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ABSTRACT

The Cape V e rd e  R i s e  and I s l a n d s  a re  c o n s i d e r e d  t o  be t h e  r e s u l t  
o f  Hot  S p o t ’ a c t i v i t y .  The r e s u l t s  o f  r e h e a t i n g  can be o b s e r v e d  by 
c h anges  i n  t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  l i t h o s p h e r e .  The p u r p o s e  o f  
t h i s  w o r k  i s  t o  s t u d y  t h e  r e l a t i o n s h i p  o f  t h e  i s l a n d s  t o  t h e  r i s e  and 
r e l a t e  any ch an ge s  i n  t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  l i t h o s p h e r e  t o  
i t s  t h e r m a l  s t r u c t u r e .

A g e o p h y s i c a l  i n v e s t i g a t i o n  o f  t h e  l i t h o s p h e r e  o f  t h e  Cape Ve rde  
R i s e  has been c a r r i e d  o u t  u s i n g  m e a s u r e m e n ts  o f  t o t a l  m a g n e t i c  f i e l d ,  
s e i s m i c  r e f l e c t i o n  p r o f i l e s ,  so no bu oy  w i d e  a n g l e  r e f l e c t i o n / r e f r a c t i o n  
e x p e r i m e n t s ,  f r e e  a i r  g r a v i t y  and b a t h y m e t r y  f r o m  s u r f a c e  s h i p s .  Geo id  
h e i g h t  d a t a  f r o m  t h e  GE0S3 and SEASAT s a t e l l i t e  m i s s i o n s  have a l s o  
been u s e d .

T o t a l  m a g n e t i c  f i e l d  a n o m a l i e s  a re  a t t r i b u t e d  t o  sea f l o o r  
s p r e a d i n g  d u r i n g  t h e  M e s o z o i c  and used t o  show t h a t  4 f r a c t u r e  zone
t r a c e s  e x i s t  i n  t h e  v i c i n i t y  o f  t h e  a r c h i p e l a g o .  The h i s t o r y  o f
s p r e a d i n g  i s  c o m p a r a b l e  t o  c o r r e s p o n d i n g  s t u d i e s  i n  t h e  W e s t e rn  N o r t h  
A t l a n t i c .

S e i s m i c  s t r a t i g r a p h y  f r o m  c o n t i n u o u s  r e f l e c t i o n  p r o f i l e s  and 
v e l o c i t i e s  f r o m  w i d e  a n g l e  r e f l e c t i o n / r e f r a c t i o n  s t u d i e s  a re
c o n s i s t e n t  w i t h  u p l i f t  d u r i n g  t h e  E a r l y  M io c e n e  f o l l o w e d  by a p e r i o d  
o f  i s l a n d  b u i l d i n g  v o l c a n i s m .

D e p th s  t o  o c e a n i c  l a y e r  ?,  a f t e r  c o r r e c t i o n  f o r  s e d i m e n t
l o a d i n g ,  show t h a t  t h e  r i s e  i s  *^2 km s h a l l o w e r  t h a n  e x p e c t e d  f o r  
M e s o z o i c  c r u s t .  The p r e s e n t  d e p t h  i s  e q u i v a l e n t  t o  o n l y  25 Ma o c e a n i c  
c r u s t .

A 1- d i m e n s i o n a l  e x a m i n a t i o n  o f  t h e  r e l a t i o n s h i p  b e tw e e n  f r e e  a i r  
g r a v i t y  a n o m a l i e s  and b a t h y m e t r y  u s i n g  l i n e a r  t r a n s f e r  f u n c t i o n  
t e c h n i q u e s  i n d i c a t e s  t h a t  t h e  l i t h o s p h e r e  o f  t h e  Cape V e r d e  R i s e  has 
an e f f e c t i v e  e l a s t i c  t h i c k n e s s  (EET) o f  o n l y  15±3 km when compared 
w i t h  a t h i n  p l a t e  f l e x u r e  m o d e l .  T h i s  v a l u e  o f  EET i s  l e s s  t h a n  
e x p e c t e d  f o r  M e s o z o i c  c r u s t  f r o m  a g l o b a l  c o m p i l a t i o n  o f  EFT a g a i n s t  
age o f  c r u s t  a t  t h e  t i m e  o f  l o a d i n g .

U s i n g  g e o i d  h e i g h t  d a t a  t h e  above a n a l y s i s  has been e x t e n d e d  t o  
2 - d i m e n s i o n s  and a v a l u e  o f  18±3 km has been o b s e r v e d  f o r  t h e  EET. The 
same t h i n  p l a t e  f l e x u r e  m od e l  was used f o r  t h e  g e o i d  r e s p o n s e  as was 
used f o r  t h e  g r a v i t y .

The Cape V e r d e  R i s e  i s  a s s o c i a t e d  w i t h  b o t h  a r e d u c t i o n  i n  EFT 
and a c o n s i d e r a b l e  d e p t h  a n o m a l y .  T h i s  i s  c o n s i d e r e d  t o  be e v i d e n c e  
f o r  t h e r m a l  r e j u v e n a t i o n .  H a w a i i ,  h o w e v e r ,  i s  o n l y  a s s o c i a t e d  w i t h  a 
d e p t h  a n o m a ly  and no s u b s t a n t i a l  r e d u c t i o n  i n  EET i s  o b s e r v e d .  T h i s  
d i f f e r e n c e  b e tw e e n  t h e  e f f e c t  o f  H ot  S p o t '  a c t i v i t y  on H a w a i i  and on 
t h e  Cape V e r d e  R i s e  i s  c o n s i d e r e d  t o  be due t o  t h e  m o t i o n  o f  t h e  
o c e a n i c  p l a t e  o v e r  t h e  m a n t l e  h e a t  s o u r c e .
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CHAPTER 1 ( INTRODUCTION TO THESIS)

1 .1  INTRODUCTION

The Cape Ve rde  R is e  i s  an a n o m a lou s  b a t h y m e t r i c  s w e l l  i n  t h e  

E a s t e r n  N o r t h  A t l a n t i c .  The s w e l l  r i s e s  t o  d e p t h s  o f  o n l y  ^ 3  km and 

c o n t r a s t s  w i t h  o c e a n i c  d e p t h s  o f  ^ 5  km t o  t h e  n o r t h  and s o u t h .  S i t t i n g  

t o  t h e  s o u t h - w e s t  o f  t h e  r i s e  c r e s t ,  t h e  Cape Ve rd e  A r c h i p e l a g o  

c o n s i s t s  o f  10 v o l c a n i c  i s l a n d s  f o r m i n g  a h o r s e s h o e  s hape ,  o p e n i n g  t o  

t h e  w e s t ,  ^«500 km f r o m  t h e  S e n e g a l e s e  c o a s t  o f  A f r i c a .  F i g u r e  1.1 

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

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

B o th  t h e  Cape Ve rde  I s l a n d s  and R i s e  a r e  t h o u g h t  t o  be t h e  

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

i n v e s t i g a t i o n  o f  t h e  l i t h o s p h e r e  o f  t h e  Cape V e rd e  R i s e .  T o t a l  f i e l d  

m a g n e t i c  a n o m a l i e s  have been i n t e r p r e t e d  i n  t e r m s  o f  a m a g n e t i c  

r e v e r s a l  s e qu en c e  and used t o  e s t a b l i s h  t h e  o c e a n i c  n a t u r e  o f  t h e  

c r u s t ,  i t s  age and s t r u c t u r a l  f a b r i c .  S e i s m i c  p r o f i l e s  and s o no bu oy  

w i d e  a n g l e  r e f l e c t i o n / r e f r a c t i o n  m e a s u re m e n ts  d e f i n e  t h e  s e d i m e n t  

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

l a y e r  2 d e p t h s ,  a f t e r  a c c o u n t i n g  f o r  s e d i m e n t  l o a d i n g  e f f e c t s .

S h i p b o r n e  g r a v i t y  and s a t e l l i t e  a l t i m e t r y  a r e  i n t e r p r e t e d  w i t h i n  

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

e s t i m a t e  o f  t h e  e l a s t i c  r i g i d i t y  o f  t h e  l i t h o s p h e r e  o f  t h e  Cape V e r d e  

R i s e  and c o n s e q u e n t l y  i t s  s t a t e  o f  t h e r m a l  r e h e a t i n g .

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

t h e  a u t h o r ,  by d e v o t i n g  a s e c t i o n  t o  each  o f  t h e  f o l l o w i n g  c h a p t e r s .  

Each c h a p t e r  o f  t h i s  t h e s i s  i s  w r i t t e n  as a s e l f - c o n t a i n e d  s e c t i o n  and 

each p a r t  has i t s  own i n t r o d u c t i o n .
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Islands of the  C ape  V erd e  Archipelago
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Figure 1.1 C h a r t  o f  t h e  Cape V e r d e  A r c h i p e l a g o  s h o w in g  t h e  r e l a t i v e  
p o s i t i o n s  o f  t h e  i s l a n d s .  I n s e t  shows t h e  p o s i t i o n  o f  t h e  a r c h i p e l a g o  
r e l a t i v e  t o  t h e  A f r i c a n  m a i n l a n d .
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1 .2  DATA COLLECTION (CHAPTER ?)

Data  a n a l y s e d  i n  t h i s  t h e s i s  i n c l u d e s  b a t h y m e t r y ,  f r e e  a i r  

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

m e a s u r e m e n t s ,  and sea s u r f a c e  h e i g h t  m ea s u rem e n ts  o b t a i n e d  f r o m  

s a t e l l i t e  r a d a r  a l t i m e t r y .  The d a t a  s e t  has t h r e e  p r i n c i p a l  s o u r c e s .

1) S u r f a c e  s h i p  d a t a  and 5 ' x 5 ’ g r i d d e d  b a t h y m e t r y  d a t a  o b t a i n e d  

f r o m  t h e  N a t i o n a l  G e o p h y s i c a l  Data  C e n t r e  (NGDC).

2) O b s e r v a t i o n s  made on b o a rd  t h e  RRS S h a c k l e t o n  by s c i e n t i s t s  

f r o m  L e i c e s t e r  U n i v e r s i t y  ( i n c l u d i n g  t h e  A u t h o r )  d u r i n g  December  1982 

and J a n u a r y  1983.

3) Sea s u r f a c e  h e i g h t  d a t a  f r o m  t h e  S e a s a t  m i s s i o n  o b t a i n e d  f r o m  

t h e  J e t  P r o p u l s i o n  L a b o r a t o r y ,  i n  t h e  U . S . A . ,  v i a  t h e  I n s t i t u t e  o f  

O c e a n o g r a p h i c  S c i e n c e s ,  i n  t h e  U .K .  and a g r i d d e d  g e o i d  h e i g h t  d a t a

s e t  f r o m  R. Rapp o f  O h io  S t a t e  U n i v e r s i t y  i n  t h e  U . S . A .

The d a t a  a c q u i s i t i o n  on b o a rd  t h e  S h a c k l e t o n  i s  d e s c r i b e d  a l o n g  

w i t h  t h e  n a v i g a t i o n  s y s t e m  and o n b o a rd  c o m p u t e r .  The n a v i g a t i o n  was b y  

s a t e l l i t e  f i x e s  and d e a d - r e c k o n i n g .  The c o m p u t e r  was used t o  l o g  

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

was n o t  i n t e r f a c e d  t o  t h e  c o m p u t e r  and had t o  be added l a t e r  by h and .

S e i s m i c  r e f l e c t i o n  and r e f r a c t i o n  e x p e r i m e n t s  w e re  a l s o  c a r r i e d  

o u t .  R e c o r d i n g  o f  t h i s  d a t a  was by a n o lo g u e  m a g n e t i c  t a p e  b u t  

d i f f i c u l t i e s  were  e n c o u n t e r e d  when t r y i n g  t o  r e p l a y  t h i s  d a t a  back  a t  

L e i c e s t e r  U n i v e r s i t y .

The a c q u i s i t i o n  o f  sea s u r f a c e  h e i g h t s  f r o m  s a t e l l i t e  r a d a r  

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

on c o m p u t e r  f i l e  a t  L e i c e s t e r  U n i v e r s i t y .

1 .3  MAGNETIC INVESTIGATION (CHAPTER 3)

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

Ve rde  R is e  can bo i n v e s t i g a t e d  by e x a m i n i n g  t o t a l  f i e l d  m a g n e t i c
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a n o m a l i e s .  The a r e a  c o n s i d e r e d  by t h i s  s t u d y  i s  bounded by l a t i t u d e s

 ̂^ 00 N t o  18°  3 0 '  N and l o n g i t u d e s  - 2 6 °  00* W t o  - 2 0 °  00 '  W. T h i s

a r e a  i s  known f r o m  p r e v i o u s  s t u d i e s  ( Haves h R a b i n o w i t z  ( 1 9 7 5 1 1 t o  

i n c l u d e  t h e  M e s o z o i c  se qu en c e  o f  s e a f l o o r  s p r e a d i n g  m a g n e t i c  a n o m a l i e s  

f o rm e d  b e t w e e n  108 & 155 Ma. The p r i n c i p a l  o b j e c t i v e s  a r e ,  t o  see i f  

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

f u r t h e r  d e f i n e  t h e  f r a c t u r e  zone  t r a c e s  on t h e  r i s e ,  t o  compare  t h e  

s p r e a d i n g  h i s t o r y  o f  t h i s  p a r t  o f  t h e  A t l a n t i c  w i t h  t h e  ' M' sequence  

i n  t h e  W e s t e r n  N o r t h  A t l a n t i c  and f i n a l l y  t o  e x a m in e  how w e l l  t h e  

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

s t r u c t u r e s .

U s i n g  a c o m b in e d  d a t a  s e t  o f  d a t a  o b t a i n e d  by L e i c e s t e r  

U n i v e r s i t y ,  on b o a r d  t h e  RRS S h a c k l e t o n ,  and a c o m p i l a t i o n  o f  d a t a  

f r o m  t h e  NGDC, a r e i n t e r p r e t a t i o n  o f  t h e  sea f l o o r  s p r e a d i n g  m a g n e t i c  

a n o m a l i e s  has been u n d e r t a k e n .  The m a g n e t i c  r e v e r s a l  m od e l  o f  

L a r s o n  & H i l d e  ( 1 9 7 5 )  was used t o  i d e n t i f y  m a g n e t i c  a n o m a l i e s .  T h i s  

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

t r a c e s .

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

o v e r  t h e  Cape V e r d e  R i s e  a r e  t h a t : -

1) S e a f l o o r  s p r e a d i n g  m a g n e t i c  a n o m a l i e s  can be i d e n t i f i e d  

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

M e s o z o i c  r e v e r s a l  s e q u e n c e  o f  L a r s o n  & H i l d e  ( 1 9 7 5 ) .

2) The s i n g l e  f r a c t u r e  zone  i d e n t i f i e d  by

Haves & R a b i n o w i t z  1975 has been r e f i n e d  t o  4 f r a c t u r e  zones  by t h i s  

s t u d y .  O f f s e t s  a r e  v a r i a b l e  w i t h  t i m e ,  b e i n g  z e r o  a t  M25 and a maximum 

(*«30 km) a t  MG.

3) The ' M' s e q u e n c e  o b s e r v e d  h e r e  co mpares  v e r y  w e l l ,  i n  t e r m s  

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

w e s t e r n  A t l a n t i c  d e s c r i b e d  by S c h o u t e n  & K l i t g o r d  1 9 8 2 .
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4) The d i s p o s i t i o n  o f  t h e  i s l a n d s  w i t h  r e s p e c t  t o  t h e  f r a c t u r e  

zone t r a c e s  s u g g e s t s  o n l y  t h e  n o r t h e r n  l i m b  o f  t h e  a r c h i p e l a g o  can be 

c o n s t r a i n e d  t o  l i e  a l o n g  a f r a c t u r e  zone t r a c e .

These c o n c l u s i o n s  s u g g e s t  t h a t  t h e  c r u s t  c o m p r i s i n g  t h e  Cape 

V e rd e  R i s e  i s  n o r m a l  i n  r e s p e c t  o f  t h e  m a g n e t i c  a n o m a l i e s .  The 

h e a t i n g  e v e n t  t h a t  m us t  have a cc o m p a n ie d  i s l a n d  f o r m a t i o n  was n o t  

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

t h e  a r c h i p e l a g o .  L i t t l e  d i f f e r e n c e  can be seen b e tw e e n  t h e  c r u s t  o f  

t h e  Cape Ve rde  R i s e  and i t s  W e s t e rn  A t l a n t i c  c o u n t e r p a r t  as r e g a r d s  

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

o c c u r r e d  a f t e r  t h e  c r u s t  had m i g r a t e d  away f r o m  t h e  Mid A t l a n t i c  

R i d g e .

1 .4  SEISMIC INVESTIGATION (CHAPTER 4)

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

d i s t r i b u t i o n  o f  s e d i m e n t s  and t h e  d e p t h  t o  v o l c a n i c  bas emen t  a ro u n d  

t h e  Cape V e rd e  I s l a n d s .  In  a d d i t i o n ,  s e v e r a l  s e i s m i c  r e f r a c t i o n  

e x p e r i m e n t s  w e re  c a r r i e d  o u t  t o  c o l l e c t  v e l o c i t y  i n f o r m a t i o n  n o t  

a v a i l a b l e  f r o m  s i n g l e  c h a n n e l  s e i s m i c  p r o f i l i n g .

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

6 s e p a r a t e  p r o f i l e s  o f  d a t a  w e r e  c o l l e c t e d .  These v a r i e d  i n  q u a l i t y  

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

s t r a t i g r a p h y  a n a l y s i s  r e s u l t e d  i n  t h e  d i v i s i o n  o f  t h e  s e d i m e n t s  i n t o  4 

g r o u p s .

1) The l o w e r m o s t  r e f l e c t o r  was c h a r a c t e r i s e d  by d i f f r a c t i o n  

h y p e r b o l a e  and no c o h e r e n t  r e f l e c t o r s  c o u l d  be seen b e n e a t h  i t .  T h i s

i s  c o n s i d e r e d  t o  be v o l c a n i c  bas emen t  and i t  i s  e a s i e s t  i d e n t i f i e d  >50

km away f r o m  t h e  i s l a n d s .

2) The n e x t  u n i t  i s  a s e r i e s  o f  h o r i z o n t a l l y  l a y e r e d  r e f l e c t o r s
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w h i c h  i n f i l l  t h e  t o p o g r a p h y  o f  t h e  b asem en t  b e n e a t h .  T h i s  i s  m os t  

l i k e l y  a s e r i e s  o f  m a r i n e  s e d i m e n t s .  I t - i s  bounded above by an 

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

dep ends  on t h e  t r a n s m i t t i n g  p r o p e r t i e s  o f  t h e  o v e r l y i n g  l a y e r s .

3) Above t h e  u n c o n f o r m i t y  i s  a u n i t  c h a r a c t e r i s e d  by i t s  

s c a t t e r i n g  r e f l e c t i v e  n a t u r e .  T h i s  i s  a l s o  bounded  above  by an 

u n c o n f o r m i t y .  T h i s  i s  p r o b a b l y  a v o l c a n i c l a s t i c  h o r i z o n  and i t s  

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

4)  The u p p e r m o s t  u n i t  i s  r e l a t i v e l y  a c o u s t i c a l l y  t r a n s p a r e n t .  I t  

i s  bou nd ed  above  by t h e  seabed and b e lo w  by an u n c o n f o r m i t y .  T h i s  i s  

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

S e i s m i c  w i d e  a n g l e  r e f l e c t i o n  and r e f r a c t i o n  e x p e r i m e n t s  w e re  

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

t h e  v e l o c i t y  s t r u c t u r e  o f  t h e  u p p e r  c r u s t  a ro u n d  t h e  Cape Ve rd e

I s l a n d s .  V e l o c i t i e s  w e r e  o b t a i n e d  f o r  t h e  s e d i m e n t s  w h i c h  s u g g e s t  t h a t

t h e i r  t o t a l  t h i c k n e s s  i s  a p p r o x i m a t e l y  1 km and t h a t  t h e y  o v e r l a y  

o c e a n i c  l a y e r  2 w i t h  p -w a v e  v e l o c i t i e s  o f  a r o u n d  5 . 0  k m /s .  These

r e s u l t s  a r e  c o n s i s t e n t  w i t h  p r e v i o u s  w o r k  i n  t h e  a re a  by

H o s k i n s  e t  a l  ( 1 9 7 4 ) .

