7 ) we g e t

Ei  "  Pi  + u i  ^  & + wi  * 6 va  + t 0 w here 1 *= !> 2 i • • • • > n (8 )

and th e  c o e f f i c i e n t s  a r e  a s  fo llo w s

p . rt + 1 ( a - 4 . ) - ? ±  ( 1 -  v2 -  A  -  A
L  1 v*  v  /  v ,  \  i  ^

s .u . -  11 -------

2Va  r i
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( A - r f W f
V2 \  /  \  V 2V 8Va  a  a  a

and  th e  norm al e q u a tio n s  a r e  g iv e n  by 

^ )  ?(?<>?
~ M 1 >0) ^ ( V a ) ~ b ( V

( % s )  S - ' Z  < * $ < ) * •

W.'j t0 + ̂  w. p. + Uj_ w j* g e  w2 j s v a = o

nto + 2 * P i  + S  8 + (^ T  w. j  ■$ Va -  0
x ** 1 | 2 j • • • • • )  n

N ote t h a t  t Q i s  th e  a c tu a l  tim e  a t  th e  r e f e r e n c e  p o in t  (0 ,  0 ,  0 )  w h ile  

^5 & a n d ^ V a  a r e  c o r r e c t io n s  to  a  su g g e s te d  v a lu e .

Program 11 CLOSE 11 u s e s  th e s e  e q u a tio n s  and  r e p e a ts  th e  c a l c u l a t i o n s  

u n t i l  ^  0  < 0  .005  r a d ia n s  a n d ^ T ^  ^ 0 . 0 0 2  k m / s . ^ 0  h a s  been  

l im i te d  to  + 0 .2  r a d ia n s  a n d ^  Va  l im i t e d  to  0 .5  km /s. in  any  one 

p ass  to  make th e  p ro c e s s  s t a b l e  when th e  f i r s t  s u g g e s tio n s  a r e  a  

lo n g  way from  th e  t r u t h .  W ith t h i s  r e s t r i c t i o n  th e  p ro c e s s  h a s  

p roved  s t a b l e  and  co n v erg es  r a p id l y .  I t  w orks even i f  th e  s u g g e s te d

. a n g le  i s  180° wrong (an  e r r o r  t h a t  o c c u rs  when th e  az im u th  i s

su g g e s te d  in s te a d  o f  th e  p ro p a g a t io n  v e c t o r ) .

n CLOSE •' can  be made to  work w ith o u t a l t i t u d e  c o r r e c t io n s  by  p u t t i n g  

a l l  z^ = 0 and  i t  w i l l  t r e a t  th e  a r r i v a l  a s  a  p la n e  wave i f  ^  i s  

made la rg e  com pared w ith  th e  d im ensions o f  th e  a r r a y .  In  th e  c a s e
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o f  EKA i t  i s  q u i t e  s u f f i c i e n t  to  p u t *= 500 km. I f  / ^ . i s  made 

u n n e c e s s a r i ly  l a r g e  th e  program  w i l l  be e v a lu a t in g  sm all d i f f e r e n c e s  

betw een l a r g e  q u a n t i t i e s  an d  a c c u ra c y  w i l l  s u f f e r .  In  th e  c a se  o f  

an  unknown so u rc e  an ap p ro x im a te  v a lu e  f o r  sh o u ld  be o b ta in e d  

from  th e  P-S  tim e i n t e r v a l .
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\ /  Q L c  V £ L  2 .! K lA J.V

K ' . AL  IT.  ( 2 3 ) V i '• • r ( C j  ) 'i J O  ( ,33)
Rt. mL X ( 2  3 ) v Y (*■' J>) * Z 1 £ -.5) 9 3 1 ( a  > '
P l AL P TO^
J ! M'LOP i ' T I T L L  (;>u )
I i i T L G F P I : . I $ 3 1 ( 2 3 )  i 3 U. r . <* 1 i ( 2  3 $ h 
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P FAL T ( 2 3 )
D IM11J S I  C.i i i  \\ ( 2  3 )  »TC A t. C ( 2 3 )
' j P I  T l  ( 3  $ 1 )