1 .5  THEORETICAL FLEXURE MODELS (CHAPTER 5)

The r e l a t i o n s h i p  b e tw e e n  f r e e  a i r  g r a v i t y ,  g e o i d  h e i g h t  and 

b a t h y m e t r y  can be d e s c r i b e d  i n  t h e  s p a t i a l  f r e q u e n c y  ( o r  wave nu m be r)  

d o m a in  by r e l a t i v e l y  s i m p l e  m o d e l s .  The s i m p l e s t  i s  one w h e re  t h e  

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

i s  due t o  t h e  d e n s i t y  c o n t r a s t  b e tw e en  s e a w a t e r  and t h e  b a t h y m e t r i c  

f e a t u r e .  A more  c o m p le x  m o d e l  i n v o l v e s  t h e  r e g i o n a l  c o m p e n s a t i o n  o f  

t h e  b a t h y m e t r y  by a s s u m in g  t h a t  i t  r e p r e s e n t s  a l o a d  on an e l a s t i c  

p l a t e .  The p l a t e  f l e x e s  u n d e r  t h e  l o a d  by an amoun t  d e p e n d e n t  on i t s
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e l a s t i c  p r o p e r t i e s .

The r e l a t i o n s h i p  b e tw e e n  t h e  g r a v i t y ,  o r  g e o i d ,  a n o m a ly  and t h e  

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

t h i n  p l a t e  f l e x u r e  m o d e l  can be c a l c u l a t e d  f o r  a v a r i e t y  o f  d i f f e r e n t  

r i g i d i t i e s .  A v e r y  r i g i d  p l a t e  w i l l  s u p p o r t  t h e  b a t h y m e t r y  and t h e  

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

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

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

t h e  c o m p e n s a t i o n .

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

t e rm e d  t h e  e f f e c t i v e  e l a s t i c  t h i c k n e s s  (E E T ) .  L a r g e  v a l u e s  (>40 km) 

i n d i c a t e  a r i g i d  p l a t e  and l o w  v a l u e s  (<5 km) i n d i c a t e  a p l a t e  t h a t  i s  

e a s i l y  b e n t .

The e f f e c t i v e  e l a s t i c  t h i c k n e s s  has been shown t o  v a r y  w i t h  age 

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

s i m i l a r  man ne r  t o  t h e  c o o l i n g  o f  a s i m p l e  t h e r m a l  m o d e l .  T h i s  f a c t  can 

be used t o  r e l a t e  t h e  EET t o  t h e r m a l  p r o p e r t i e s  o f  t h e  l i t h o s p h e r e .

1 .6  OBSERVED ADMITTANCE ESTIMATES (CHAPTER 6)

The o b s e r v e d  a d m i t t a n c e ,  o r  r e s p o n s e ,  can be c a l c u l a t e d  u s i n g

t h e  m ea s u red  v a r i a t i o n  o f  f r e e  a i r  g r a v i t y  o r  g e o i d  h e i g h t .  The

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

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

w a v e l e n g t h s  (<50  km) b u t  d i s s i m i l a r  a t  l o n g  w a v e l e n g t h s  (>10 0  km ) .  The 

s i g n a l s  a r e  t h e r e f o r e  e x a m in e d  i n  t h e  s p a t i a l  f r e q u e n c y  d o m a in  and t h e  

v a r i a t i o n  o f  t h e  d e p e n d e n c e  o f  g r a v i t y ,  o r  g e o i d ,  on b a t h y m e t r y  

c a l c u l a t e d  as a f u n c t i o n  o f  w a v e n u m b e r .

The F a s t  F o u r i e r  T r a n s f o r m  (FFT)  a l g o r i t h m  i s  used and t h i s

r e q u i r e s  some p r e p r o c e s s i n g  o f  t h e  d a t a  s e r i e s .  The d a t a  s e r i e s  m us t  

be an i n t e g e r  p ow e r  o f  2 o r  be padded  o u t ,  u s u a l l y  by t h e  a d d i t i o n  o f
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z e r o s ,  t o  an i n t e g e r  pow er  o f  2 .  The d a t a  m u s t  a l s o  have a mean and 

t r e n d  rem oved t o  p r e v e n t  any d i s c o n t i n u i t i e s  c a u s i n g  a l i a s i n g  i n  t h e  

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

t h i s  r e q u i r e m e n t .

The f r e e  a i r  g r a v i t y  d a t a  a r e  ex am in e d  a l o n g  s h i p ' s  t r a c k  

p r o f i l e s  and as such can o n l y  be c o n s i d e r e d  as 1- d i m e n s i o n a l .  The 

t r a c k s  w e r e  s e l e c t e d  t o  a p p r o a c h  t h e  i n t e r - i s l a n d  r i d g e s  i n  as n e a r  a 

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

h a v i n g  i n f i n i t e  s t r i k e  l e n g t h .

The g e o i d  h e i g h t  d a t a  a r e  e x am in e d  as 2 - d i m e n s i o n a l  g r i d d e d  

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

r em ov e d .  2 - d i m e n s i o n a l  b a t h y m e t r i c  d a t a  a r e  a l s o  used i n  t h i s  

a n a l y s i s .

A c e r t a i n  amount  o f  a v e r a g i n g  m us t  be c a r r i e d  o u t  i n  t h e  s p a t i a l  

f r e q u e n c y  d o m a in  t o  o b t a i n  n o i s e  f r e e  e s t i m a t e s  o f  t h e  o b s e r v e d  

a d m i t t a n c e .  F o r  t h e  1- d i m e n s i o n a l  g r a v i t y  d a t a  t h e  a v e r a g i n g  was 

a c o m p l i s h e d  by summing t h e  r e s u l t s  f r o m  10 s e p a r a t e  p r o f i l e s  and t h e n  

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

The 2 - d i m e n s i o n a l  d a t a  a r e  a v e r a g e d  a z i m u t h a l y  and t h e n  t h e  same 

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

1 .7  GRAVITY/BATHYMETRY RELATIONSHIP (CHAPTER 7)

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

e x a m in e d  o v e r  t h e  Cape V e r d e  R i s e .  The m ode l  p r o p o s e d  i s  a t h i n  p l a t e  

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

i s l a n d s .  The b e s t  f i t t i n g  m o d e l  t o  t h e  o b s e r v e d  a d m i t t a n c e  d a t a  has  an 

e f f e c t i v e  e l a s t i c  t h i c k n e s s  o f  o n l y  15_t,3 km. The s i m p l i f y i n g  

a s s u m p t i o n  o f  1- d i m e n s i o n a l i t y  i s  t e s t e d  by a p p l y i n g  t h e  t h i n  p l a t e  

m o d e l  a d m i t t a n c e  t o  t h e  2 - d i m e n s i o n a l  b a t h y m e t r y  t o  p r o d u c e  t h e  

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

A g l o b a l  c o m p i l a t i o n  o f  o c e a n i c  s w e l l  h e i g h t s  p l o t t e d  a g a i n s t  

age o f  t h e  l i t h o s p h e r e  shows t h a t  t h e  Cape V e r d e  R i s e  has r i s e n  t o  a 

d e p t h  e q u i v a l e n t  t o  25 Ma c r u s t .  T h i s  i s  co mpar ed  t o  a c o o l i n g  p l a t e  

m o d e l .

A g l o b a l  c o m p i l a t i o n  o f  e f f e c t i v e  e l a s t i c  t h i c k n e s s  a g a i n s t  age 

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

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

g e n e r a l l y  i n c r e a s e s  w i t h  t h e  age o f  t h e  l i t h o s p h e r e  a t  t h e  t i m e  i t  was 

l o a d e d .  U s i n g  t h i s  r e l a t i o n s h i p  i t  i s  e x p e c t e d  t h a t  t h e  - l i t h o s p h e r e  o f  

t h e  Cape V e r d e  R i s e  s h o u l d  have  an EET o f  *«30 km. The o b s e r v e d  v a l u e  

i s  c o n s i d e r a b l y  l e s s  t h a n  t h i s  and t h i s  i s  c o n s i d e r e d  t o  be e v i d e n c e  

o f  t h e r m a l  r e j u v e n a t i o n .

The l i t h o s p h e r e  o f  t h e  Cape Ve rde  R i s e  now has a t h e r m a l  age 

e q u i v a l e n t  t o  25 Ma c r u s t  and t h i s  i s  e x p r e s s e d  as b o t h  a d e p t h  

a n o m a ly  and as a r e d u c t i o n  i n  t h e  e f f e c t i v e  e l a s t i c  t h i c k n e s s .  

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

R i d g e ,  a n o t h e r  s w e l l  w i t h  a l a r g e  d e p t h  a n o m a l y ,  show t h a t  t h e  tw o  

s w e l l s  a r e  n o t  e x a c t l y  a n a l o g u o u s .  The H a w a i i a n  s w e l l  does  n o t  have a 

s i g n i f i c a n t l y  r e d u c e d  EET. T h i s ,  i t  i s  t h o u g h t ,  i s  due t o  t h e  r a t e  o f  

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

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

and l o w e r  t h e  EET. The Cape V e r d e  R i s e ,  h o w e v e r ,  i s  n e a r  t h e  p o l e  o f  

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

s o u r c e  f o r  a p p r o x i m a t e l y  t h e  l a s t  30 Ma and t h u s  t h e  h e a t  has  been 

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

t h e  EET.

1 .8  GEOID/BATHYMETRY RELATIONSHIP (CHAPTER 8)

Geoid  h e i g h t  d a t a  p r o v i d e  an o p p o r t u n i t y  t o  e x t e n d  t h e  a n a l y s i s
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o f  t h e  p r e v i o u s  c h a p t e r  t o  2 - d i m e n s i o n s .  The s h i p ' s  t r a c k  c o v e r a g e  o f  

t h e  Cape V e r d e  R i s e  i s  i n s u f f i c i e n t  t o  g r i d  t h e  g r a v i t y  d a t a  on 

a n y t h i n g  o t h e r  t h a n  a r e g i o n a l  b a s i s .  A c o m b i n a t i o n  o f  SEASAT and 

GE0S3 d a t a  g i v e s  a s u i t a b l e  s u b - s a t e l l i t e  t r a c k  d e n s i t y  t h a t  t h e  g e o i d  

h e i g h t s  can be i n t e r p o l a t e d  o n t o  a 7 . 5  x 7 . 5 '  g r i d .  T h i s  d a t a  can be 

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

b e t w e e n  g e o i d  h e i g h t s  and b a t h y m e t r y  i n  2 - d i m e n s i o n s .  The g e o i d  i s  

d e p e n d e n t  on 1 / r ,  w h e re a s  g r a v i t y  i s  d e p e n d e n t  on l / r ?  ^nd s h o u l d  

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

t h e  g r a v i t y .

The same t h i n  p l a t e  f l e x u r e  m o d e l  used f o r  t h e  g r a v i t y  w i l l  be 

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

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

r e s p o n s e  co m p a res  f a v o u r a b l y  w i t h  a t h i n  p l a t e  m o d e l  w i t h  an EET o f  

*«15 km .

The g r i d d e d  g e o i d  d a t a  have  u n d e r g o n e  some amount  o f  l o w p a s s  

f i l t e r i n g  w h i c h  w i l l  be d e p e n d e n t  on t h e  b e tw e e n  t r a c k  s p a c i n g .  T h i s  

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

d a t a .  The t h i n  p l a t e  m o d e l  was t h e r e f o r e  used t o  p r e d i c t  t h e  e x p e c t e d  

g e o i d  a n o m a ly  due t o  t h e  2 - d i m e n s i o n a l  b a t h y m e t r y  and t h i s  was 

comp ared  w i t h  SEASAT s u b - s a t e l l i t e  t r a c k s  c r o s s i n g  t h e  Cape Ve rd e  

A r c h i p e l a g o .  The m o d e l s  w e r e  p r o d u c e d  a t  1 km i n t e r v a l s  o f  EFT f r o m  10 

km t o  27 km, i n c l u s i v e .  The g o o d n e s s  o f  f i t  b e tw e en  t h e  e x p e c t e d  g e o i d  

and o b s e r v e d  g e o i d  was co m p u te d  by t a k i n g  t h e  r . m . s .  d i f f e r e n c e  

b e tw e e n  t h e  t w o .  A m in im um  i n  t h e  r . m . s .  d i f f e r e n c e  was t a k e n  t o  

i n d i c a t e  t h e  b e s t  f i t t i n g  m o d e l .  U s i n g  t h i s  m e th od  a b e s t  f i t t i n g  

m o d e l ,  a v e r a g e d  o v e r  8 s u b - s a t e l l i t e  t r a c k s ,  was c a l c u l a t e d  t o  be w i t h  

an EET o f  18+3 km. T h i s  s u p p o r t s  t h e  p r e v i o u s  r e s u l t .

The m a j o r  c o n c l u s i o n  o f  t h i s  s t u d y  i s  t h a t  i t  c o n f i r m s  t h e  

e a r l i e r  r e s u l t  t h a t  t h e  e f f e c t i v e  e l a s t i c  t h i c k n e s s  o f  t h e  Cape V e r d e
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R i s e ,  c a l c u l a t e d  u s i n g  a t h i n  p l a t e  m o d e l ,  i s  l e s s  t h a n  t h a t  p r e d i c t e d  

f r o m  a g l o b a l  c o m p i l a t i o n .  T h i s  i s  c o n s i d e r e d  t o  be e v i d e n c e  f o r  

l i t h o s p h e r i c  t h e r m a l  r e j u v e n a t i o n .

1 .9  SUMMARY OF CONCLUSIONS (CHAPTER 9)

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

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

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

had a f o r m a t i o n  and e a r l y  h i s t o r y  t y p i c a l  o f  o c e a n i c  c r u s t .  The 

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

t e r m s  o f  o f f s e t  s i z e .  A n o m a l i e s  can be i d e n t i f i e d  w i t h i n  t h e  

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

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

i s  c o m p a t a b l e  w i t h  u p l i f t  so m e t i m e  i n  t h e  E a r l y  M io c e n e .  S e i s m i c  

v e l o c i t i e s  can be i n t e r p r e t e d  i n  t e r m s  o f  t h e  same s i m p l e  s e i s m i c  

s t r a t i g r a p h y .

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

f r o m  an e x a m i n a t i o n  o f  f r e e  a i r  g r a v i t y  and g e o i d  h e i g h t  a n o m a l i e s  

compar es  w e l l  w i t h  a t h i n  p l a t e  f l e x u r e  m o d e l .  The r i g i d i t y  o f  t h e  

b e s t  f i t t i n g  m o d e l ,  e x p r e s s e d  as an e f f e c t i v e  e l a s t i c  t h i c k n e s s ,  i s  

l e s s  t h a n  e x p e c t e d  f r o m  g l o b a l  s t u d i e s .  T h i s  can be e x p l a i n e d  by 

t h e r m a l  r e j u v e n a t i o n .
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CHAPTER 2 (DATA COLLECTION & REDUCTION)

2.1  INTRODUCTION

M a r i n e  g e o p h y s i c a l  d a t a  w e re  o b t a i n e d  f r o m  t h e  N a t i o n a l  

G e o p h y s i c a l  Da ta  C e n t r e  (NGDC) a t  B o u l d e r .  C o l o r a d o  i n  t h e  U n i t e d  

S t a t e s .  The d a t a  was s e l e c t e d  w i t h i n  l a t i t u d e  and l o n g i t u d e  l i m i t s  

c e n t r e d  a b o u t  t h e  Cape V e rd e  R i s e .

I n  a d d i t i o n ,  d u r i n g  December  1982 and J a n u a r y  1983 t h e  RRS 

S h a c k l e t o n  c o n d u c t e d  24 d ays  o f  s c i e n t i f i c  o b s e r v a t i o n  i n  and a ro u n d  

t h e  Cape V e r d e  A r c h i p e l a g o .  F i g u r e  2 .1  shows t h e  s h i p ' s  t r a c k s  f o r  t h e  

RRS S h a c k l e t o n  s u p e r i m p o s e d  i n  t h e  a re a  o f  t h e  Cape V e r d e  R i s e .  The 

s c i e n t i f i c  c r e w  ( o f  w h i c h  t h e  A u t h o r  was a member)  w e re  p r i n c i p a l l y  

f r o m  L e i c e s t e r  U n i v e r s i t y  w i t h  t e c h n i c a l  s u p p o r t  f r o m  NERC R e s e a rc h  

V e s s e l  S e r v i c e s  i n  B a r r y ,  W a le s .  The d a t a  c o l l e c t e d  a t  t h i s  t i m e  

p r o v i d e  t h e  p r i n c i p a l  d a t a  s e t  on w h i c h  t h e  b u l k  o f  t h e  w o r k  p r e s e n t e d  

h e r e  i s  b a s e d .

Data  w e r e  a l s o  made a v a i l a b l e  f r o m  a c r u i s e  t o  t h e  Cape Ve rd e  

I s l a n d s  by C a m b r i d g e  U n i v e r s i t y  on b o a r d  t h e  RRS D i s c o v e r y  d u r i n g  

December  1983 and J a n u a r y  1984.  The t o t a l  s h i p ' s  t r a c k  c o v e r a g e  

a v a i l a b l e  f o r  a n a l y s i s  h e r e  a t  L e i c e s t e r  i s  shown on Map 1 c o n t a i n e d  

a t  t h e  bac k  o f  t h i s  v o lu m e .

Da ta  c o l l e c t i o n  on b o a r d  t h e  RRS S h a c k l e t o n  c o n s i s t e d  

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

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

v a l u e s  a g a i n s t  s h i p ' s  t i m e .  A PDP11/34 c o m p u t e r  was used t o  b o t h  l o g  

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

s o u n d e r  was n o t  l o g g e d  a u t o m a t i c a l l y  b u t  added l a t e r  a f t e r  d i g i t i s i n g  

by h an d .  Da ta  v a l u e s  w e r e  a l s o  l o g g e d  e v e r y  5 m i n u t e s  by a w a t c h k e e p e r  

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

s e i s m i c  r e f r a c t i o n  e x p e r i m e n t s  w e r e  u n d e r t a k e n  u s i n g  d i s p o s a b l e  r a d i o  

so no bu oys  and c o n t i n u o u s  s e i s m i c  r e f l e c t i o n  p r o f i l e s  w e r e  s h o t .
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SHACKLETON SHIP'S TRACKS AROUND THE CAPE VERDE ARCHIPELAGO

20

12
- 2 8

LONGITUDE
-2 0

Figure 2.1 Chart of the area of the Cape Verde Rise showing the ship's 
tracks of the RRS Shackleton. Marine geophysical experiments were 
carried out by scientists from Leicester University during December 
1982 and January 1983. The Cape Verde Islands are shown shaded.
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Da ta  p r o c e s s i n g  i n v o l v e d  t h e  r e d u c t i o n  o f  t h e  o b s e r v e d  t o t a l  

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

I n t e r n a t i o n a l  G e o m a g n e t i c  R e f e r e n c e  F i e l d ,  r e d u c t i o n  o f  t h e  o b s e r v e d  

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

s h i p ' s  p o s i t i o n  w i t h  t i m e  t o  c o r r e c t  f o r  dead  r e c k o n i n g  i n a c c u r a c i e s  

b e tw e en  s a t e l l i t e  f i x e s .  A l l  t h i s  was c a r r i e d  o u t  by t h e  d a t a  l o g g i n g  

c o m p u t e r  on b o a r d  and p o s i t i o n  ( l a t i t u d e  and l o n g i t u d e ) ,  t i m e  and d a t a  

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

c o m p u t e r  a t  L e i c e s t e r  U n i v e r s i t y ,  The o r i g i n a l  c h a r t  r e c o r d s  and 

n a v i g a t i o n  i n f o r m a t i o n  w e r e  a l s o  k e p t  as a bac k  up.  The r e s t  o f  t h i s  

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

d a t a .

2 . 2  NAVIGATION

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

t h e  d a t a  p o i n t s  a r e  r e l a t e d  t o  s h i p ' s  p o s i t i o n  by t h e  s h i p ' s  c l o c k .  

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

any  g e o p h y s i c a l  q u a n t i t y  m ea s u red  on b o a r d  w i t h  t i m e  t h e  d a t a  p o i n t s  

can be e a s i l y  r e l a t e d  t o  p o s i t i o n .  N a v i g a t i o n  on t h e  S h a c k l e t o n  i s  

based  on t h e  Navy N a v i g a t i o n  S a t e l l i t e  Sys tem  (NNSS) and us es  a t w i n  

c h a n n e l  Magnavox  S a t e l l i t e  r e c e i v e r .  The a c c u r a c y  o f  t h i s  s y s t e m  f o r  

a g o o d '  f i x ,  t h e  c r i t e r i a  f o r  w h i c h  a r e  l a i d  o u t  b e l o w ,  can be o f  t h e  

o r d e r  o f  i 2 5 m .  H ow e v e r ,  t h e  c o m p u t a t i o n  o f  t h e  p o s i t i o n  o f  t h e  s h i p  

r e q u i r e s  t h e  i n p u t  o f  an e s t i m a t e  o f  c o u r s e  and s p e e d .  Dead r e c k o n i n g ,  

u s i n g  a g y r o c o m p a s s  f o r  d i r e c t i o n  and an E.M.  l o g  f o r  s p e e d ,  b o t h  

p o r t - s t a r b o a r d  and f o r e - a f t ,  was used i n - b e t w e e n  s a t e l l i t e  f i x e s .  The 

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

s y s t e m  a u t o m a t i c .  E x a m i n a t i o n  o f  t h e  s a t e l l i t e  r e c o r d s  shows t h e  

f r e q u e n c y  o f  s a t e l l i t e  p a s s e s  a t  t h e  l a t i t u d e  o f  t h e  Cape V e r d e
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A r c h i p e l a g o  i s  a ro u n d  90 m i n u t e s ,  b u t  n o t  a l l  t h e  p a s s e s  a r e  g o o d ' .  

The c r i t e r i a  f o r  a s a t e l l i t e  pass  t o  be g o o d ' ,  a c c o r d i n g  t o  t h e  NNSS 

i s  t h a t :

a ) E l e v a t i o n  m us t  be w i t h i n  t h e  r a n g e  8 ° _ 7 o °

b ) S u f f i c i e n t  d u r a t i o n  o f  r e c e i v e d  s i g n a l

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

d )  C o n s t a n t  message  t h r o u g h o u t  t h e  f i x

e)  As f e w  i t e r a t i o n s  as p o s s i b l e

f )  R e l a t i v e l y  c o n s t a n t  c o u r s e  and speed d u r i n g  f i x

g)  Good e s t i m a t e  o f  c o u r s e  and speed a t  s t a r t  o f  c a l c u l a t i o n

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

s o f w a r e  o f  t h e  s y s t e m  and i t  was p o s s i b l e  t h a t  p e r i o d s  o f  as much as 4 

h o u r s  c o u l d  pas s  w i t h o u t  an a c c u r a t e  a s s e s s m e n t  o f  t h e  s h i p ' s  

p o s i t i o n .

Once s e v e r a l  ' g o o d '  s a t e l l i t e  f i x e s  have been r e c e i v e d  i t  i s  

n e c e s s a r y  t o  c o r r e c t  t h e  dead r e c k o n i n g ,  w h i c h  w i l l  have  been a f f e c t e d  

by w i n d ,  c u r r e n t s  and t i d e s .  T h i s  i s  a c h i e v e d  by a s s u m in g  a c u r r e n t  

e x i s t e d ,  o f  c o n s t a n t  speed and d i r e c t i o n ,  b e tw e e n  t h e  s a t e l l i t e  

p o s i t i o n s .  T h i s  i s  somewhat  c o m p l i c a t e d  by t h e  n e c e s s i t y  t o  know t h e  

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

compu te d  p o s i t i o n s  a r e  l o g g e d  a g a i n s t  t i m e  and a r e  shown on t h e  t r a c k  

c h a r t  o f  F i g u r e  2 . 1 .

The m a in  s o u r c e  o f  e r r o r  i n  t h i s  m e th od  o f  n a v i g a t i o n  i s  t h e  

dead r e c k o n i n g  b e t w e e n  s a t e l l i t e  f i x e s .  I f  many c o u r s e  and speed 

c h anges  a r e  made t h e  e r r o r  a s s o c i a t e d  w i t h  any  p o s i t i o n  on t h a t  

p o r t i o n  o f  t r a c k  w i l l  be c o r r e s p o n d i n g l y  g r e a t e r .  I t  i s ,  h o w e v e r ,  

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

t r a c k  i n t e r s e c t i o n s  and c r o s s - o v e r  a n a l y s i s  f o r  m e a s u r e m e n t s ,  s uch  as
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b a t h y m e t r y ,  can be made.

The n e t  r e s u l t  o f  t h e  D.R. and t h e  s a t e l l i t e  p o s i t i o n i n g  i s  t h a t  

t h e  p o s i t i o n  o f  t h e  S h a c k l e t o n  i s  assumed t o  be known t o  w i t h i n  +J00m. 

The m a in  s o u r c e  o f  e r r o r  b e i n g  t h e  u n c e r t a i n  c o u r s e  and speed f o r  t h e  

f i x  c a l c u l a t i o n .

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

t o  t h a t  j u s t  d e s c r i b e d  f o r  t h e  RRS S h a c k l e t o n  and hence  t h e  p o s i t i o n a l  

a c c u r a c y  i s  c o n s i d e r e d  t o  be c o m p a r a b l e .

The n a v i g a t i o n  f o r  t h e  d a t a  f r o m  t h e  W o r ld  Data  C e n t r e  was 

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

abo ve  t o  a s t r o - g e o d e t i c .  I n f o r m a t i o n  as t o  w h a t  t e c h n i q u e s  w e r e  used 

i s  g i v e n  i n  t h e  h e a d e r  p r e c e e d i n g  t h e  d a t a  b l o c k .  The S h a c k l e t o n  d a t a  

i s  c o n s i d e r e d  t o  be s u f f i c i e n t l y  a c c u r a t e  t h a t  i t  can be used as a 

c o n t r o l  and any m a j o r  d i f f e r e n c e s  b e tw e e n  t h i s  and t h e  NGDC d a t a  a r e  

a t t r i b u t e d  t o  t h e  NGDC d a t a .

2 . 3  TOTAL MAGNETIC FIELD

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

was u n d e rw ay  w i t h i n  t h e  s u r v e y  a r e a .  The i n s t r u m e n t  used was a V a r i a n  

M a r i n e  P r o t o n  P r e c e s s i o n  M a g n e t o m e t e r .  The a c c u r a c y  o f  t h i s  t y p e  o f  

i n s t r u m e n t  i s  nT (gamma) when m e a s u r i n g  a s t e a d y  m a g n e t i c  f i e l d .  

T h i s  r e p r e s e n t s  a n e g l i g i b l e  e r r o r  i n  t h e  c o n t e x t  o f  t h i s  k i n d  o f  w o r k

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

5 0 - 1 0 0  nT.

The r e a d i n g  c y c l e  i s  6 s e c o n d s  and t h e  t o t a l  m a g n e t i c  f i e l d

v a l u e  i s  shown on a d i g i t a l  d i s p l a y .  The o u t p u t  f r o m  t h e  d e t e c t o r  i s

a l s o  f e d  i n t o  t h e  c o m p u t e r  l o g g e r ,  v i a  an i n t e r f a c e ,  and p l o t t e d  on a 

s e r v o s c r i b e  c h a r t  r e c o r d e r .  The c h a r t  i s  a n n o t a t e d ,  w i t h  t i m e  and d a t a  

v a l u e s ,  a t  r e g u l a r  t i m e  i n t e r v a l s .  The m a g n e t o m e t e r  may have  t o  be 

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

f r o m  t h e  s u r v e y  a r e a .

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

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

s h i p  s g e n e r a t o r s  t h e  b o t t l e  i s  to w ed  some d i s t a n c e  b e h i n d  t h e  s h i p .  

I n  t h i s  c a s e  t h e  d i s t a n c e  was '^150m. The m a g n e t i c  f i e l d  a s s o c i a t e d  

w i t h  t h e  s h i p  dep en ds  v e r y  much on t h e  c o u r s e  b e i n g  s t e e r e d .  The 

e f f e c t  o f  t h i s  f i e l d  on t h e  s e n s o r  i s  t h e r e f o r e  known as t h e  h e a d i n g  

e r r o r '  and w i l l  have a c o n s t a n t  v a l u e  b e tw e e n  c o u r s e  c h a n g e s .  The 

maximum v a l u e  f o r  S h a c k l e t o n  was *^20 nT.  The c a b l e  c a r r y i n g  t h e  s i g n a l  

b ack  t o  t h e  d e t e c t o r  on t h e  s h i p  i s  s u s c e p t i b l e  t o  p i c k i n g  up 

t r a n s i e n t  s i g n a l s .  These show up as s p i k e s  on t h e  c h a r t  r e c o r d  and can 

be removed  l a t e r ,  by an a v e r a g i n g  p r o c e s s .

N a t u r a l  s h o r t  t e r m  v a r i a t i o n s  i n  t h e  e a r t h ' s  m a g n e t i c  f i e l d  can

be d i v i d e d  i n t o  d i u r n a l  v a r i a t i o n  and m a g n e t i c  s t o r m s .  The d i u r n a l

v a r i a t i o n  has an a m p l i t u d e  o f  «^50 nT b u t  i s  s p r e a d  o v e r  a p e r i o d  o f  24

h o u r s .  T h i s  c o r r e s p o n d s  t o  a t r a c k  l e n g t h  o f  " 2 2 0  km O  5 k n t s ) .  T h i s

i s  o f  such l o n g  w a v e l e n g t h  t h a t  i t  i s  n o t  c o n s i d e r e d  t o  i n t e r f e r e  w i t h

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

t y p i c a l l y  have  a m p l i t u d e s  o f  5G-200nT and w a v e l e n g t h s  o f  1 0 - 5 0  km.

M a g n e t i c  s t o r m s  a r e  g e n e r a l l y  more  d i f f i c u l t  t o  d e t e c t  and d e a l  w i t h .

The f i e l d  can c h ange  100 nT i n  a s h o r t  p e r i o d ! 0 . 5 - 2  h o u r s )  and can

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

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

and t h i s  can a i d  i n  t h e i r  i d e n t i f i c a t i o n .  An o b s e r v a t o r y  a t  M’ Bour  on

t h e  A f r i c a n  m a i n l a n d ,  500 km t o  t h e  E a s t ,  was used t o  c h e c k  t h e  

n a t u r a l  m a g n e t i c  f i e l d  a c t i v i t y .  As i s  s t a t e d  i n  C h a p t e r  3 c o r r e c t i o n s

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

Once t h e  t o t a l  m a g n e t i c  f i e l d  d a t a  have  been c o l l e c t e d  t h e  

a nom a ly  r e l a t i v e  t o  a r e g i o n a l  f i e l d  m us t  be c a l c u l a t e d .
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The r e g i o n a l  g e o m a g n e t i c  f i e l d  i s  c a l c u l a t e d  f r o m  s p h e r i c a l  

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

t h e  I n t e r n a t i o n a l  G e o m a g n e t i c  R e f e r e n c e  F i e l d  ( I G R F ) .  The c h a n g i n g  

n a t u r e  o f  t h e  e a r t h ' s  m a g n e t i c  f i e l d  i s  a c c om oda ted  by p e r i o d i c  

u p d a t e s  and t i m e  v a r y i n g  f a c t o r s .  The c o e f f i c i e n t s  used f o r  t h e  

S h a c k l e t o n  and D i s c o v e r y  d a t a  w e r e  t h o s e  o f  IGRF 1 9 7 5 . 0 .  A p p r o p r i a t e  

c o e f f i c i e n t s  w e r e  used f o r  t h e  NGDC m a g n e t i c  d a t a .  The c a l c u l a t e d  

f i e l d  i s  s u b t r a c t e d  f r o m  t h e  o b s e r v e d  v a l u e s  t o  g i v e  an anoma ly  

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

0 5 0 0  km) compared  t o  t h e  m a g n e t i c  a n o m a l i e s  a s s o c i a t e d ,  w i t h  s e a f l o o r  

s p r e a d i n g  w h i c h  have a m p l i t u d e s  o f  5 0 - 2 0 0  nT and w a v e l e n g t h s  o f  10-50 

km. The use o f  an IGRF as a r e g i o n a l  f i e l d  i s  n o t  s t r i c t l y  n e c e s s a r y  

b u t  i s  u s e f u l  i f  t h e  d a t a  a r e  t o  be c o n t o u r e d  a t  some s t a g e .  The IGRF 

was used i n  t h i s  s t u d y  t o  be c o n s i s t e n t  w i t h  t h e  m a j o r i t y  o f  t h e  

e x i s t i n g  d a t a ,  a l t h o u g h  t h e  d a t a  a r e  o n l y  ex am in e d  as p r o f i l e s  a l o n g  

t r a c k  i n  t h i s  s t u d y .

2 . 4  GRAVITY

A L a C o s t e  and Romberg A i r / S e a  g r a v i m e t e r  was u t i l i s e d  on b o a rd  

t h e  RRS S h a c k l e t o n  t o  r e c o r d  v a l u e s  o f  g r a v i t y  r e l a t i v e  t o  a base 

s t a t i o n  a t  G i b r a l t a r .  The m e a s u r e m e n t  o f  g r a v i t y  a t  sea i s  w e l l  

e x p l a i n e d  i n  M c Q u i l l i n  & A r d u s  ( 1 9 7 7 )  and w i l l  n o t  be d e s c r i b e d  h e r e .

The g r a v i m e t e r  o n l y  m e a s u r e s  g r a v i t y  r e l a t i v e  t o  a base s t a t i o n

and by r e p e a t e d  m e a s u r e m e n t s  a t  t h a t  base  s t a t i o n  o v e r  a p e r i o d  o f

t i m e  t h e  d r i f t  o f  t h e  i n s t r u m e n t  can be d e t e r m i n e d .  The d r i f t  i s

e x p e c t e d  t o  be v e r y  l o w  and o n l y  c o n t r i b u t e  a s m a l l  a m p l i t u d e ,  v e r y  

l o n g  w a v e l e n g t h  co m p o n e n t  t o  t h e  g r a v i t y  s i g n a l .  T h i s  can be i m p o r t a n t

i n  n e t w o r k ,  o r  g r i d ,  t y p e  s u r v e y s  w h e r e  i t  may add t o  g r a v i t y  m i s - t i e s  

a t  t r a c k  i n t e r s e c t i o n s .  The g r a v i m e t e r  on b o a rd  t h e  RRS S h a c k l e t o n  was

l i n k e d  t o  bas e  0 1 6 .0 1  on t h e  S o u t h  M o le  a t  G i b r a l t a r  u s i n g  a Worden
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g r a v i m e t e r  a t  t h e  s t a r t ,  f i n i s h  and m i d - c r u i s e  p o r t  c a l l s .  Ove r  28 

d a y s  o f  t h e  f i r s t  l e g  t h e  d r i f t  was - 0 . 1 1 8  ± 0 . 0 0 4  m g a l / d a y  and o v e r  

t h e  25 d a y s  o f  t h e  secon d  l e g  t h e  d r i f t  was - 0 . 0 4  1 ± 0 . 0 0 2  m g a l / d a y .

A c o r r e c t i o n  m us t  a l s o  be made f o r  t h e  e a s t w a r d  co m p on en t  o f  t h e  

s h i p  s v e l o c i t y .  T h i s  i s  known as t h e  F o t v o s '  c o r r e c t i o n  and i s  t h e  

v e r t i c a l  c o m p on en t  o f  t h e  C o r i o l i s  a c c e l e r a t i o n .  An e x a m p le  o f  i t s  

i m p o r t a n c e  i s  a c o m p a r i s o n  o f  2 s h i p s  t r a v e l i n g  E a s t - W e s t  i n  o p p o s i t e  

d i r e c t i o n s  a t  10 k n t s  a t  t h e  e q u a t o r .  The d i f f e r e n c e  i n  g r a v i t y  

m ea s u red  a t  t h e  same p o i n t  by b o t h  s h i p s  i s  150 m g a l s .  To a p p l y  t h e  

c o r r e c t i o n  t h e  s h i p ' s  h e a d i n g  and speed s h o u l d  be k n o w n . t o  an a c c u r a c y  

o f  " 5 . 0 0  ^ 0 . 1  k n t s  r e s p e c t i v e l y .  The e f f e c t  i s  a maximum a t  t h e

e q u a t o r  and z e r o  a t  t h e  p o l e s .  T h i s  c o r r e c t i o n  i s  a p p l i e d  

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

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

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

t h e  Cape V e r d e ' s  t h e  E o t v o s  c o r r e c t i o n  w i l l  be a c c u r a t e  t o  ±  1 m ga l  

f o r  e a s t - w e s t  t r a c k s ,  a t  5 k n o t s ,  and ±  3 m g a l  f o r  n o r t h - s o u t h  t r a c k s  

a s s u m in g  t h e  s h i p ' s  h e a d i n g  i s  known t o  w i t h i n  5 °  and t h e  speed t o  

w i t h i n  0 .1  k n o t s .  The f r e e  a i r  g r a v i t y  a n o m a ly  i s  f i n a l l y  c a l c u l a t e d  

f r o m  t h e  o b s e r v e d  v a r i a t i o n  o f  g r a v i t y ,  r e l a t i v e  t o  t h e  base  s t a t i o n ,  

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

a c c o r d i n g  t o  t h e  I n t e r n a t i o n a l  G r a v i t y  F o r m u l a  ( 1 9 6 7 ) .

A n a l y s i s  o f  t r a c k  c r o s s - o v e r s  g i v e s  an rms d i f f e r e n c e  o f  2 . 2

m g a l s .

2 . 5  BATHYMETRY

V a l u e s  o f  b a t h y m e t r y  w e r e  o b t a i n e d  u s i n g  an I n s t i t u t e  o f  

O c e a n o g r a p h i c  S c i e n c e s  ( I . O . S . )  p r e c i s i o n  echo s o u n d e r  ( P . E . S . )  mark  

I I I .  The s y s t e m  uses  a h i g h  f r e q u e n c y  ( 12 k H z )  s i g n a l  p u l s e d  a t  2 

se cond  i n t e r v a l s  t o  r e c o r d  r e f l e c t i o n s  f r o m  t h e  s e a b e d .  The
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t r a n s c e i v e r  i s  m ou n te d  i n  a f i s h  to w ed  a l o n g s i d e  t h e  s u r v e y  v e s s e l .  

The q u a n t i t y  m ea s u red  i s  t h e  t i m e  l a p s e d  b e tw e e n  t r a n s m i t t e d  and 

r e c e i v e d  s i g n a l s .  The r e c e i v e d  s i g n a l  i s  r e c o r d e d  on a Mufax  p a p e r  

c h a r t  w i t h  a t i m e b a s e  a c c u r a t e  t o  b e t t e r  t h a n  1 i n  1 0 ^

C o n v e r s i o n  f r o m  t i m e  t o  d e p t h  i s  done  a s s um in g  a c o n s t a n t  

v e l o c i t y  f o r  sound i n  s e a w a t e r  o f  1500 m / s .  Care  m us t  be t a k e n  when 

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

w h e r e  d i f f r a c t i o n  h y p e r b o l a e  may be p r e s e n t .  C o r r e c t i o n  m us t  a l s o  be 

made f o r  t h e  d e p t h  o f  t h e  to wed  f i s h .  Time m arks  w e re  r e c o r d e d  on t h e  

c h a r t  f r o m  t h e  s h i p ' s  c l o c k .