I  FORMAT ( 1 H * CLoSc.  bhOCK A k P/O'  Hr
rl J.. A D  ( 2  v 2  ) ( ( I I ( 1 f  J  ) v J  -  1 ) '■r j 9 A i

3  F O R M A T ( A A I v  3F 7 - 4 )
R L A 0 ( 3 ¥ 2 1 1 )  N U Hi Li > <

31 1 FORMAT ( 1 3 )
RTOR= 5 7 . 2 0 5  7 7 M b 13  
4R1 TF  ( 3 . - 0

4  FOPMAT ( ]  ri ? 2 2 X . 5 P I T f vbX  * 1 A ! R I As
M • f) 1 ~ 1 r, ^ jj
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PFAO ( 2 . 1 3 )  I I  I ' LL 

3 2 FOPMAi  ( 3 0 A 1)
I  Tt. ( 3 . 1 2 1 )  l 1 T l l .

12 3 F Ur l r iA r ( 1 r i v 1 0 A ! b 0 A 1 • , / / / )
DO 3 1 = 1 y 2 3  
T ( J ) = 0 r 
S T ( I ) = 0 

3 CO NT I  FiUh
PL AO ( 2 v J ) N N . SUbr  v SC AH

7 FORMAT ( 1 2 .  I 4 . F 7 . 1 )
\l R I T L ( 3 v 14  )

14 F OP- IAT ( 2 2 X . * P 1 T * , OX * * T I  M l  ' / ' )
DO 3 0 2 = 1 . 2 3 '
1F ( ! \ u ~ ‘ 1 2 ) 3 . 0 .  9 

V RE a D ( 2 $ v l )  l i T ( I )
91 F U k : i / \ T C I 2 * F 5 . 4 )

ST ( 1 )  = 1
0 CONTI  NUir.

DO 1 0  1 = 1 . 2 3  
I F  (ST ( I )  H O . l j i l l

I I  T ( I )  = ( T ( J ) - S N c F O / S C A r
V/P1TL ( 3 ,  I S )  ( P I T  ( i  * J )  $ J=3 . 4 )  , *

15 F 0 RMAT ( 1 m $20 X $ 4 A1 $ r 1 0 - 3 )
10 CON T I h Ur -

C
C A TADLF OF P I T  T i l l . L  AMD X$ Y$ X
C A I AHLF. OF APR i  V *•.L ( * . ' i l 3 j  i 1 nt
C Fi A V l  10 \ i A L L  N P P I N 1 L D p
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P P A 0 ( 2  $ 1 6 ) V f . L A ,  T M l T  a  $ D l_ L T A $ V:
1 6 P Ob * 'AT ( P 3 f ] $ F • 0 « r o . O  r  j  , ] )

r̂

C
70 0 W R I T t  ( 3 $ 1 ( )  V l I $ i Pir. T A ? D l L  f a

P> K~VP  "* 1  * P  "7♦ LL — j  ;/ i  o  i

’ 1 v 2 .>) . 5 2 ( 2 3 )  O n'2 ( 2 3 ) «

r )

J U C L S b l H O r / / )

, i )  » Y ( I ) y Z ( I )  * 1  =  1 . 2 3 )

* Y * $ v X $ ? Z ’ /  )

: i ) , Y ( 1 )  9 Z ( i )

r ( i )

C 0 0 u  I i‘ j A 1 L 5 « A , 11) 
i  r ‘ 1 T 3 TO; b L  U S l D
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1 2 1  M A I 0  DA I c  = / / I d /  2  J / 2 6

F 0 Hr iA I ( 1 î . 1  0 X « v F .1 .••’ST L b T  i  i ' iA I l S  a k l  ■? V L L O C I  I Y -  1 ?r j *  J 2  LO b /  S t iC 1 $
1 * I 1 i< 0 P A ( j i\ j I  0 3  Vi .CT oi~.’ — 1 *> r 4 - 0 v ‘ D t G K L L b y  I,1 M l  L l  Dr .LT /« -  ‘ » f 6 * 2 .
2 k Kf :S ‘ / / / )