No c o m p u t e r  i n t e r f a c e  i s  a v a i l a b l e  f o r  t h e  P . E . S .  so b a t h y m e t r y  

v a l u e s  w e r e  d i g i t i s e d  by hand a t  5 m i n u t e  i n t e r v a l s  as p a r t  o f  t h e  

w a t c h k e e p i n g  d u t i e s .  L a t e r ,  10 m i n u t e  v a l u e s  w e r e  i n c o r p o r a t e d  o n t o  

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

t h e  v a r i a t i o n  o f  sound  v e l o c i t y  i n  sea w a t e r  w i t h  g e o g r a p h i c a l  r e g i o n  

and d e p t h .  C a r t e r ' s  t a b l e s  w e r e  used ( C a r t e r  ( 1 9 8 0 ) ) .  The b a t h y m e t r y  

v a l u e s  c o l l e c t e d  by RRS S h a c k l e t o n  a r e  c o n s i d e r e d  a c c u r a t e  t o  w i t h i n  

± 2  m.

I n  a d d i t i o n  t o  t h e  d a t a  a l o n g  s h i p ' s  t r a c k s ,  a c o m p i l a t i o n  o f  

b a t h y m e t r i c  d a t a  was o b t a i n e d  f r o m  t h e  W o r l d  Data  C e n t r e  as 5 x 5 '  

a v e r a g e s  o v e r  a t o t a l  a r e a  c o v e r i n g  0 °  t o  5 0 °  N and - 1 0 °  t o  - 5 5 °  W. 

The d a t a  i s  i n t e r p o l a t e d  ( van Wvckhouse ( 1 9 7 3 ) ) f r o m  a c c u r a t e l y  

c o n t o u r e d  maps c o m p i l e d  up t o  and i n c l u d i n g  1983.  The d a t a  i s  s t o r e d  

on t h e  c o m p u t e r  a t  L e i c e s t e r  as 5 ° x 5 °  b l o c k s  w i t h  d e p t h s  b e l o w  sea 

l e v e l  as p o s i t i v e  v a l u e s  and any l a n d  s u r f a c e  i s  g i v e n  an a r b i t a r y  

v a l u e  o f  - 1 0 .  F i g u r e  2 . 2  shows an i s o m e t r i c  p l o t  o f  a s u b s e t  o f  t h i s  

d a t a ,  c o v e r i n g  0°  t o  40°  N and - 1 0 °  t o  - 5 0 °  W, v i e w e d  f r o m  t h e  s o u t h  

w e i t  c o r n e r .  T h i s  p a r t i c u l a r  s u b s e t  o f  t h e  a v a i l a b l e  d a t a  was chosen  

t o  c o i n c i d e  w i t h  t h e  a r e a  c o v e r e d  by  m a r i n e  g e o i d  d a t a .
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2 . 6  MARINE DATA SET

A P D P l l / 3 4  c o m p u t e r  m o n i t o r e d  t h e  o u t p u t  f r o m  t h e  E-M l o g ,  

g y r o c o m p a s s ,  s a t e l l i t e  n a v i g a t i o n  s y s t e m ,  m a g n e t o m e t e r ,  g r a v i m e t e r  and 

s h i p  s c l o c k  a t  a f r e q u e n c y  o f  one v a l u e / s e c o n d . T h i s  r e p r e s e n t s  

r a t h e r  an o v e r k i l l  i n  d a t a  d e n s i t y  s i n c e  v a l u e s ,  such as t h e  

m a g n e t o m e t e r ,  w i l l  n o t  change  w i t h  such a h i g h  f r e q u e n c y .  H ow e v e r ,  t h e  

h i g h  sam p le  r a t e  does a l l o w  i d e n t i f i c a t i o n  o f  s p i k e s  and s p u r i o u s  d a t a  

p o i n t s .  The d a t a  w e re  t h e n  a v e r a g e d  o v e r  2 m i n u t e  p e r i o d s .  The 

b a t h y m e t r y  d a t a  w e re  e n t e r e d  a t  10 m i n u t e  i n t e r v a l s  and l i n e a r l y

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

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

m e r g e d - m e r g e d  f o r m a t  ( N a t i o n a l  Academv o f  S c i e n c e s  ( 1 9 7 2 ) ) w i t h  c r u i s e  

i d e n t i f i e r s  SHA1A/83 f o r  t h e  f i r s t  l e g ,  December  1982,  and SHA1B/83 

f o r  t h e  second l e g ,  J a n u a r y  1983.  The PDP11/34 d a t a  l o g g e r  s y s t e m  

w o r k e d  v e r y  w e l l  t h r o u g h  b o t h  l e g s  o f  t h e  c r u i s e .  The o n l y  s e c t i o n  o f  

d a t a  l o s t ,  due t o  l o g g i n g  m a l f u n c t i o n ,  was f r o m  0948 t o  1250 on t h e  

1 0 th  o f  December .

2 . 7  SEISMIC DATA

S e i s m i c  r e f l e c t i o n  and r e f r a c t i o n  e x p e r i m e n t s  w e re  u n d e r t a k e n  t o  

i n v e s t i g a t e  t h e  n a t u r e  o f  t h e  s e d i m e n t s  and i g n e o u s  b asem en t

c o m p r i s i n g  t h e  u p p e r  p a r t  o f  t h e  o c e a n i c  c r u s t .  F i g u r e  2 . 3  shows t h e  

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

a r e a ;  numbers  i n d i c a t e  t h e  l o c a t i o n s  o f  d i s p o s a b l e  so no bu oy  

d e p l o y m e n t s  used t o  r e c o r d  w i d e  a n g l e  r e f l e c t i o n s  and r e f r a c t i o n s .  

These  e x p e r i m e n t s  a r e  r e p o r t e d  f u l l y  i n  C h a p t e r  4 .

Data  c o l l e c t i o n  r e q u i r e d  a s o u r c e ,  r e c e i v e r  and r e c o r d e r .  The 

s o u r c e  used i n  t h i s  case  was a c o m b i n a t i o n  o f  BOLT a i r g u n s ,  a h i g h  

r e p e t i t i o n  p n e u m a t i c  sound s o u r c e  g i v i n g  a h i g h  d e n s i t y  o f  s h o t s / l i n e
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SEISMIC PROFILES AROUND THE CAPE VERDE ISLANDS
r r x c i t a i  cHtgT scM.[ /oooooa 0 > r LAT. is. o s r is n ic  mtA.
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Figure 2-3 Chart of the distribution of seismic profile records over 
the Cape Verde Rise. Numbers correspond to positions of disposable 
radio sonobuoy deployments.
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km. The r e c e i v e r  used f o r  t h e  c o n t i n u o u s  r e f l e c t i o n  p r o f i l i n g  was a 

30m a r r a y  o f  h y d r o p h o n e s  summed i n  s e r i e s  t o  g i v e  a s i n g l e  c h a n n e l  

s i g n a l .  A m u l t i c h a n n e l  a r r a y  was a l s o  used f o r  p a r t  o f  t h e  s u r v e y  b u t  

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

s u c c e s s f u l l y  r e p l a y e d .  Hard  co py  r e c o r d s  o f  t h e  r e c e i v e d  s i g n a l  were  

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

( E P C ' s ) .  The r e c o r d s  w e r e  a n n o t a t e d  by hand a t  30 m i n u t e  i n t e r v a l s  as 

p a r t  o f  t h e  w a t c h k e e p e r s  d u t i e s .  A t t e m p t s  t o  r e c o r d  t h e  s e i s m i c  

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

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

a re  t h e  h a r d  c o p i e s  t a k e n  o n b o a r d  s h i p .

S e i m i c  r e f r a c t i o n  s t u d i e s  i n  d eep  w a t e r  0 2  km) r e q u i r e  s o u r c e  

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

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

h y d r o p h o n e  d e t e c t s  t h e  s e i s m i c  e n e r g y  and r a d i o s  t h e  s i g n a l  b a c k  t o  a 

r e c e i v e r  on t h e  s h o o t i n g  v e s s e l .  The so nobuoy  i s  d e s i g n e d  t o  s i n k  

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

was r e c o r d e d  on an EPC and a l s o  on m a g n e t i c  t a p e .  The m a g n e t i c  t a p e  

r e c o r d s  w e r e  e s s e n t i a l  s i n c e  t h e  d a t a  was t o  be d i g i t i s e d  a t  L e i c e s t e r  

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

The s onobuoy  t y p e  used i n  t h i s  e x p e r i m e n t  was U l t r a  E l e c t r o n i c s  

SB6E4 t r a n s m i t t i n g  on any one o f  16 c h a n n n e l s  b e tw e en  1 82 .2 5  MHz and 

1 7 3 .1 2 5  MHz. The h y d r o p h o n e  was s u s pe nd ed  on a l o n g  w i r e  t o  i s o l a t e  i t  

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

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

s onobuoy  i s  b a t t e r y  o p e r a t e d  and s e l f - s c u t t l i n g  a f t e r  %8 h o u r s .

The s e i s m i c  e n e r g y  was u s u a l l y  a 300 c u . i n .  BOLT a i r g u n  f i r i n g  

a t  16 se co nd  i n t e r v a l s .  The d o m i n a n t  f r e q u e n c y  o f  t h i s  s o u r c e  i s  14 

h e r t z .  T h i s  same s o u r c e  was a l s o  used  f o r  c o n c u r r e n t  CSP. The 

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

s p e c i f i c a t i o n s ,  i s  f l a t  f r o m  8 H z - 2 0 0 H z .
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Figure 2.4 Electro-sensitive Paper Chart (EPC) record for sonobouy 07 
taken on board ship during the experiment. This type of record does 
not lend itself to easy or accurate interpretation, serving only as a 
monitor during data acquisition. The vertical scale is seconds of two 
way travel time.
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A t u n a b l e  r e c e i v e r  w i t h  v a r i a b l e  o u t p u t  g a i n  c o n v e r t e d  t h e  

f r e q u e n c y  m o d u l a t e d  so n o b u o y  r a d i o  s i g n a l  back  i n t o  a s e i s m i c  s i g n a l .  

T h i s  was t h e n  r e c o r d e d  on t a p e  a l o n g  w i t h  i n f o r m a t i o n ,  such as t h e  

s h o t  i n s t a n t  and e v e n t  m a rk s  t o  u n i q u e l y  i d e n t i f y  t h e  s h o t  p o i n t .  The 

s i g n a l  was a l s o  m o n i t o r e d  on an e l e c t r o s e n s i t i v e  p a p e r  c h a r t  r e c o r d e r .  

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

a r r i v a l s  so t h e  d a t a  was d i g i t i s e d  f r o m  t h e  a n a l o g u e  t a p e s  and 

r e p l a y e d  v i a  s o f t w a r e  w r i t t e n  a t  L e i c e s t e r  U n i v e r s i t y  o n t o  Ca lcomp 

p l o t t e r s  t o  g e t  a w i g g l y  t r a c e  d i s p l a y .  F i g u r e  2 . 4  shows t h e  EPC 

d i s p l a y  f o r  s o n o bu oy  07 and F i g u r e  2 . 5  shows t h e  c o r r e s p o n d i n g  w i g g l y  

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

f »
d i g i t i s i n g  p r o c e s s  i s  g i v e n  i n  A p p e n d i x  I .

Sh o t  p o i n t  i n f o r m a t i o n  was e n t e r e d  i n t o  t h e  m a r i n e  d a t a  s e t ,  i n

t h e  a p p r o p r i a t e  f i e l d ,  a f t e r  c o n v e r s i o n  f r o m  M erg e d -M e rg e d  f o r m a t  t o

MGD77 f o r m a t .

2 . 8  MGD77 FORMAT

A l l  t h e  s h i p ' s  t r a c k  d a t a  h e l d  on c o m p u t e r  f i l e s  a t  L e i c e s t e r  

U n i v e r s i t y  i s  i n  MG077 f o r m a t .  T h i s  f o r m a t  was s e l e c t e d  r a t h e r  by 

d e f a u l t  s i n c e  t h e  d a t a  i n  t h i s  f o r m a t  a r r i v e d  f r o m  t h e  W o r l d  Da ta  

C e n t r e  b e f o r e  t h e  S h a c k l e t o n  c r u i s e  was u n d e r t a k e n .  S o f t w a r e  f o r  

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

f o r m a t .  I t  was a s i m p l e  m a t t e r  t o  r e f o r m a t  t h e  m e rg e d - m e r g e d  d a t a  f r o m  

t h e  s h i p ' s  l o g g i n g  s y s t e m .

The d a t a  f r o m  t h e  W o r l d  Data  C e n t r e  i s  h i g h l y  v a r i a b l e  i n  b o t h

d a t a  d e n s i t y  and q u a l i t y .  The d a t a  c o l l e c t e d  by t h e  L e i c e s t e r  g r o u p

r o u g h l y  d o u b l e s  t h e  t r a c k  c o v e r a g e  a ro u n d  t h e  Cape V e rd e  A r c h i p e l a g o  

and t h e  d a t a  q u a l i t y  and d e n s i t y  a r e  known.  The L e i c e s t e r  d a t a  can be 

used as a q u a l i t y  c h e c k  f o r  t h e  W o r l d  Data  C e n t r e  t r a c k s .
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2 . 9  SFASAT GFOID HEIGHT DATA

The SFASAT s a t e l l i t e ,  l a u n c h e d  i n  June 1978.  was e q u ip p e d  w i t h ,  

amongs t  o t h e r  i n s t r u m e n t s ,  a r a d a r  a l t i m e t e r  ( A L T ) ,  w i t h  w h i c h  i t  was 

hoped  t o  m e a s u r e  t h e  h e i g h t  o f  t h e  sea s u r f a c e ,  r e l a t i v e  t o  a 

r e f e r e n c e  e l l i p s o i d ,  w i t h  an r . m . s .  ( r o o t  mean s q u a r e )  e r r o r  o f  o n l y  

10 cm. U s i n g  t h e  f a c t  t h a t  t h e  a v e r a g e  sea s u r f a c e  h e i g h t  i s  an 

e q u i p o t e n t i a l  s u r f a c e ,  u n d u l a t i o n s  i n  t h e  g e o i d  can t h u s  be mapped t o  

a h i g h  d e g r e e  o f  a c c u r a c y .  The s a t e l l i t e  and mode o f  o p e r a t i o n  a re  

shown d i a g r a m a t i c a l l y  i n  F i g u r e  2 . 6 .

The r a d a r  a l t i m e t e r  had 3 s e p a r a t e  f u n c t i o n s :

» *

1) M e a s u re  t h e  a l t i t u d e  f r o m  t h e  s a t e l l i t e  t o  t h e  sea s u r f a c e .

2)  E s t i m a t e  t h e  S i g n i f i c a n t  Wave H e i g h t  (SWH), a measure  o f  t h e  

sea s u r f a c e  r o u g h n e s s .

3)  M e a s u re  t h e  r a d a r  b a c k s c a t t e r  c o e f f i c i e n t .

The t h i r d  f u n c t i o n  does  n o t  c o n c e r n  us h e r e ,  b u t  t h e  f i r s t  and 

s econd  a r e  l i n k e d ,  i n  t h a t  t h e  r o u g h e r  t h e  sea s u r f a c e  t h e  l e s s  

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

s h o r t  d u r a t i o n  (3 nS) p u l s e  o f f  t h e  sea s u r f a c e  and t i m e d  t h e  r e t u r n e d  

e n e r g y .  The i n s t r u m e n t  o p e r a t e d  a t  13 .5  GHz and t h e  f o o t p r i n t ' ,  t h a t  

a r e a  o f  t h e  oc ea n  t h a t  c o n t r i b u t e s  t o  t h e  r e f l e c t i o n ,  had a d i a m e t e r  

t h a t  v a r i e d  f r o m  2 . 4  t o  12 km d e p e n d i n g  on t h e  sea s t a t e .  The 

a l t i m e t e r  was d e s i g n e d  t o  s t a y  w i t h i n  i t s  r . m . s .  e r r o r  o f  10 cm f o r  

SWH v a l u e s  l e s s  t h a n  20 m. The a t t i t u d e  o f  t h e  s a t e l l i t e  v e h i c l e  was 

d e t e r m i n e d  by s e n s o r s  on b o a r d  t o  c o r r e c t  f o r  any  d e f i c i e n c y  i n  t h e  

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

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

s e n s o r s  on b o a r d  was c o n v e r t e d  t o  d i g i t a l  f o r m  p r i o r  t o  t r a n s m i s s i o n .  

A l t i m e t e r  r e a d i n g s  w e r e  t a k e n  a t  a r a t e  o f  10 Hz.
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Figure 2 . 6  D ia g ra m  o f  t h e  e l e m e n t s  n e c e s s a r y  t o  g e t  t h e  h e i g h t  o f  t h e  
m a r i n e  g e o i d  f r o m  s a t e l l i t e  r a d a r  a l t i m e t e r  m e a s u r e m e n t s .  The 
c o r r e c t i o n s  and mode o f  o p e r a t i o n  a r e  o u t l i n e d  i n  t h e  t e x t .
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Data  c o l l e c t i o n  and p r o c e s s i n g  a r e  c o m p le x  and have been w e l l  

d e s c r i b e d  by T a p l e v  e t  a l  ( 1 9 8 ? )  so o n l y  a b r i e f  summary w i l l  be g i v e n  

h e r e .

Da ta  t r a n s m i t t e d  f r o m  t h e  s a t e l l i t e  was r e c e i v e d  by s t a t i o n s  o f  

t h e  S p a c e f l i g h t  T r a c k i n g  Data  N e t w o r k  (STON) and r e l a y e d  t o  t h e  

G odd ard  Space F l i g h t  C e n t r e  (GSFC).  The d a t a  w e re  s o r t e d ,  i n  t e r m s  o f  

b o t h  d a t a  t y p e  and t i m e  o f  c o l l e c t i o n ,  and s e n t  t o  t h e  J e t  P r o p u l s i o n  

L a b o r a t o r y  ( JP l . )  f o r  p r o c e s s i n g .

The c o r r e c t i o n s  n e c e s s a r y  a r e  b a s i c a l l y  o f  two t y p e s :

a) I n s t r u m e n t  c o r r e c t i o n s ;  b l u n d e r  p o i n t  e d i t i n g ,  t i m i n g
t »

c o r r e c t i o n s ,  t r a c k  mode c o r r e c t i o n s ,  s e n s o r  o f f s e t  f r o m  s a t e l l i t e  

c e n t r e  o f  g r a v i t y  and a t t i t u d e  d e t e r m i n a t i o n .

b)  G e o p h y s i c a l  c o r r e c t i o n s ;  w e t  t r o p o s p h e r e  c o r r e c t i o n  ( a c c o u n t s  

f o r  t h e  v a r y i n g  w a t e r  c o n t e n t  o f  t h e  a t m o s p h e r e ) , sea s u r f a c e  

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

t i d e s .

Once t h e s e  c o r r e c t i o n s  have  been made t h e  p r e c i s i o n  o r b i t  

i n f o r m a t i o n  i s  a d d e d .  O r i g i n a l l y ,  p re-SEASAT d a t a  was c o m b in e d  i n t o  

GFH9 ( G o d d a r d  E a r t h  M o d e l ) .  C o m p a r i s o n  o f  t h e  o r b i t  c a l c u l a t e d  u s i n g  

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

m i s s i o n  ( Marsh  e t  a l  ( 1977 ) ) , showed r a d i a l  e r r o r s  o f  t h e  o r d e r  o f  3 -5  

m r . m . s .  C o m b i n a t i o n  o f  t h e  6EM10B m o d e l ,  d e r i v e d  f r o m  t h e  GE0S3 

s a t e l l i t e  m i s s i o n ,  w i t h  t h e  P6S-S2 m o d e l ,  d e r i v e d  f r o m  t r a c k i n g  

SEASAT, g a v e  an i m p r o v e m e n t  i n  r a d i a l  o r b i t  e r r o r ;  r e d u c i n g  i t  t o  1 .2  

m r . m . s .  T h i s  i s  s t i l l  an o r d e r  o f  m a g n i t u d e  l a r g e r  t h a n  t h e  r e q u i r e d  

a c c u r a c y  o f  10 cm. C o m p a r i s o n  o f  SEASAT g e o i d  h e i g h t s  o v e r  t h e  same 

a re a  d u r i n g  t h e  3 - d a y  r e p e a t  o r b i t  p a r t  o f  t h e  m i s s i o n  shows t h a t  t h i s
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S A T E L L IT E  TRACKS OVER THE CAPE VERDE ARCHIPELAGO 
rtacjrm  a o rr x j u  i, looooaa. o at u i.  a o  rah h t  oata.