I ’ r < 1 T cl ( 3  v 1 7  2  ) V i. L. 1

2 FORMAT (1 r l * 5 A « 1 SUkP A C l  L a  Y L k  • V l L O C  i  1 Y = * . f - 3 • 1 .  1 XmS / S c I C  * /  )
D H l T L  ( 3 . 1 2 )
F OK MAT O H  , 1 < 4  X v • TmLTA  ‘ 9 MX $ » U T n E  I  * . o A * { V l L a  • s hX  . • 0 V L L 1 $ 6 X$ • 1 CP ‘ /  ) 
T m l  T A = T ? >F. I A  /  si T DO
0 j ; 2 1 = 1 v 2 3
I F ( S T  ( I )  ) 2 3 y 2 3  $ 2 6

R]  ( 1 ) = X ( 1 ) * X ( 1 )  + Y ( 1 ) -;*Y ( I  ) + U L L T  a * * 2 + 2 * 0 L L T  A *  ( X ( I  ) *  S i  N ( T m l T a  ) + Y (1 ) 
1 0 3 ( T H c T a ) )

3 1 ( 1 )  = 2 i )L L  T A *  ( X ( 1 ) * C O S  ( ) 3 c  I A  ) - Y  ( i  ) 'U'S  1 N ( 7 n t  T A ) )
P2  ( I ) =7. ( D M  1 - v L L i  a - v L L I  /  ( 2 * V t L A * V l L a  ) - V r . L l  * * 4 /  ( d ' O t L A ^ ^  ) - V t L i * *  

1 ( 1 6 *  V r. L A *  *  6  ) ) /  V 2 L 1 
3 2  ( I  ) = V F L 1 * Z  ( ! ) * ( ! / (  V c L A * * 3 )  + V £ l i  * Vc.L 1 /  ( 2 * V t i L ^ - * b )  +3*>Vt .L  1 * * 4 /  ( r>*

1 V t L , > - * 7  ) )
( 1 ) = — 1 ( 1 ) “•(•.«{. L 1 A — SGr< T ( f< 3. ( 1 ) ) ) /  Vr. L R2  ( 1 )

0 ( 1 )  = 3 1  ( I ) /  ( Vf  I. A b ( j r<T ( R i d ) )  * 2  )
V. ( 1 ) = ( D L L ' !  /  - b O K l  ( h i  ( 1 ) ) ) / V l L A * * 2 + S 2  ( 1 >
C ON7 10  OF
A =  0  -
8 = 0 
C = 0 
D = 0 
F = 0 
V =  0 
G = 0  

H =  0

DO 3 1  1 = 1 . 2 3  
I F ( S T ( I ) ) 3 1  . 3 1 y 3 2  
A = A + ' J ( l )  *  P ( I )
6  = I ?+ U ( I ) *  0 ( 1 )
C = C + U ( I ) * 2  ( 1 )
D = D + W ( I ) '■' rJ ( I )
E = r > P ( 7 . )
P = P + \1 ( i ) * .i ( I )
0 = 6 + 0 ( I ) 
t i = h  + ( I )
COOT I MOL
A 4 = ( U *  2 — A C.) *  ( 6  " 0 - 0 0 * 0  ) -  ( L * C 5 - A * 0 )  *  ( u * C - M * o )
Ab  = ( C * C ~ t * 0 )  ( o * 0 - 0 0 * o ) -  ('o * C - M * g ) * * 2
D Vr_ L = A 4 /  AS
T CO -1 = ( ( 3  : > -  A *  6  ) -  ( C *  6  -  n  *  t *,) *  D V t  L ) /  ( b  *  6  -  0 1 i *  8 )
DT Ho T = ~ ( a  + C * D V L L  + 6 * T C P ) / B 
IF ( D V L L i • V F. L -  3 * 2  S ) o 4 » 3 4 ? 3 31
1 F ( 0 VL L ) 3 3 2  $ 3 3 2 $ 3 3 3
D7FL = - 0  . 5  
GO TO 3 3
0  v L  = 0 . S
1 tr ( O T P S T v‘ f. • ! M L I — 0 • 'J 4 ) 3 4 4  9 3 4 4  $ 3 4 1 
•i!" ( i ^ T f ,L { ) 3 2 5 3 4 2  . 3 -t 3
O T m F.T = - 0  . 2  
GO TO 3 - 4  
0 T >. F T = C . 2 
T M L T a  = T m l T A + Om  .--it T