Figure 2.7 Seasat subsatellite tracks over the Cape Verde Rise. Thick 
lines indicate the tracks produced during the 3-day repeat orbit. 
Large gaps do exist in the track coverage. The satellite 'footprint'. 
the diameter of the area illuminated by the radar, varied, according 
to the sea state, between 2.4 km and 12 km.
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radial error results in a misfit of repeated tracks that can be 

approximated by a constant offset and a linear trend.

The SEASAT satellite lasted from 3rd of July 1978 to 10th 

October 1978 when a power failure cut short the mission. The satellite 

orbit was near-circular at an altitude of ^800 km. The orbit period 

was 101 minutes and SEASAT circled the earth U  times/day.

The coverage in normal mode, from launch until 17th August 1978 

cave an equatorial track spacing of km. After this period the

satellite was manoeuvred into an orbit that repeated every 3 dayi. 

(3-Day Repeat Orbit). Repeat tracks at an equatorial spacing of <̂ '3100 

krr were completed, up to a repeat coverage of 8, until the spacecraft 

failed. The total track coverage in the vicinity of the Cape Verde 

Rise IS shown in Figure 2.7; heavy lines denote repeat tracks. Data 

was made available from JPL via the Institute of Oceanographic 

Sciences (lOS) in the form of a Geophysical Data Record (GDR)

Lorrel et al (19 8 0). The GDR and accompanying Algorithm 

Specifications, Lorrel (1980). contain sufficient information to 

recinstruct any of the corrections applied to get the final altimeter 

height, relative to a reference ellipsoid with semi-major axis of 

5371137 m and flattening of 1/298.257 .

The along track density,' in the GDR, corresponds to ^7 km/data 

point. During the processing sequence the original 10 Hz sample rate 

was averaged to give a reading every 1 second. The satellite was 

designed to turn itself off over land areas and occasionally failed to 

t u r n b a c k  on immediately. The instruments were also turned off during 

manoeuvring. These facts, plus blunder point editing, account for any 

gaps i n the tracks shown in Figure 2.7.

An additional geoid data set was made available by R. Rapp from 

Ohio State University in the U.S.A. This data set consisted of
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SA TE LLITE  TRACKS OVER THE CAPE VEROE ARCHIPELAGO  
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Figure 2.8 Combined SEASAT and GE0S3 track coverage over the Cape 
Verde Rise. The increase in track density is sufficient to interpolate 
the geoid heights on to a 7.5'x 7 .5' grid.
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7 . 5 ' x 7 . 5 ’ g r i d d e d  v a l u e s  o f  g e o i d  h e i g h t ,  w i t h  r e s p e c t  t o  a r e f e r e n c e  

e l l i p s o i d  w i t h  s e m i - m a j o r  a x i s  o f  6378137 m and f l a t t e n i n g  o f  

1 / 2 9 8 . 2 5 7 ,  f r o m  comb in ed  SEASAT and 6F0S3 (an  e a r l i e r  s a t e l l i t e )  

t r a c k s .  The a re a  f o r  w h i c h  d a t a  was o b t a i n e d  has l i m i t s  o f  0°  ^gO

and - 1 0 °  t o  - 5 0 °  W. F i g u r e  2 . 8  shows t h e  c o m b in ed  6F0S3 and SFASAT 

t r a c k  c o v e r a g e  f o r  a s m a l l e r  a re a  c o n c e n t r a t e d  a ro u n d  t h e  Cape V e r d e  

R i s e .  F i g u r e  2 . 9  shows an i s o m e t r i c  p l o t  o f  t h e  g r i d d e d  g e o i d  d a t a  

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

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

Rapp ( i n  p r e s s ) . A s i m p l e  c h e c k  can be made on t h e  a c c u r a c y  o f  t h e  

i n t e r p o l a t i o n  by e x a m i n i n g  a s u b - s a t e l l i t e  p r o f i l e  o f  t h e  v a r i a t i o n  o f  

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

s e t .  F i g u r e  2 . 1 0  shows j u s t  such a c o m p a r i s o n  and i t  can be seen f r o m  

t h i s  t h a t  t h e  g r i d d e d  d a t a  s e t  i s  a somewhat  sm oo thed  r e p r e s e n t a t i o n  

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

be e x p e c t e d  s i n c e  t h e  d e g r e e  o f  s m o o t h i n g  w i l l  be d e t e r m i n e d  by t h e  

s a t e l l i t e  t r a c k  s p a c i n g  r a t h e r  t h a n  t h e  a l o n g  t r a c k  d a t a  d e n s i t y .
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COM PA RI SO N  OF GRIDDED GEOID H EIG H TS WITH S EA S A T  GEOID HEIGHTS
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Figure 2.10 C o m p a r i s o n  o f  t h e  o b s e r v e d  v a r i a t i o n  o f  g e o i d  h e i g h t  a l o n g  
S e a s a t  t r a c k s  REV814 and REV247 ( s o l i d  l i n e s )  w i t h  i n t e r p o l a t i o n s  o f  
t h e  g r i d d e d  g e o i d  h e i g h t  v a l u e s  ( d a s h e d  l i n e s ) .  The c o m p a r i s o n  i s  good 
e x c e p t  a t  v e r y  s h o r t  w a v e l e n g t h s  w h e re  a c e r t a i n  amount  o f  a v e r a g i n g  
has t a k e n  p l a c e  t o  g e t  t h e  i n t e r p o l a t e d  g r i d d e d  v a l u e s .  T h i s  i s  
d i s c u s s e d  i n  g r e a t e r  d e t a i l  i n  C h a p t e r  8 .
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CHAPTER 3 (MAGNETIC STUDY)

3.1  INTRODUCTION

The Cape V e rde  I s l a n d s  f o r m  a h o r s e s h o e  shaped a r c h i p e l a g o ,  

o p e n i n g  t o  t h e  w e s t ,  t h a t  l i e s  on t h e  Cape Ve rd e  R i s e .  ^ 5 0 0  km. f r o m  

t h e  S e n e g a l e s e  c o a s t  o f  West  A f r i c a .  The i s l a n d s  and t h e  w e s t e r n  p a r t

o f  t h e  r i s e  l i e  w i t h i n  t h e  M sequ en ce  o f  m a g n e t i c  r e v e r s a l s  f o rm e d

be tw e en  100  & 155 Ma. These sea f l o o r  s p r e a d i n g  a n o m a l i e s  p r o v i d e  an 

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

w h i c h  now c o n s t i t u t e s  t h e  r i s e .  The e a s t e r n  sequence  o f  M e s o z o i c  

m a g n e t i c  a n o m a l i e s  has been s t u d i e d  by Rona e t  a l  ( 1 9 7 0 )  and 

Haves & R a b i n o w i t z  ( 1 9 7 5 ) . The l a t t e r  s t u d y  i n  p a r t i c u l a r  i n c l u d e d  t h e
t »

' M' sequence  t o  t h e  n o r t h  and s o u t h  o f  t h e  Cape Ve rde  I s l a n d s  and

i n f e r r e d  t h e  e x i s t e n c e  o f  a f r a c t u r e  zone p a s s i n g  t h r o u g h  t h e

a r c h i p e l a g o  b e tw e e n  l a t i t u d e s  15» j p '  n and 16° i o '  N. T h i s  was l a t e r  

c o n f i r m e d  and r e f i n e d  t o  a f r a c t u r e  zone a t  . 1 6 °  o o '  N by 

van d e r  L i n d e n  ( 1 9 8 1 ) . who s t u d i e d  t h e  t h e  o l d e r  end o f  t h e  s e q u e n c e  

f r o m  t h e  A f r i c a n  c o a s t  t o  ^M20.

The i s l a n d s  a r e  o r i e n t a t e d  a l o n g  2 p r o m i n e n t  r i d g e s  as shown i n  

F i g u r e  3 . 1 .  T h i s  has l e a d  p r e v i o u s  w o r k e r s  ( K i n a  ( 1974 ) .

Dash e t  a l  ( 1 9 7 6 ) ) t o  s u g g e s t  t h a t  t h e  i s l a n d s  f o rm e d  a l o n g  

p r e - e x i s t i n g  zone s o f  weakness  i n  t h e  o c e a n i c  c r u s t .  B e b i a n o  ( 1 9 3 2 )  

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

m a j o r  f r a c t u r e s .  Ro b e r t s o n  ( 1 9 8 4 )  a l s o  i n f e r r e d ,  f r o m  s e d i m e n t o l o g i c a l  

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

o f  M a i o .

U s i n g  t h e  t h e o r y  o f  sea f l o o r  s p r e a d i n g  f i r s t  p o s t u l a t e d  by 

Hess ( 1962 ) and t h e  o b s e r v a t i o n s  o f  V i n e  ( 1 956 ) t h a t  m a g n e t i c  

a n o m a l i e s  m easured  a t  sea can be r e l a t e d  t o  r e v e r s a l  s e q u e n c e s ,  t h e  

r e g i o n a l  s t r u c t u r e  o f  t h e  o c e a n i c  c r u s t  can be d e t e r m i n e d  by e x a m i n i n g  

t o t a l  m a g n e t i c  f i e l d  a n o m a l i e s .  I n  t h e  abs e nc e  o f  f r a c t u r e  z o n e s ,
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pe a k s  and t r o u g h s  i n  t h e  anoma lous m a g n e t i c  f i e l d  s h o u l d  f o r m  l i n e a r

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

l i n e a r  p a t t e r n  can be a t t r i b u t e d  t o  f r a c t u r e  zones and t h e  a c c u r a c y  

w i t h  w h i c h  t h e s e  can be d e f i n e d  i s  d e p e n d e n t  on t h e  t r a c k  c o v e r a g e .

The h e a t i n g  e v e n t  w h i c h  m us t  have a c c o m p a n ie d  t h e  f o r m a t i o n  

o f  t h e  v o l c a n i c  i s l a n d s  may have p a r t i a l y  masked o r  even o b l i t e r a t e d  

t h e  a nom a ly  s e q u e n c e  n e a r b y ,  s i n c e  p r e s e r v a t i o n  o f  t h e  m a g n e t i c  

remanence  i s  d e p e n d e n t  on t h e  r o c k s  b e i n g  c o o l e d  t h r o u g h  t h e i r  C u r i e  

p o i n t  and r e m a i n i n g  b e l o w  t h i s  t e m p e r a t u r e  f o r  t h e  r e s t  o f  t h e i r  

g e o l o g i c a l  h i s t o r y .  Haves & R a b i n o w i t z  ( 1 9 7 5 )  d i d  n o t  i d e n t i f y  any 

a n o m a l i e s  w i t h i n  t h e  a r c h i p e l a g o  i t s e l f  and Dash e t  a l  ( 1 9 7 6 ) .
t '

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

t o  any r e v e r s a l  s e q u e n c e ,  b u t  s i m p l y  c o r r e l a t e d  i t  w i t h  t r a c k s  t o  t h e

n o r t h  and s o u t h .  U n t i l  t h e  p r e s e n t  s t u d y  i t  was unknown w h e t h e r

a n o m a l i e s  c o r r e l a t a b l e  w i t h  a r e c o g n i s e d  r e v e r s a l  s e quence  e x i s t e d  

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

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

d u r i n g  c r e a t i o n  o f  t h e  M e s o z o i c  o c e a n i c  c r u s t  t h e n  t h e  ' M' sequ en ce  

s h o u l d  be d i r e c t l y  r e l a t e d  t o  i t s  w e s t e r n  c o u n t e r p a r t s .  S t u d i e s  n e a r  

Bermuda have  been c a r r i e d  o u t  by Vo a t  e t  a l  ( 1 9 7 1 )  and 

S c h o u t e n  & K l i t g o r d  ( 1 9 8 2 )  and t h e y  show t h a t  s e v e r a l  s m a l l  o f f s e t  

(<20 k m .)  f r a c t u r e  zo ne s  e x i s t .  Work by Le P i c h o n  h Fox ( 1 9 7 1 )  

p r o p o s e d  t h a t  a f r a c t u r e  zone e x i s t e d  t o  t h e  n o r t h  o f  t h e  Cape V e r d e  

I s l a n d s  t h a t  c o i n c i d e d  w i t h  t h e  Cape F e a r  f r a c t u r e  zone  when t h e  N o r t h  

A m e r i c a n  and A f r i c a n  p l a t e s  w e re  j u x t a p o s e d  i n  t h e i r  p r e - r i f t e d  

c o n f i g u r a t i o n .  The c u r r e n t  e v i d e n c e ,  f r o m  t h e  w e s t e r n  A t l a n t i c ,  

( S c h o u t e n  & K l i t o o r d  p e r s . c o m m . ) ,  w o u l d  s u g g e s t  t h a t  

p a l a e o g e o g r a p h i c a l  r e c o n s t r u c t i o n s  p l a c e  t h e  B l a k e  Spur  f r a c t u r e  zone 

i n  c l o s e  p r o x i m i t y  t o  t h e  Cape V e r d e  A r c h i p e l a g o  d u r i n g  c r e a t i o n  o f  

t h e  ' M' s e q u e n c e .
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New d a t a  have been c o l l e c t e d  a ro un d  t h e  Cape Ve rde  A r c h i p e l a g o  

i n  an a t t e m p t  t o  f u r t h e r  d e f i n e  t h e  f r a c t u r e  zones  i d e n t i f i e d  by 

Hayes & R a b i n o w i t z  ( 1 9 7 5 ) . I n  a d d i t i o n  i t  i s  hoped t o  c l a r i f y  t h e  

q u e s t i o n  o f  w h e t h e r  t h e  i s l a n d s  a re  r e l a t e d  t o  p r e - e x i s t i n g  f e a t u r e s  

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

3 . 2  PRESENT STUDY

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

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

f i e l d  d a t a  w e re  c o l l e c t e d  on b o a r d  t h e  RRS S h a c k l e t o n  d u r i n g  a m a r i n e  

g e o p h y s i c a l  p r o j e c t  t o  s t u d y  t h e  a r c h i p e l a g o .  A d d i t i o n a l  d a t a  wer e
t »

made a v a i l a b l e  f r o m  t h e  N a t i o n a l  G e o p h y s i c a l  Data  C e n t r e  (NGDC) i n  

MGD77 f o r m a t  ( H i t t l e m a n  e t  a l  ( 1 9 8 1 ) ) c o m p u t e r  f i l e s  and T a b l e  3 .1  

l i s t s  t h e  d a t a  used i n  t h i s  s t u d y  by t h e  c r u i s e  i d e n t i f i e r .  F i g u r e  3 .1  

shows t h e  t r a c k  c o v e r a g e  s u p e r i m p o s e d  on a b a t h y m e t r i c  map o f  t h e  Cape 

V e r d e  R i s e .  A l l  t h e  d a t a  a r e  t o t a l  m a g n e t i c  f i e l d  v a l u e s ,  c o l l e c t e d  

u n d e r w a y ,  a f t e r  r e m o v a l  o f  t h e  a p p r o p r i a t e  I n t e r n a t i o n a l  G e o m a g n e t i c  

R e f e r e n c e  F i e l d  ( I G R F ) ,  o r  i n  t h e  case  o f  t h e  D i s c o v e r e r  (DICPVERD) 

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

ano m a ly  o f  ^ 2 5 0  nT as was n o t e d  by van d e r  L i n d e n  ( 1 9 8 1 ) . T h i s  does 

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

o f  t h e  r e v e r s a l  a n o m a l i e s  a r e  *^50 km. and t h e  r e s i d u a l  m a g n e t i c  h i g h  

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

( «^500 km) .

The d e n s i t y  o f  t h e  d a t a  a l o n g  t r a c k  dep ends  on t h e  s h i p ' s  speed

and t h e  s a m p l i n g  r a t e  o f  t h e  i n s t r u m e n t a t i o n  and v a r i e s  f r o m  an

a v e r a g e  o f  ^ 2 . 9 8  s a m p l e s / k m .  f o r  t h e  S h a c k l e t o n  t o  an a v e r a g e  o f  ^ 0 . 4 2  

s a m p le s / k m .  f o r  t h e  Vema. Where l a r g e  gaps e x i s t  (>20 km) ,  such as on 

t h e  A t l a n t i s  I I  t r a c k s ,  no i n t e r p o l a t i o n  has been a t t e m p t e d .  The

o r i e n t a t i o n  o f  t h e  t r a c k s  i s  g e n e r a l l y  e a s t - w e s t  and d a t a  w e re  so
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Figure 3.1 Track chart superimposed on a bathymetric contour map of 
the Cape Verde Archipelago. Contour interval is 1000 m. Numbers refer 
to profiles in Table 3.1. Inset shows the relation of the archipelago 
to the African mainland.
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T a b l e  3 .1 D e t a i l s o f  t r a c k  p o r t i o n s  used i n  t h i s  a n a l y s i s .  P r o f i l e

numbers  c o r r e s p o n d t o  t r a c k  c h a r t  o f  F i g u r e  3 . 1 .  C r u i s e  names and

t i m e s  c o r r e s p o n d  t o MGD77 f o r m a t . H i t t l e m a n  e t  a l  ( 1 9 7 7 ) .

PROFILE CRUISE START END SOURCE
NUMBER NAME TIME TIME OF DATA

01 SHA1A/83 82120922 82121009 L e i c e s t e r  U n i v e r s i t y
02 SHA1A/83 82121012 82121108 "

03 SHA1A/83 82121314 82121407 «

04 SHA1A/83 82121409 82121515 "

05 SHA1B/83 83010620 83010804 "

06 SHA1B/83 830 1 1 222 83011314 "
07 SHA1B/83 83011314 830 1 1 403 "

08 D I S C / 143 83122300 83122502 C am br idge  U n i v e r s i t y
09 D I S C / 143 83122817 83122904
10 D I S C / 143 83123107 83 1 23 1 1 4 H

1 1 DICPVERD 70072903 70073101 W or ld  Data C e n t r e
1 2 DICPVERD 70080104 <70080 1 1 6 «

1 3 DICPVERD 70080201 70080306
1 4 DICPVERD 70080414 70080419 f *
1 5 DICPVERD 700806 1 2 70080702
16 V2207 66052608 66052712 «

1 7 V2603 68101905 68102006 "

1 8 V3101 74010400 74010506 M «

19 V3206 7502 1 9 1 7 75022010 M

20 A2067L01 72013120 72020202 “ 1. M

2 1 A2075L01 73020408 73020610
22 A207 5104 73042612 73042718
2 3 A2075L04 73042908 73043012
24 KA6 8 E 68072900 68073010

c o l l e c t e d , by t h e RRS S h a c k l e t o n ,  as t o  n o t  c r o s s  p o s s i b l e  f r a c t u r e

z o n e s .  F i g u r e  3 . 2  shows a c o m p i l a t i o n  o f  a l l  t h e  m a g n e t i c  anoma ly  d a t a

p r o j e c t e d o n t o  t r a c k s  w i t h  a 1OOo_2 0 O« o r i e n t a t i o n .  The m a g n e t i c

l i n e a t i o n s a re r o u g h l y  n o r m a l  t o t h i s  d i r e c t i o n

(Haves h R a b i n o w i t z ( 1 9 7 5 ) ) .  The d a t a  have been r o u g h l y  a l i g n e d  on t h e

t r o u g h  c o r r e s p o n d i n o  t o  M22 u s i n a  t h e  L a r s o n  & H i l d e  ( 1 9 7 5 )  r e v e r s a l

se quence t o  f a c i l i t a t e  c o r r e l a t i o n s  f r o m p r o f i l e  t o  p r o f i l e .  Where

t r a c k s  do n o t  e x t e n d  as f a r  e a s t  as M22 t h e  d a t a  have been r o u g h l y

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

A l s o shown i n F i g u r e  3 . 2  i s a p r o f i l e computed  f o r  a m o d e l  u s i n g

t h e  m a g n e t i c  r e v e r s a l  seduence o f  L a r s o n  & H i l d e  ( 1 9 7 5 ) .  The

P a l a e o p o l e ,  f o r t h e  e a r l y C r e t a c e o u s was t a k e n  f r o m

S m i th  e t  a l  ( 19 81 ) w h i c h  g i v e s a d e c l i n a t i o n  o f  -35 *

i n c l i n a t i o n  o f  +30* f o r  t h e re m a n e n t  f i e l d .  The p r e s e n t  f i e l d
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p r o f i l e  12
p r o f i l e  17

FZ

p r o f i l e  19

p r o f i l e  2 3

P R O F I L E  2 0

P R O F I L E  1 1

p r o f i l e  14

MAGNETIC ANOM ALY PROFILE  
C ORR ELATION S WITH ME S O ZO IC
r e v e r s a l  s e q u e n c e
IDENTIF ICATIONSp r o f i l e  0 5  ;

p r o f i l e  1 0

P R O F I L E  0 7

p r o f i l e  0 6

P R O F I L E  13  

P 7  _  P R O F I L E  0 9

< o  - 1 0 0
100

D I S T A N C E ( k m )
3 0 0

2 z
<  - 2 0 0

- 3 0 0

p r o f i l e  0 2  

p r o f i l e  0 8

p r o f i l e  2 4

P R O F I L E  2 1

P R O F I L E  0 1 2 2  2 3  2 4  2 5

P R O F I L E  15

profile 21

p r o f i l e  16

p r o f i l e  0 4  

p r o f i l e  0 3

p r o f i l e  2 2

p r o f i l e  18

20 2 1 2 2  2 3  2 4  2 5

M A G N E T I C  A N O M A L Y  D U E  T O  R E V E R S A L  M O D E L

F i g u r e  3 . 2  A compilation of the magnetic anomaly profiles shown in 
Figure 3.1 Profiles have been aligned on the trough corresponding to 
M22 but where tracks do not extend sufficiently far east. The trough 
corresponding to MO has been used. A model magnetic anomaly profile is 
shown at the bottom for comparison. The parameters of the model are 
given in Table 3.2. The scales are as shown and are the same for both 
the observed and the model. Positions of the fracture zone traces are 
indicated. The profiles are roughly aligned on anomaly M22.
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o r i e n t a t i o n  has a d e c l i n a t i o n  o f  - 1 7 0  . . 0
and an i n c l i n a t i o n  o f  +?0 . The

d e p t h  t o  t h e  s o u r c e  l a y e r  i s  assumed t o  v a r y  w i t h  age a c c o r d i n g  t o  t h e

n o r m a l  a g e / d e p t h  r e l a t i o n s h i p  o f  P a r s ons & S c l a t e r  ( 1977 )  and t h e

s o u r c e  l a y e r  i s  assumed t o  be a c o n s t a n t  0 . 4  km. t h i c k .  T h i s  t h i c k n e s s  

i s  s i m i l a r  t o  v a l u e s  used by b o t h  L a r s o n  & H i l d e  ( 1975 ) and 

Haves It R a b i n o w i t z  ( 1 9 7 5 ) . T a b l e  3 . 2  l i s t s  t h e  m o d e l  p a r a m e t e r s  t h a t  

b e s t  f i t  t h e  m a j o r i t y  o f  t h e  o b s e r v e d  p r o f i l e s .  P e r i o d s  o f  n o r m a l  

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

c o r r e s p o n d  t o  t r o u g h s .  These have been numbered  a c c o r d i n g  t o  t h e

s y s t e m  o f  L a r s o n  h H i l d e  ( 1 9 7 5 )  and compared w i t h  t h e  o b s e r v e d

p r o f i l e s .  A d e c r e a s e  i n  a nom a ly  a m p l i t u d e  o c c u r s  a t  t h e  o l d e r  p a r t  o f
f*

t h e  ' M' s e q u e n c e ,  as was d i s c u s s e d  by Haves & R a b i n o w i t z  ( 1 9 7 5 ) . and

has been m o d e l l e d  i n  t h i s  s t u d y  by a ^30% d e c r e a s e  i n  r e m a n e n t

m a g n e t i s a t i o n  i n t e n s i t y  a t  140 Ha.  R e c e n t  s t u d i e s  by

van d e r  I i n d e n  ( 1 9 6 1 ) . o f f  t h e  A f r i c a n  c o a s t ,  and 

B a r r e t  & Keen ( 1 9 7 6 ) . i n  t h e  N o r t h w e s t  A t l a n t i c ,  s u g g e s t  t h a t  

r e v e r s a l s  o c c u r  t h a t  a re  o l d e r  t h a n  M25 w i t h i n  t h e  J u r a s s i c  q u i e t  

z o n e .  These have  n o t  been i n c l u d e d  i n  t h e  m o d e l  used h e r e  s i n c e  t h e y  

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

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

T a b l e  3 . 2  P a r a m e t e r s  o f  m o d e l .  Uses r e v e r s a l  t i m e  s c a l e  o f  
L a r s o n  & H i l d e  ( 1 9 7 5 ) . Assumes t h e  n o r m a l  a g e / d e p t h  r e l a t i o n s h i p .  The 
m a g n e t i s e d  l a y e r  i s  assumed t o  be 0 . 4  km t h i c k .

AGE ANOMALY SPREADING RATE
108 MO 0 . 8 0  c m / y r
12 0 MB 0 . 6 0
126 Ml 1 0 . 9 5
141 M19 1 . 8 6

3 . 3  RFSULTS

C o r r e l a t i o n s  f r o m  p r o f i l e  t o  p r o f i l e  a r e  g e n e r a l l y  v e r y  g o o d .  A 

d i s t i n c t i v e  l a r g e  (125  nT peak t o  t r o u g h )  ano m a ly  can be s e en ,  

c o r r e s p o n d i n g  t o  t h e  r e v e r s e d  p e r i o d  a t  ano m a ly  M22, t h a t  p e r s i s t s
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t h r o u g h o u t  t h e  s u r v e y  a r e a .  S i m i l a r i l y  a peak r e p r e s e n t i n g  anoma ly  M2 , 

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

i d e n t i f i c a t i o n s ,  by c o m p a r i s o n  w i t h  t h e  m o d e l  c u r v e s ,  a re  good f o r  t h e  

s e c t i o n  f r o m  M15 t o  M23; p o s s i b l y  bec a us e  t h e  m od e l  i s  a b e t t e r  

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

r e g i o n  t h a n  c l o s e r  t o  t h e  i s l a n d s .  I d e n t i f i c a t i o n  o f  M24 and M25 i s  

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

a n o m a l i e s .  M25 has been r e c o g n i s e d  t h r o u g h o u t  t h i s  s t u d y  as a t r o u g h  

( r e v e r s e d  i n t e r v a l )  r a t h e r  t h a n  t h e  peak ( n o r m a l  i n t e r v a l )  i d e n t i f i e d  

by b o t h  Van d e r  L i n d e n  (1 9 8 1 )  and Haves & R a b i n o w i t z  ( 1 9 7 5 ) . H igh  

a m p l i t u d e  (500  n T ) ,  i n t e r m e d i a t e  w a v e l e n g t h  (20  km) m a g n e t i c  a n o m a l i e s  

a re  a s s o c i a t e d  w i t h  s h a l l o w  (<1500 m) b a t h y m e t r i c  f e a t u r e s  such as 

i n t e r - i s l a n d  r i d g e s  and i s o l a t e d  s e a m o u n t s .  The p r o x i m i t y  o f  t h e  

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

due t o  l a t e r ,  i s l a n d - f o r m i n g ,  i g n e o u s  a c t i v i t y  means t h a t  t h e s e  

a n o m a l i e s  have  been i g n o r e d  when c o m p a r i n g  o b s e r v e d  p r o f i l e s  w i t h  

m o d e l  a n o m a l i e s .

The p a r t  o f  t h e  s e quence  b e tw e e n  M4 & M i l  has v e r y  i n d i s t i n c t  

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

v a r i a t i o n s .  The r e m a i n d e r  o f  t h e  ' M' sequence  compar es  w e l l  w i t h  t h e  

m o d e l  p r o f i l e s ;  see F i g u r e  3 . 2 .

F i g u r e  3 . 3  shows t h e  i d e n t i f i e d  a n o m a l i e s  p l o t t e d  on a c h a r t  o f  

t h e  Cape V e r d e  A r c h i p e l a g o .  P o s i t i v e  i d e n t i f i c a t i o n s  a r e  i n d i c a t e d  by 

d o t s ,  l i n e a r  t r e n d s  a r e  shown as t h i n  l i n e s ,  p r o j e c t e d  t r e n d s  a re  

shown as d a s h e d  t h i n  l i n e s  and i n f e r r e d  f r a c t u r e  zone s  a re  i n d i c a t e d  

by h e a v y  l i n e s .  Where a f r a c t u r e  zone i s  i n f e r r e d  f r o m  ch anges  i n  t h e  

m a g n e t i c  c h a r a c t e r  t h e  t r a c e  o f  t h e  f r a c t u r e  zone i s  shown as a das hed  

hea v y  l i n e .  A t o t a l  o f  4 f r a c t u r e  zone t r a c e s  have  been i d e n t i f i e d ;  a 

n o r t h e r n  t r a c e  a t  * 1 6 °  40* N. s o u t h e r n  t r a c e  a t  * 1 5 °  DO' N and a p a i r  

o f  t r a c e s  p a s s i n g  t h r o u g h  t h e  c e n t r e  o f  t h e  a r c h i p e l a g o .  The c e n t r a l
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A N O M A L Y  C O R R E L A T I O N  C H A P '

1 2 1 3

I D S C ?

3 6 3  4 23

20

MA

20
2 2  2 3  2 4 2 5

2 3

Figure 3.3 Identified anomalies are plotted on a chart of the cape 
verde islands. Dots indicate actual identifications, lines show 
anomaly correlations and dotted lines are projected identifications. 
Fracture zones are shown by heavy lines. The rotated positions of the 
anomalies from the Western Atlantic are shown as crosses.
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f r a c t u r e  zone  has been d e l i m i t e d ,  n o t  o n l y  by o f f s e t s  i n  t h e  l i n e a t i o n  

p a t t e r n ,  b u t  by c h anges  i n  t h e  m a g n e t i c  s i g n a t u r e .  The d i s p l a c e m e n t  

a l o n g  t h e  f r a c t u r e  zones  i s  n o t  c o n s t a n t  and r e a c h e s  a maximum o f  v/'30 

km a t  MO, t h e  y o u n g e s t  end o f  t h e  M' s e q u e n c e ,  on t h e  n o r t h e r n  

f r a c t u r e  zone t r a c e .  B o th  t h e  n o r t h e r n  and s o u t h e r n  f r a c t u r e  zone 

t r a c e s  do n o t  become a p p a r e n t  u n t i l  a f t e r  Ml 5 t i m e s .

The o r i e n t a t i o n  o f  t h e  s p r e a d i n g  l i n e a t i o n s  a p p e a r s  t o  change

f r o m  '«OOio ^  a t  M?5 t o  v^OIS® N a t  MG, w i t h  a s i g n i f i c a n t  p r o p o r t i o n  o f  

t h e  chan ge  t a k i n g  p l a c e  a ro u n d  M22 t i m e s .  T h i s  chan ge  can a l s o  be seen 

i n  f i g u r e  3 o f  Haves & R a b i n o w i t z  ( 1 9 7 5 ) . I t  i s  c o n s i d e r e d  t h a t  t h i s  

r e o r i e n t a t i o n  i s  r e a l  b u t  v a r i a t i o n s  due t o  t h e  n a t u r e  o f  t h e  s o u r c e  

l a y e r  make any s y s t e m a t i c  a n a l y s i s  o f  t h e  s p r e a d i n g  d i r e c t i o n  

d i f f i c u l t .

3 . 4  DISCUSSION

Many o f  t h e  o b s e r v e d  v a r i a t i o n s  can be a c c o u n t e d  f o r  by t h e  

t h e o r y  o f  S c h o u t e n  & W h i t e  ( 1 9 6 0 )  t h a t  sea f l o o r  s p r e a d i n g  o c c u r s  i n  

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

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

may have  a p p r o x i m a t e l y  t h e  same s p r e a d i n g  h i s t o r y .  In  d e t a i l ,  h o w e v e r ,  

t h e  c e l l s  may have  d i f f e r e n t  m a g n e t i c  s i g n a t u r e s .  T h i s  can be seen ,  t o  

some e x t e n t ,  i n  F i g u r e  3 . 2  w h e re  a n o m a l i e s  such as M2 and M22 have 

q u i t e  d i f f e r e n t  sh apes  and a m p l i t u d e s  i n  each  o f  t h e  s p r e a d i n g  c e l l s ,  

d e l i m i t e d  by t h e  i n f e r r e d  f r a c t u r e  z o n e s .  The o f f s e t s  r e c o r d e d  by t h i s  

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

a maximum a g e - o f f s e t  o f  o n l y  3 Ma, a t  t h e  c e n t r a l  f r a c t u r e  zone d u r i n g  

MO t i m e s ,  c o r r e s p o n d i n g  t o  a s p a t i a l  o f f s e t  o f  o n l y  30 km. T h i s  

c o n t r a s t s  w i t h  a g e - o f f s e t s  o f  10- 20  Ma f o r  t h e  Kane and Vema f r a c t u r e  

zo n e s  a t  t h e  M i d - A t l a n t i c  r i d g e .

F i g u r e  3 . 4  shows t h e  v a r i a t i o n  o f  d i s t a n c e ,  r e l a t i v e  t o  M22, f o r
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S E A  F L O O R  S P R E A D I N G  R A T E  EST I M A T E S  F O R  THE C A P E  V E R D E  RISE
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3 -4  I d e n t i f i e d  a n o m a l i e s  f o r  3 s e l e c t e d  t r a c k  p o r t i o n s ,  V3101.  
43 and 0 ICPVERD+V2603. a r e  p l o t t e d  w i t h  r e s p e c t  t o  M22 a g a i n s t  
i n  Ma. The l i n e s  a r e  t a k e n  f r o m  S c h o u te n  & K l i t a o r d  (1 9 8 2 )  and 
a i n e d  t o  pass  t h r o u g h  M22 a s s u m in g  t h e  H a w a i i a n  l i n e a t i o n s  have 
s t a n t  s p r e a d i n g  r a t e  o f  3 . 0  c m / y r .  The e x c e l l e n t  f i t  o f  t h e  
i n g  r a t e s ,  c a l c u l a t e d  f o r  t h e  W e s t e rn  A t l a n t i c ,  t o  t h e  d a t a  
ed h e r e  f o r  t h e  E a s t e r n  A t l a n t i c  s u g g e s t  t h a t  s p r e a d i n g  was 
r i c  d u r i n g  t h e  M e s o z o i c .  The a r r o w s  i n d i c a t e  p a r t i c u l a r  
i e s  r e f e r e d  t o  i n  t h e  t e x t .
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3 t r a c k s  s p a n n i n g  a l a r g e  p r o p o r t i o n  o f  t h e  ' M" se qu en c e .  Each t r a c k  

i s  t a k e n  f r o m  a s e p a r a t e  s p r e a d i n g  c e l l ,  d e f i n e d  as b e i n g  be tw een  two 

f r a c t u r e  z o n e s .  The gap b e tw e en  M4-M11 i s  due t o  l a c k  o f  i d e n t i f i a b l e  

a n o m a l i e s  on t h e  o b s e r v e d  p r o f i l e s .  The e x a c t  shape o f  t h e  ano ma lous 

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

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

s p r e a d i n g  r a t e  i s  l o w  and m a g n e t i s e d  b l o c k s  a re  c o r r e s p o n d i n g l y  

n a r r o w .  A l s o  shown i n  F i g u r e  3 . 4  a re  s p r e a d i n g  r a t e  e s t i m a t e s  made by 

S c h o u t e n  & Kl i t q o r d  ( 1 9 8 2 )  f o r  t h e  W e s t e rn  A t l a n t i c  c o u n t e r p a r t s  o f  

t h e  ' M' s e q u e n c e .  The s p r e a d i n g  r a t e  c u r v e s  f r o m  t h e  We-stern A t l a n t i c  

have been c o n s t r a i n e d  t o  pass  t h r o u g h  M22 and have been c a l c u l a t e d
t »

a s s u m in g  a c o n s t a n t  s p r e a d i n g  r a t e  f o r  t h e  H a w a i i a n  l i n e a t i o n s  o f  3 . 0  

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

c o u n t e r p a r t s  o f  t h e  ' M' sequence  o b s e r v e d  h e r e  s u g g e s t s  t h a t  s p r e a d i n g  

was s y m m e t r i c  d u r i n g  t h i s  p a r t  o f  t h e  M e s o z o i c .  The u n c e r t a i n t y  

b e tw e e n  M4-M11 means t h a t  no e s t i m a t e  o f  t h e  s p r e a d i n g  r a t e  can be 

made f o r  t h i s  i n t e r v a l .  The o b s e r v a t i o n ,  h e r e ,  t h a t  3 d i s t i n c t  chan ge s  

i n  s p r e a d i n g  r a t e  t o o k  p l a c e ,  a t  ^M22 t i m e s  and M11-M4 t i m e s  (2 

c h a n g e s )  i s  t h e  same as t h a t  made by Sc h o u t e n  & K l i t a o r d  ( 1 9 8 2 )  i n  t h e  

W e s t e rn  A t l a n t i c .  The same w o r k e r s  a l s o  s t a t e  t h a t  t h e  p e r i o d  o f  s l o w  

s p r e a d i n g ,  b e t w e e n  M i l  and M4, i s  c h a r a c t e r i s t i c  o f  t h e  M e s o z o i c  

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

L i t t l e  d i r e c t  e v i d e n c e  i s  a v a i l a b l e  a b o u t  t h e  age o f  t h e  o c e a n i c  

c r u s t  a r o u n d  t h e  Cape V e r d e  I s l a n d s .  The O . S . O . P .  h o l e  368 d r i l l e d  on 

l e g  41 o f  t h e  ocean  d r i l l i n g  p r o g r a m  d i d  n o t  p e n e t r a t e  basement  and 

g i v e s  an age o f  ^ 1 0 0  Ma ( A l b i a n - T u r o n i a n ) f o r  t h e  l o w e r m o s t  s e d i m e n t s  

e n c o u n t e r e d ,  L a n c e l o t  & S e i b o l d  e t  a l  ( 1 9 7 7 ) . The p o s i t i o n  o f  h o l e  368 

IS shown on F i g u r e  3 . 1 .  The m a g n e t i c  anoma ly  d a t a  w o u l d  s u g g e s t  an age 

f o r  b as e m e n t  o f  ^ 144  Ma (M21-M22)  w h i c h  doe s n o t  c o n t r a d i c t  t h e  

b o r e h o l e  e v i d e n c e .  G e o l o g i c a l  m a p p in g  on t h e  i s l a n d  o f  Maio  by
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—e t —^ —1 1?6?) i d e n t i f i e d  l a v a s  o f  M id -O c ea n  R id ge  p i l l o w  

b a s a l t s .  D a t i n g  o f  t h e s e  r o c k s  by K - A r  and m e th o d s ,  by

M i t c h e l l  e t  a l  ( 1 983 ) . y i e l d s  a min imum age o f  132.8 Ma. M a g n e t i c  

a n o m a l i e s  c o n s t r a i n  t h e  age o f  t h e  ocean  c r u s t  t o  l i e  be tw een  1 2 8 - 1 3 1  

Ma. The a g r e e m e n t  b e tw e en  t h e  d a t e s  f r o m  c o m p l e t e l y  d i f f e r e n t  methods 

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

r o c k s  e x p o s e d  on M a io .