/ 2  2

*C

0 /
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V !'. 1.4 =  Vi- l.A +  1'Vr..l.
V)R l i t .  ( 3 .  3 5  ) T i p .  I a » l ) ' I  r i l l  I  y V6.LA ? D V l L  $ 1 CP 
F O F ; 'i AT ( 1 ri y 1 U /■ . bF i  0 • J  )
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T PL A P P A : c. A! T V L L u u  I T Y A No Pi'. OP AG a  I j. u t V l C T O P  OF 1 Fit. V/AVr.
A C k OSS 1 nr.  ARRAY mAVL DOW rsr_c.tvi C a L C O L A T t . 0  • T n t  N L a T  
STEP J.S T OC A L GOL a  11 p n A l  TF>l  A R P i  V A l  T I M E S  h i  t  ACr i  
P I T  1 OP I i i l b  V b L u C  I  TY A N J  A i j u  L t  SM OuLD P 4 V t  P L r.N  IF  
T 0 L111 V; A S I . 0  r k  FOR ( O b L 0 P I o  I U A L c. A a C T $ N G T A P P k  0  A 1 M A T t  
L 0 U a T  I 0 1J5 r 0 r< T r i  J. S ) *• h  t_ N C E >■’£ S 1 D U A L S  AFI.) A 1 \
E S T I X a T l  Or Tnc. V/>PI  AuCE • V A L U E  r u p  P E S I D U a LS 
G0 T f- P0 f 1 r. ( ‘J A  T i  0 r • r> 7 A i  0  f S K t  W HiUL 1 1 LA  Y t  R I 4 G ? »
5 C A P = 0
0 0  5 5  1 = ) * 2 3  
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F E ( I ) = 0 •
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E t  ( I ) = T C A L C ( 1 ) - T ( i ) 
SCAR = SCAR + L t ( I ) *  t L ( I ) 
uQ.'j i 11'iUr.

V A R = S C A R / ( 0 0 - 1 )

T ( 2 3 ) = TCP 
.v h I T t  ( 3  > b  1 ) 
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DO 6 3  1 = 1 9  2 3
W R I T E  ( 3 . 6 2 )  ( P I T ( I . J )  9 J = 1 . 4 )  $ T C a l C ( 1 )  * E l  ( 1 )  
F O R M A T ( 2  0 X . 9 A i  $ 2 F 1 0 . 3 )
COOT I CUE
WP 1 T t  ( 3 9 c A ) SC AP 
F Op OAT ( i  *i $ 1 SC A k  = 1 > 1 14 , <s /  )
VAR I Ts  ( 3  9 0 6 ) VaR
r 0 PU AT (1 H . 1 V ;\ K 1 A t'» C E = { v t l  4  » cj /  /  /  )
C O N T I N U E
S-TOP
END
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•H rf CM CM <c— r T— T“ T~ T— x— T“
f l  so  ^

ri
f t
o
d

f t

0

E-» r-N 0 0 o \ o VO
o T— r» VO X— VO

rH 0 0 0 c— O c*- o \ rO rO
0  02 • • • • • • •
>  ^ m CM ,ri’ o 0 0
ri ■  ̂ • —̂ T™“
d

0
o
r i  ^ LO i n CM CM CM m 0 0 CM o
ri E LTV m VO rO rO i n tr— CM CM

p  M • • • • • • • • • •
01 — " o o CM o \ O Q VO T— VO VO

■H
P

rO rO C— c— VO VO VO 0 0 c— c—

d rH 1—1
•rl d d rH 1—1

0 d d d rH ri ri •H
•» o o £ d 0 f t £ X}
P  © p p 0 ri •rl w M 02 02
d  S 0 0 ri 0 Cm 02 o M M
0 ri i—i rH XJ X« d ri d o o
>  £3 d d to d P d d •H •rl

f t d d d ri d ri d d d
•H
s

•rl
s £ 3

o
S $ M

do d
o

•
o T-* CM rO m vo t— oo o \ oT—



AP
PE

ND
IX

 
(6

) 
(C

on
td

.)
-  146 -

CO
pri
0

oo

p  >> 
r i  -pd) H ri O ri o ft 1—i ft <u 
<«J >

S CO
00

rO C\J 
•  •

vo VO

CVJ

VO

c-— CVJ r— CVJ CO CVJ
0 c-— CO *— LfN * -• VO 0
VO UN CVJ rO vo ■C" C— CVJ cvj

• • • • • • • • •
LfN VO vo VO r — VO ITN 0 -

rio
Ti -p0 o
£ £O
co • ,P ft
0  Ba.