A r e c e n t  s t u d y  by T u c h o l k e  & L u d w ig  ( 1 9 8 2 )  s u g g e s t s  t h a t  t h e

y o u n g e r  end o f  t h e  ' M' sequence  i s  a s s o c i a t e d  w i t h  an i n c r e a s e  i n

ba semen t  t o p o g r a p h y  b e tw e en  M0-M4. T h i s  i s  so w e l l  d e v e l o p e d  i n  p l a c e s  

t h a t  a r i d g e  i s  fo rm e d  p r o t r u d i n g  above  t h e  b l a n k e t i n g  s e d i m e n t s .  T h i s  

has been c a l l e d  t h e  J - A n o m a l y  r i d g e  i n  t h e  N o r t h  W e s t e rn  A t l a n t i c  and 

t h e  M a d e i r a  T o r r e  r i s e  i n  t h e  E a s t e r n  N o r t h  A t l a n t i c .  S i m i l a r i l y ,  a 

s t u d y  by P u r d v  & Rohr ( 1 9 7 9 )  o b s e r v e d  a b asem en t  r i d g e  a s s o c i a t e d  w i t h  

MO. D u r i n g  t h e  p r e s e n t  s t u d y  a number o f  c o n t i n u o u s  s i n g l e  c h a n n e l  

s e i s m i c  p r o f i l e s ,  see C h a p t e r  4,  w e re  s h o t  w h i l e  c o l l e c t i n g  t h e

m a g n e t i c  d a t a .  O c e a n i c  basemen t  c a n n o t  a lw a y s  be i d e n t i f i e d  b u t  F i g u r e

3 . 5  shows t h e  i n t e r p r e t e d  b asem en t  t o p o g r a p h y  and c o r r e s p o n d i n g  

m a g n e t i c  a n o m a l i e s  f o r  p r o f i l e  04 .  The f o r m a t i o n  o f  t h e  basement  

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

i d e n t i f i c a t i o n  o f  MO. V a r i a t i o n s  i n  s o u r c e  l a y e r  t o p o g r a p h y  may a l s o

a c c o u n t  f o r  t h e  d i f f e r e n c e s  i n  t h e  m a g n e t i c  s i g n a t u r e  o f  MO.

U s i n g  t h e  a b s o l u t e  p o l e s  o f  r o t a t i o n ,  d e t e r m i n e d  by K l i t g o r d  & 

S c h o u t e n .  t a k e n  f r o m  S c h u l t  & Gordon  ( 1 9 8 4 ) . t h e  p o s i t i o n  o f  a n o m a l i e s  

MO, M4, MIS and M21 t o  t h e  n o r t h  o f  t h e  B l a k e  Spur  f r a c t u r e  z o ne ,  f r o m  

M u t t e r  & D e t r i c k  ( 1 9 8 4 ) . can be r o t a t e d  t o  t h e i r  e q u i v a l e n t  p o s i t i o n s  

i n  t h e  e a s t e r n  ' M' s e q u e n c e .  T a b l e  3 . 3  l i s t s  t h e  p o l e s ,  r o t a t i o n s  and 

t i m e s  used t o  p l o t  t h e  r o t a t e d  a n o m a l i e s ,  shown as c r o s s e s ,  i n  F i g u r e  

3 . 3 .  The r o t a t e d  a n o m a l i e s  a r e  s u f f i c i e n t l y  c l o s e  t o  t h e  c e n t r a l

f r a c t u r e  zone t o  s u g g e s t  t h a t  t h i s  f r a c t u r e  zone i s  t h e  e a s t e r n

c o u n t e r p a r t  o f  t h e  B l a k e  Sp ur  f r a c t u r e  z o ne .
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f i g u r e  3 . 5  M a g n e t i c  a n o m a l i e s  f o r  t r a c k  04 w i t h  t h e  basement  
î t r u c t u r e s  i n t e r p r e t e d  f r o m  s e i s m i c  p r o f i l i n g  shown b e n e a t h .  The 
i r r o w e d  basemen t  r i d g e  i s  t h o u g h t  t o  c o r r e s p o n d  t o  t h e  J - A n o m a ly  r i d g e  
i t  MO t i m e s .
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T a b l e  3 . 3 P o l e s  o f r o t a t i o n  used t o  r o t a t e t h e  t r a c e  o f  t h e  B l a k e  Spur
f r a c t u r e zone i n t h e  W e s te rn A t l a n t i c , r e l a t i v e  t o  t h e  A m e r i c a n
c o n t i n e n t . Ages a r e  i n  Ma. The e r r o r s  on each  d e t e r m i n a t i o n  a re
u n k n o w n .

AGF ANOMAlY IATITUDF LONGITUDE ANGLE
108 MO 6 6 . 3 0 3 4 0 .1 0 - 5 4 . 3
1 14 M4 6 6 . 1 0 34 1 .00 - 5 6 .  4
135 Ml 6 6 6 .1 0 34 1 .60 -59 . 0
145 M?1 6 6 . 1 0 34 1 .6 0 - 63  . 2

Changes i n  o r i e n t a t i o n  o f  t h e  s p r e a d i n g  d i r e c t i o n  may have 

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

z o n e s .  U s i n g  t h e  m o d e l  o f  Menard  & A t w a t e r  ( 1 9 6 8 )  w h e r e b y  

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

f r a c t u r e s ;  t h e  o f f s e t s  a c r o s s  t h e  f r a c t u r e  zone s  can be r e l a t e d  t o  t h e  

t i m e s  o f  ch a n g e s  i n  s p r e a d i n g  d i r e c t i o n .  T hu»  t h e  r e o r i e n t a t i o n  a t  M4 

t i m e s  r e s u l t e d  i n  t h e  commencement o f  s p a t i a l  o f f s e t s  on a l l  t h e  

f r a c t u r e  zone s  o b s e r v e d  h e r e .  O f f s e t s  a r e  o b s e r v e d  a t  a maximum a t  MO. 

The l a r g e r  r e o r i e n t a t i o n  a t  M21 t i m e s  does n o t  a p p e a r  t o  have 

i n f l u e n c e d  t h e  f r a c t u r e  zone o f f s e t s  t o  t h e  same d e g r e e  and i t  i s  n o t  

known a t  p r e s e n t  why t h i s  s h o u l d  be so .

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

c l e a r .  The n o r t h e r n  f r a c t u r e  zone  can be made t o  pass  t h r o u g h  S. A n ta o  

t o  S. N i c o l a u  w i t h o u t  c o n t r a d i c t i n g  t h e  m a g n e t i c  e v i d e n c e .  The 

s o u t h e r n  f r a c t u r e  z o n e ,  h o w e v e r ,  i s  b e t t e r  d e f i n e d  and doe s n o t  a p p e a r  

t o  pass  t h r o u g h  t h e  i s l a n d  o f  Maio  as was s u g g e s t e d  by 

R o b e r t s o n  ( 1 9 6 4 ) . The q u e s t i o n  i s  t h e n  r a i s e d  as t o  why t h e  i s l a n d s  

s h o u l d  f o r m  as t h e y  hav e  done and n o t  a l o n g  t h e  B l a k e  Spu r  f r a c t u r e  

zone w h i c h  may have  been a m a j o r  s t r u c t u r a l  f e a t u r e  and zo ne  o f  

w e a k ne s s  i n  t h i s  a r e a  d u r i n g  t h e  M e s o z o i c .
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3 . 5  CONCLUSIONS

1) S e a f l o o r  s p r e a d i n g  m a g n e t i c  a n o m a l i e s  can be i d e n t i f i e d  

w i t h i n  t h e  Cape Ve rde  A r c h i p e l a g o .  These a n o m a l i e s  can be c o r r e l a t e d  

w i t h  t h e  M e s o z o i c  r e v e r s a l  sequence  o f  L a r s o n  8, H i l d e  ( 1 975)  .

2) The s i n g l e  f r a c t u r e  zone i d e n t i f i e d  by

Haves & R a b i n o w i t z  (19 75 )  has been r e f i n e d  t o  4 f r a c t u r e  zone s by t h i s  

s t u d y .  O f f s e t s  a r e  v a r i a b l e  w i t h  t i m e ,  b e i n g  a min imum a t  M25, l e s s  

t h a n  5 km, and a maximum a t  MO, *^30 km. The 2 f r a c t u r e  zone s  i n f e r r e d  

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

e a s t e r n  e x p r e s s i o n  o f  t h e  B l a k e  Spur  f r a c t u r e  zone i d e n t i f i e d  by many 

w o r k e r s  i n  t h e  w e s t e r n  N o r t h  A t l a n t i c .
» »

3) The ' M' se quence  o b s e r v e d  h e r e  comp ares  v e r y  w e l l ,  i n  t e r m s  

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

w e s t e r n  A t l a n t i c  d e s c r i b e d  by S c h o u t e n  & K l i t a o r d  ( 1 9 8 2 ) .

4) How w e l l  t h e  e x i s t i n g  s t r u c t u r e s  o f  t h e  o c e a n i c  c r u s t  r e l a t e  

t o  t h e  d i s t r i b u t i o n  o f  t h e  Cape Ve rde  I s l a n d s  has n o t  been f u l l y  

r e s o l v e d .  The p o s s i b i l i t y  s t i l l  e x i s t s  t h a t  t h e  n o r t h e r n  m os t  

e a s t - w e s t  l i m b  o f  t h e  a r c h i p e l a g o  has f o rm e d  a l o n g  a f r a c t u r e  zone 

t r a c e .  H ow ever  more  w o r k  i s  n e c e s s a r y  t o  b o t h  s t u d y  basement  

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

c l o s e r  t o  t h e  i s l a n d s .
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CHAPTER 4 (SEISMIC INVEST I GA T T O N )

4.1  INTRODUCTION

The age o f  t h e  o c e a n i c  c r u s t  c o m p r i s i n g  t h e  Cape Ve rde  R is e  can

be e s t i m a t e d  t o  r a n g e  f r om '  105 Ma, i n  t h e  West ,  t o  145 Ma, i n  t h e

E a s t ,  f r o m  s e a f l o o r  s p r e a d i n g  m a g n e t i c  anoma ly  s t u d i e s

(HjJi.es I  R a b i n o w i t z  ( 1 975 ) and C h a p t e r  3 ) .  U s in g  t h e  r e l a t i o n s h i p

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

.P.3rsons & S c l a t e r  ( 1 9 7 7 ) f o r  a l l  t h e  w o r l d ' s  o c e a n s ,  t h e  e x p e c t e d

d e p t h  t o  o c e a n i c  c r u s t  can be c a l c u l a t e d .  The Cape Ve rde  R i s e  f o r m s

t h e  l a r g e s t  a n o m a lo u s  o c e a n i c  b a t h y m e t r i c  s w e l l  ( Cro ug h  ( 1 9 8 2 ) I w i t h  a

d e p t h  a n o m a ly  ( e x p e c t e d - o b s e r v e d ) o f  ^ 2  km. To o b s e r v e  t h e  a c t u a l
» »

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

any o v e r l y i n g  s e d i m e n t s ,  and make c o r r e c t i o n s  f o r  t h e  l o a d  o f  t h e s e

o v e r l y i n g  s e d i m e n t s .

M os t  u s e f u l  i n  t h i s  r e s p e c t  i s  t h e  s e i s m i c  r e f l e c t i o n  p r o f i l i n g

m e t h o d .  A h i g h  r e p e t i t i o n  sound s o u r c e  i s  used t o  t r a n s m i t  e n e r g y  i n t o

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

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

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

s t r a t i g r a p h y  can be f o r m e d .

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

r a y - p a t h s  so no i n f o r m a t i o n  can be g a t h e r e d  on t h e  v e l o c i t i e s  o f  t h e

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

i n f o r m a t i o n ,  an e s s e n t i a l  p a r t  o f  any s e i s m i c  i n t e r p r e t a t i o n ,  ca n ,

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

u s i n g  d i s p o s a b l e  r a d i o  s o n o b u o y s .  H i l l  ( 1963 1 .

The m a in  o b j e c t i v e s  o f  t h e  s e i s m i c  i n v e s t i g a t i o n  o f  t h e  Cape

Ve rd e  R i s e  a re * . -

1) To map t h e  d e p t h  t o  o c e a n i c  l a y e r  2 and compare  t h i s  w i t h  t h e
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e x p e c t e d  d e p t h  f o r  c r u s t  o f  t h e  same age,  a f t e r  a c c o u n t i n g  for the 

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

2) To s t u d y  t h e  s e i s m i c  s t r a t i g r a p h y  o f  t h e  s e d i m e n t s  on t h e  

Cape V e r d e  R i s e  and t r y  t o  r e l a t e  t h e s e  t o  u p l i f t  and f o r m a t i o n  o f  t h e  

Cape V e r d e  A r c h i p e l a g o .

3) To c a l c u l a t e  t h e  v e l o c i t y  s t r u c t u r e  o f  t h e  s e d i m e n t s  and 

basemen t  and w h e re  p o s s i b l e  use t h e s e  v e l o c i t i e s  t o  a i d  t h e

i n t e r p r e t a t i o n  i n  2 ) .

The s t u d y  n a t u r a l l y  d i v i d e s  i n t o  2 p a r t s ;  f i r s t l y ,  t h e  s e i s m i c  

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

e x p e r i m e n t s .

4 . 2  SEISMIC REFLECTION

The Cape V e r d e  R i s e  was o r i g i n a l l y  t h o u g h t  t o  be an a c c u m u l a t i o n  

o f  s e d i m e n t s  o n l y .  I t  i s  now r e c o g n i s e d ,  f r o m  s e i s m i c  p r o f i l i n g ,  t h a t  

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

r e f l e c t i o n  w o r k  by U c h u o i  e t  a l  ( 1 9 7 6 ) . d u r i n g  a r e g i o n a l  s t u d y  o f  t h e  

West  A f r i c a n  c o a s t ,  o u t l i n e d  r e f l e c t i o n s  f r o m  t h e  s e d i m e n t / l a y e r ?  

i n t e r f a c e  on p r o f i l e s  a p p r o a c h i n g  t h e  Cape Ve rd e  A r c h i p e l a g o .  An 

a t t e m p t  was a l s o  made t o  i d e n t i f y  some o f  t h e  s e d i m e n t  h o r i z o n s .  L a t e r  

w o r k  by G o l d f l a m  e t  a l  (1 980)  showed a s t r o n g  i n t e r  s e d i m e n t  r e f l e c t o r  

t h a t  was i d e n t i f i e d  as a b a s a l t  s i l l  d u r i n g  d r i l l i n g  a t  O . S . O . P .  h o l e  

368 ( L a n c e l o t  & S e i b o l d  e t  a l  ( 1 9 7 7 ) ) .

The s e i s m i c  r e f l e c t i o n  p r o f i l e s  d e s c r i b e d  h e r e  w e re  c o l l e c t e d  toy 

s c i e n t i s t s  f r o m  L e i c e s t e r  U n i v e r s i t y  d u r i n g  December  1982 and J a n u a r y  

1983.  The e q u i p m e n t  used i s  o u t l i n e d  i n  s e c t i o n  2 . 7  o f  C h a p t e r  2.

F i g u r e  4 .1  shows t h e  p o s i t i o n s  o f  t h e  p r o f i l e s  s u p e r i m p o s e d  on a

b a t h y m e t r i c  map o f  t h e  Cape Ve rd e  R i s e .  The p r o f i l e s  a re  n um bere d  

c h r o n o l o g i c a l l y  f r o m  L i n e  1 t o  L i n e  6 .  F i g u r e s  4 . 2  t o  4 . 7  i l l u s t r a t e
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SEIS 'IIC  p r o f il e s  ground THE CAPE VEROE ISLANDS
5Cj <C <■ .OOOCOQ 3 i f  Lit. II 3 STlSnlC 3 i f A

Line 0 1

Line 05

7 A1 7 07
A1  78

09
1 7Line 06

Line 02

A1 7 5
Line 04

06
Line 05

d e p l o y e d  and i n t e r p r e t e d  by H n s k i n a  e t  a l  ( 1 9 7 4 1  a r e  i n d i c a t e d  by 
t r i a n g l e s .  The dashed  l i n e s  show t h e  r e f r a c t i o n  p r o f i l e s  s h ot  by 

K in a  ( 1 9 7 4 ) .
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F ig u r e  4 .4  Seismic profile LINE 03. Ship's track heads south-east from 
the San Tiago/Maio ridge. Upper diagram is the actual hard copy record 
interpreted to get the line drawing shown in the lower diagram. 
Question marks indicate the limit to which the lower reflecting 
horizons could be followed.
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Figure 4.7 Seismic profile LINE 06. Ship's track heads east initially 
then turns to head north ]ust before deploying Sonobuoy 17. The rough 
bottom topography is associated with a ridge extending south from the 
island of San Nicolua.
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t h e  h a r d  co py  r e c o r d s  i n t e r p r e t e d  t o  p r o d u c e  t h e  c o r r e s p o n d i n g  l i n e  

d r a w i n g s  a l s o  shown i n  F i g u r e s  4 .2  t o  4 . 7 .  The h o r i z o n t a l  s c a l e s  a y e  

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

r e c o r d s  a r e  d e p e n d e n t  on s h i p ' s  t i m e  and t h e  l i n e  d r a w i n g s  a re  p l o t t e d  

a g a i n s t  d i s t a n c e  a l o n g  s h i p ’ s t r a c k

The r e c o r d s  w e re  i n t e r p r e t e d  by t r a c i n g  p r o m i n e n t  h o r i z o n s  on 

t h e  s e c t i o n s  t h a t  c o r r e s p o n d e d  t o  s i g n i f i c a n t  chan ge s  i n  s e i s m i c  

c h a r a c t e r  o r  t o  a n g u l a r  u n c o n f o r m i t i e s  t h a t  showed up as t h e  g r a d u a l  

d i s s a p p e a r a n c e  o f  a g r o u p  o f  r e f l e c t o r s .  P r o b le m s  t h a t  became a p p a r e n t  

d u r i n g  t h e  i n t e r p r e t a t i o n  i n c l u d e ;  (1 )  t h e  b u b b l e  p u l s e  o f  t h e  s o u r c e  

s i g n a t u r e ,  ( 2 )  t h e  d o m i n a n t  f r e q u e n c y  o f  t h e  s o u r c e ,  (3 )  t h e  l a c k  o f  

p e n e t r a t i o n  i n  p a r t s  o f  t h e  s u r v e y ,  ( 4 )  t h e r e  i s  a d i s t i n c t  l a c k  o f  

c r o s s - o v e r  l i n k s  b e tw e en  i n d i v i d u a l  p r o f i l e s  w h i c h  means t h e  

c o r r e l a t i o n  o f  h o r i z o n s  b e tw een  p r o f i l e s  i s  r a t h e r  s u b j e c t i v e .

The s o u r c e  s i g n a t u r e  o f  t h e  a i r g u n s  i s  d e g r a d e d  by o s c i l l a t i o n s  

o f  t h e  b u b b l e  o f  a i r  as i t  p asse s  t o  t h e  s u r f a c e .  T h i s  p r o d u c e s  

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

R e f l e c t o r s  t h e r e f o r e  t e n d  t o  a p p e a r  as p a r a l l e l  l i n e s  r a t h e r  t h a n  

s i n g l e  h o r i z o n s .  The d o m i n a n t  f r e q u e n c y  o f  t h e  s o u r c e  was 14 Hz and i n  

a medium w h e re  t h e  sound v e l o c i t y  i s  >̂ 2 k m /s e c  t h i s  means t h a t  

h o r i z o n s  l e s s  t h a n  *^30 m t h i c k  w i l l  n o t  p r o d u c e  a d i s c r e t e  r e f l e c t i o n .  