ON CO VO c— 0 ITN LTV T— LfN
• • • • • • • • • •

T— x— CO vo CO 00 C— ON IfN CVJ CVJ
CO 00 c— rO rO rp tT— T— ON ONT-» V™ T" T"* r* CVJ CVJ V T“"

rio
Po
0
>

p  ri o o a) -h
ri P•h ri n  tvo ri ft o 

r i 
CL.

LfN UN UN O UN UN 00 0
^ -----^ • • • • • • • •

O ON ON ON CO 00 ON CVJ CO
Rct> r— f - C— T— rO rO OO rO VO

t— T-* r~ CVJ CVJ
OON

<1)
.§
Erl UN

O r*N ON ON
rH 0 c o T~ r*N<l) OQ • • •

% UN c— rp
T“*

p
co
•H
P

c o 00 CO UN CO CO ON CO rO rO rO
0 O O CVJ ON ON rO rO VO 'ri-

• • • • • • • • • • •
x— T— v— v-' C— CO C— vo ■ri-
n N rO rO rO ro rO t— VO *3- VO vo

Pria)
a

to to to
0 0 0
E a E
-rH •H •H
ri ri ri

W M

CVJ rO
T“ >c—

CO
ri ©

0) f t f t f t 0) •H 01 ' d
P r i ri r i 0} ri ri rH 1—1
r i 0

3
0 ri E 0 0 0

tiD .- j p 0 rH
• a

•H •H
to ,3 1—1
p CQ CQ co rH 0 ■ri P P
ri £ g B r-H J5 r i CO CO
0 ri r i ri ri ri 0 0

O Erl En EH w O O 3 :

o u n  vo co ON O  
T— CVJ

'r- CVJ
CVJ CVJ



AP
PE

ND
IX

 
(6

) 
(C

on
td

,)
-  147 -

w
pP0)

oo

CO -H 
p

s  o .-3 £

p  >i P -P <d 'H P o aJ o
Ph r—I 
Ph 0  <  >■

2rO
VO

vo C'"* rO x— vo X-*crv x— r~. ov rO
CM rO O T— t—

• • • • • •
vo VO VO VO vo VO

$
CO

,
vO

Ti0
>

p
o
•p
o
0 vo o c— LTV o rO CO

P • • • • • • • •
0 r> CO a \ c— C— 00 c—
0 • 00 r— c— o O o rO o
rP P< r— r— v” X— x— X”
o £a,

po
po
0
>

■P Po o0 H P -P

«  & 
d  
Pho
pa.

o
C£> S O o  °0 °0 CO -P" o

CO co o  o  o  rO *"

0S
•rl
E-i

0

IE-»

8
VO

ox— o
VO c— C~“

rO
v tin c— c— LTV

• , • • •
vo VO rO ro C—

-p

•H

t — C"— CM CM CM 00 &a \ a \ o \ c— c— C— LTV
• • • , • • •- •

ON ON crv o in
rO r o r o v— X— x— c~-

M x i tow P P P P •H
-p 0

aJOh
Ct5

CP & P P P ro
rH

ClJPP E P P P r—1 o
0 d to to to P P 3 •H
> •H •H •H rO rQ -P .p

W <t5 d aJ o o O P toP P P 1—1 1—1 H P •HO o o o o o P w

,
o r o m VO r— CO ON

8|2l CM CM CM CM CM CM CM



22362 '704 0055 04- INCRtMfc'NT-1

SECONDS

PER IOD (SECONDS)
Appendix (TT  D isp e rsed  R ayleigh waves reco rd ed  a t  EKA from a Midland V alley  source

(n a tu ra l  even t) and i t s  d is p e rs io n  curve a s  c a lc u la te d  th rough  the

program r e f e r r e d  to  in  C hapter I ,  see Burton & Blarney (1972)
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