L a s t l y ,  t h e  p e n e t r a t i o n  i s  p r o p o r t i o n a l  t o  t h e  t o t a l  e n e r g y  o u t p u t  

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

p a r t i c u l a r i t y  a t t e n u a t i o n ,  o f  t h e  medium t h r o u g h  w h i c h  t h e  e n e r g y  m u s t  

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

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

S i n c e  t h e  e n e r g y  o u t p u t  was u n i f o r m ,  t h i s  s e r v e s  t o  h i g h l i g h t  t h e  

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

a r c h i p e l a g o .
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4_, 3_ VERTICAL REFLECTION PROFILING INTFRPRFTATTDN

The s e i s m i c  c h a r a c t e r  o f  t h e  v a r i o u s  h o r i z o n s  i d e n t i f i e d  can be 

s u m m ar i s ed  as f o l l o w s .

1) The l o w e r m o s t  i d e n t i f i a b l e  h o r i z o n  i s  a s e r i e s  o f  d i f f r a c t i o n  

h y p e r b o l a e .  T h i s  h o r i z o n  has v a r i a b l e  t o p o g r a p h y  and can a p p e a r  a t  t h e  

s u r f a c e  i n  some p r o f i l e s .  No c o h e r e n t  r e f l e c t i o n s  can be i d e n t i f i e d  

b e n e a t h  t h i s  i n t e r f a c e .  I t  i s  t y p i c a l l y  fo u n d  a t  a p p r o x i m a t e l y  1 . @ 

second o f  tw o  way t r a v e l  t i m e  (TWT) b e n e a t h  t h e  s e a f l o o r  and can be 

mos t  e a s i l y  i d e n t i f i e d  when >50 km f r o m  t h e  i s l a n d s .

2) The n e x t  u n i t  i n f i l l s  t h e  t o p o g r a p h y  o f  h o r i z o n  ( 1 )  and fo rm s  

a s e r i e s  o f  g e n e r a l l y  h o r i z o n t a l  r e f l e c t o r s .  Some o f  t h e s e  r e f l e c t o r s  

can be t r a c e d  e a s i l y  o v e r  d i s t a n c e s  o f  up t o  70 km w h e re a s  o t h e r  p a r t s  

o f  t h e  r e c o r d s  have a v e r y  b r o k e n  and d i s c o n t i n u o u s  a p p e a r a n c e .  T h i s  

u n i t  i s  bound ed  b e n e a t h  by t h e  d i f f r a c t i o n  h y p e r b o l a e  and above  by an 

a n g u l a r  u n c o n f o r m i t y .  In  c o n t r a s t  t o  t h e  o v e r l a y i n g  u n i t ,  ( 3 ) .  t h i s  

l a y e r  a p p e a r s  r e l a t i v e l y  a c o u s t i c a l l y  t r a n s p a r e n t  i n  s e i s m i c  

c h a r a c t e r .

3) The t h i r d  l a y e r  c o n t r a s t s  m a r k e d l y  w i t h  t h a t  b e n e a t h  i n  t h a t  

i t  c o n t a i n s  many r e f l e c t i n g  i n t e r f a c e s  and i s  a c o u s t i c a l l y  r a t h e r  

o p a q u e .  The r e f l e c t o r s  a r e  d i f f i c u l t  t o  f o l l o w  and have a d i f f u s e  

n a t u r e .  Where t h e y  a r e  n o t  bounded by an u n c o n f o r m i t y  b e l o w  t h e y  t e n d  

t o  be t h e  l o w e s t  i d e n t i f i a b l e  h o r i z o n  i n  t h a t  p a r t  o f  t h e  s e c t i o n .

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

s e r i e s  o f  i n t e r f i n g e r i n g  w edges .  I n  o t h e r  c a s e s ,  h o w e v e r ,  t h i s  u n i t  i s  

bounded  above and b e l o w  by u n c o n f o r m i t i e s .

4) The u p p e r m o s t  u n i t  i s  g e n e r a l l y  a c o u s t i c a l l y  t r a n s p a r e n t  and

IV-12



f o r  t h i s  r e a s o n  i s  e a s i l y  i d e n t i f i a b l e .  In  deep  w a t e r  i t  t e n d s  to  be 

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

s lump s t r u c t u r e s  a re  a p p a r e n t .

4 .4  GFOlOGICAl INTERPRETATION

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

s u b j e c t i v e  as o n l y  one l i n e ,  L i n e  1, has any g e o l o g i c a l  c o n t r o l  i n  t h e  

f o r m  o f  D . S . D . P .  h o l e  368 ( L a n c e l o t  & S e i b o l d  e t  a l  ( 1 9 7 7 ) ) .  

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

r a t i o s  d u r i n g  t h e  i n i t i a l  phase  o f  t h e  e x p e r i m e n t  and t h e  s u b s e q u e n t  

r e c o r d  f o r  L i n e  1 ( F i g u r e  4 . 2 )  was o f  v e r y  p o o r  q u a l i t y .  No a t t em ip t t
t »

was made t h e r e f o r e  t o  t i e  t h e  s e i s m i c  i n t e r p r e t a t i o n  t o  t h e  

l i t h o l o g i c a l  l o g  f r o m  D . S . D . P .  s i t e  388 .  How ever ,  t h e  u n i t s  o u t l i n e d  

above a re  o n l y  b ro a d  d i v i s i o n s  and t h e r e f o r e  o n l y  a c r u d e  g e o l o g i c a l  

i n t e r p r e t a t i o n  w i l l  be a p p l i e d .

1) The l o w e r m o s t  u n i t  w i t h  i t s  r o u g h  c o n t a c t  w i t h  t h e  u n i t  

above,  as i n d i c a t e d  by t h e  d i f f r a c t i o n  h y p e r b o l a e ,  i s  c e r t a i n l y  

v o l c a n i c  basemen t  and may be e i t h e r  l a y e r  2 o r  l a t e r  i n t r u s i v e s .  No 

c o h e r e n t  r e f l e c t o r s  can be seen w i t h i n  t h i s  i g n e o u s  l a y e r .  T h i s  

r e f l e c t o r  has been i d e n t i f i e d  f r e q u e n t l y  by such w o r k e r s  as 

M u t t e r  & D c t r i c k  ( 1 9 8 4 ) .

2) The n e x t  u n i t ,  l y i n g  on t o p  o f  v o l c a n i c  b a s e m e n t ,  i s  l i k e l y  

t o  be a s e r i e s  o f  l i m e s t o n e s  and c h e r t s  o f  n o r m a l  m a r i n e  o r i g i n .  A t. 

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

c o r r e s p o n d  t o  t h e  t o p  o f  t h e  b l a c k  s h a l e s  as i n d e n t i f i e d  by 

L a n c e l o t  & S e i b o l d  e t  a l  ( 1 9 7 7 ) . O u t c r o p s  o f  mid  ocea n  r i d g e  b a s a l t s  

(MORB) have been r e p o r t e d  on t h e  i s l a n d  o f  M a io  by 

S t i l l n a n  e t  a l  ( 1 9 8 2 ) . They a l s o  mapped an o v e r l y i n g  s e quence  o f
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m a r i n e  l i m e s t o n e s ,  t h e  M o r ro  f o r m a t i o n ,  w h i c h  i s  c o n s i d e r e d  t o  be 

e q u i v a l e n t  t o  u n i t  (2 )  i d e n t i f i e d  h e r e .

3) The a c o u s t i c a l l y  opaque l a y e r  i s  s u g g e s t e d  h e r e  as a 

v o l c a n i c l a s t i c  l a y e r  l y i n g  u n c o n f o r m a b l y  on t o p  o f  a sequen ce  o f  

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

be e x p l a i n e d  by p o o r  s o r t i n g  o f  a n g u l a r  f r a g m e n t s  d e p o s i t e d  by mass 

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

i n t e r p r e t a t i o n  i s  s t r e n g t h e n e d  by t h e  i n c r e a s e  i n  t h i c k n e s s  o f  t h i s  

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

4) The u p p e r m o s t  l a y e r  has been i n t e r p r e t e d  h e r e  as r e c e n t  

p e l a g i c  s e d i m e n t s  c o n s i s t i n g  m a i n l y  o f  nanno m a r l s  and o o z e s .  T h i s  i s  

based on t h e i r  s e i s m i c a l l y  t r a n s p a r e n t  c h a r a c t e r  and a l s o  on t h e  

r e s u l t s  o f  a s t u d y  by R othe  (1 973)  . who i n v e s t i g a t e d  t h e  n e a r  s u r f a c e  

s e d i m e n t s  by s t u d y i n g  c o r e  s e c t i o n s  a t  v a r i o u s  s i t e s  a ro u n d  t h e  

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

4 . 5  WIDE ANGLE RFFLFCTION/RFFRACTION EXPERIMENTS

V e l o c i t y  i n f o r m a t i o n  i s  an e s s e n t i a l  c r i t e r i o n  f o r  

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

S e \? e ra l  m o d e ls  ( R a i t t  ( 1 9 6 3 )  and K o zm in skava  & K a o u s t v a n  ( 1 9 7 5 ) ) have 

been p r o p o s e d  as an a v e r a g e  s e i s m i c  m od e l  f o r  o c e a n i c  c r u s t  and 

H o u t z  & Ew ing  ( 1 9 7 6 )  r e l a t e d  changes  i n  s e i s m i c  s t r u c t u r e  t o  p l a t e  

a ge .  S e i s m i c  s t u d i e s  have  a l s o  been made o f  m a r i n e  s e d i m e n t s  and  

v e l o c i t y  has been r e l a t e d  t o  d e n s i t y ,  N a fe  & D ra ke  ( 1 9 6 3 ) .  

D e t e r m i n a t i o n s  o f  v e l o c i t y  i n  t h e  deep  sea a re  b e s t  made by s t u d y i n g  

w i d e  a n g l e  r e f l e c t i o n s  and r e f r a c t i o n s .  H i l l  (19 6 3 ) . Many w o r k e r s  have 

used t h i s  t e c h n i q u e  s u c c e s s f u l l y ,  among s t  t h e  more r e c e n t  p u b l i c a t i o n s  

a re  W h i t e  (1 979)  and H ou tz  e t  a l  ( 1 9 8 1 ) . .
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The main p r o b l e m s  t h a t  i t  is hoped a knowledge of the velocity 

s t r u c t u r e  w i l l  h e l p  s o l v e ,  a r i s e  f r o m  c o n t i n u o u s  s e i s m i c  p r o f i l e  (CSP) 

s e c t i o n s  c r o s s i n g  th e  a r c h i p e l a g o  ( s e c t i o n  4 . 3 ) .  The a c o u s t i c  basemen t  

r e c o g n i s e d  as t h e  d e e p e s t  c o h e r e n t  r e f l e c t i o n  on t h e  CSP may n o t  

c o r r e s p o n d  t o  o c e a n i c  b a s e m e n t ,  b u t  may, i n  f a c t ,  be an a c o u s t i c a l l y  

opaqu e  s e d i m e n t a r y  h o r i z o n  ( W h i t e  (1 9 7 9 ) 1 . P a r t i c u l a r i l y  s t r o n g  

r e f l e c t o r s  w i t h i n  t h e  s e d i m e n t s  may be due t o  i g n e o u s  i n t r u s i o n s ;  one 

such r e f l e c t o r  was d r i l l e d  on DSDP l e g  41 and p r o v e d  t o  be an i g n e o u s  

sill ( L a n c e l o t  & S e i b o l d  e t  a l  ( 1 9 7 7 ) ) .  The s h a r p  v e l o c i t y  c o n t r a s t  o f  

i n t r u s i o n s  i n t o  l o w  v e l o c i t y  m a r i n e  s e d i m e n t s  s h o u l d  be d e t e c t a b l e  a n d  

hence  any f u r t h e r  o c c u r e n c e s  can be l o c a t e d .  F i n a l l y ,  t h e  n o r m a l
t »

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

p e r i o d i c a l l y  by h o r i z o n s  o f  v o l c a n i c l a s t i c  m a t e r i a l  

( G runau  e t  a l  (1 9 7 5 ) ) . T h i s  has a l s o  been n o t e d  e a r l i e r  i n  t h i s  

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

and by R o b e r t s o n  ( 1 9 6 4 )  f r o m  s e d i m e n t  a n a l y s i s  on t h e  i s l a n d  o f  M a io .

The p r e s e n t  day  s e d i m e n t a r y  r e g i m e  a r o u n d  t h e  i s l a n d s  was i n v e s t i g a t e d  

by R o the  ( 1 973 ) u s i n g  c o r i n g  t e c h n i q u e s  who c o n c l u d e d  t h a t  t h e  

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

o r g a n i s m s  w i t h  a s m a l l  c o m p on en t  o f  v o l c a n i c  m a t e r i a l  and t h a t  

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

4 . 6  RADIO SONOBUOY TECHNIQUE

A h y d r o p h o n e  and t r a n s m i t t e r  u n i t  ( t h e  s o n o b u o y )  i s  d r o p p e d  f r o m

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

h y d r o p h o n e  t o  a r e c e i v e r  on t h e  s h i p .  The s h i p ,  m e a n w h i l e ,  s teams  away 

f r o m  t h e  so nobuoy f i r i n g  s h o t s  a t  r e g u l a r  i n t e r v a l s .  The s h o t  i n s t a n t .

i s  c o n t r o l l e d  and r e c o r d e d  on t h e  s h i p .

A t o t a l  o f  17 so no bu oy s  w e r e  d e p l o y e d  d u r i n g  t h e  r e f r a c t i o n  

e x p e r i m e n t s .  Of t h e s e ,  o n l y  5 have  been s u c c e s s f u l l y  r e c o r d e d ,
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d i g i t i s e d  and i n t e r p r e t e d  and t h e s e  a re  d i s c u s s e d  b e l o w .  The r e m a i n d e r  

w e re  n o t  u t i l i s e d  due t o  2 s i n k i n g  a f t e r  g a i n  m o d i f i c a t i o n s  were  

a t t e m p t e d ,  4 w e re  d e p l o y e d  o v e r  t h e  i n t e r i s l a n d  r i d g e  be tw een  Maio  and 

San T i a g o  (and a re  r e p o r t e d  e l s e w h e r e ) ,  1 was used f o r  t e s t  p u r p o s e s  

o n l y  and 5 w e re  d e p l o y e d  o v e r  a r e a s  o f  r o u g h  seabed t o p o g r a p h y .  T a b l e

4.1  l i s t s  t h e  p o s i t i o n s ,  d u r a t i o n s  and r a n g e s  o f  t h e  5 s onobuoys  

d e p l o y e d  d u r i n g  t h i s  e x p e r i m e n t  and s u b s e q u e n t l y  i n t e r p r e t e d .  F i g u r e

4.1 shows t h e  p o s i t i o n s  o f  t h e s e  sono buoys  and t h e y  a re  a l s o  i n d i c a t e d  

on t h e  r e l e v a n t  f i g u r e s  f o r  t h e  c o n c u r r e n t  CSP.

P i c k i n g  o f  a r r i v a l s  was hampered a t  s m a l l  s o u r c e / r e c e i v e r

o f f s e t s  by o v e r l o a d i n g  o f  t h e  sono bu oy  h y d r o p h o n e  a m p l i f i e r .  T h i s
»»

r e s u l t e d  i n  a c l i p p e d '  w a v e f o rm  b e i n g  t r a n s m i t t e d  back  t o  t h e  s h i p  

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

a m p l i f i e r s  f a i l e d  when t h e  m o d i f i e d  sonobuoys  sank i m m e d i a t e l y  on 

d e p l o y m e n t .

TABLE 4 -1  P o s i t i o n s ,  d u r a t i o n s  and r a n g e s  o f  Sonobuoys  used i n  t h i s  

s t u d y .

nobuoy L a t i t u d e I o n g i t u d e D u r a t i o n

No . Deg Min Deg Min Hrs n . ml

6 14 3 0 . 5 6 24 2 5 . 0 6 2 .8 2 2 . 8

7 17 5 4 .5 24 11.1 2.7 16.0

9 16 2 0 .3 25 18 .5 2 .5 1 3 .5

16 16 8 . 8 24 5 1 . 8 2 .3 15 .8

17 16 2 5 . 0 23 4 0 . 6 2 .2 12 .7

4 .7  DETERMINATION OF VELOCITIES

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

r e f l e c t i o n s  and r e f r a c t i o n s  i s  w e l l  doc u m e n ted  i n  such w o r k s  as 

H ou tz  e t  a l  (1 9 6 8 ) . L e P i c h o n  e t  a l  (1 9 6 8 ) , K n o t t  & H o s k i n s —(1 975J and
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L. i mond & P a t r i a t  ( 1 9 7 5 ) . Two p r o b l e m s  p a r t i c u l a r  t o  t h e  r a d i o  sonobuoy 

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

t i m e  s h i f t  caused by h a v i n g  t h e  r e c e i v i n g  h y d r o p h o n e  a t  some d e p t h  

b e n e a t h  t h e  sea s u r f a c e .  The f o r m e r  can be o ve rcom e  by f i t t i n g  t.frse 

seabed r e f l e c t i o n  t i m e s  o b s e r v e d  on t h e  r e c o r d s  t o  t h e  e x p e c t e d  t i m e s  

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

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

wave a r r i v a l  s i n c e  t h e  seabed r e f l e c t i o n  can be seen o u t  t o  g r e a t e r  

r a n g e s .  The second p r o b l e m  can a l s o  be ove rcom e i n  t h e  same manner  as 

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

h y d r o p h o n e  d e p t h  and u s i n g  t h e  seabed d e p t h  i n f o r m a t i o n  f r o m  t h e
t »

p r e c i s i o n  echo s o u n d e r .

The r e l a t i o n s h i p  b e tw een  t h e  r e f l e c t i o n  t i m e s  and t h e  

s o u r c e / r e c e i v e r  d i s t a n c e  i s  g i v e n  by : -

^ s b ^  = ( T v - r o ) ^ + ( d f a c t  + v f a c t . X ) Z / V * ^ t ^  (F4 .  1 )

w he re  T ^ ^ = t i m e  f o r  r e f l e c t i o n  o f f  t h e  seabed

T s n o r m a l  i n c i d e n c e  t r a v e l  t i m e  t o  t h e  seabed f r o m  t h e  P . P . S .
V

T ^ = s t a t i c  t e r m  t o  a c c o u n t  f o r  t h e  h y d r o p h o n e  and gun d e p t h s  

Vwat=mean v e l o c i t y  f o r  t h a t  w a t e r  d e p t h  f r o m  C a r t e r  ( 19 80 )

X = i n i t i a l  s o u r c e / r e c e i v e r  s e p a r a t i o n  a s s um in g  t h a t  X = 0 

r e p r e s e n t s  n o r m a l  i n c i d e n c e  and t h a t  t h e  s h i p ' s  speed was 

a c o n s t a n t  5 k n t s  and f i n a l l y  t h a t  t h e r e  was no d r i f t  o>f 

t h e  s o n o b u o y .

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

n o r m a l  i n c i d e n c e  

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

o f  5 k n t s .
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By m i n i m i s i n g :

I F 4 . 2 ,

w he re  c a l c u l a t e d  t i m e  f r o m  E4.1

t i m e  f r o m  t h e  r e c o r d  

n=number  o f  t i m e s  used i n  t h e  a n a l y s i s

w i t h  r e s p e c t  t o  T^ ,  d f a c t  and v f a c t ,  t h e  n e c e s s a r y  c o r r e c t i o n  

t e r m s  can be c a l c u l a t e d .  , d f a c t  and v f a c t  w e re  i n c r e m e n t e d  o v e r

s m a l l  i n t e r v a l s  and a v a l u e  f o r  F f r o m  E4 .2  c a l c u l a t e d  a t  each  

i n c r e m e n t .  The v a l u e s  o f  T^ , d f a c t  and v f a c t  f i n a l l y  chosen  were  t h o s e  

t h a t  gave  t h e  s m a l l e s t  F,

The b e s t  f i t t i n g  v a l u e s  o f  T ^ , d f a c t  and v f a c t  can be f o u n d  by 

a s s u m in g  i s  c o n s t a n t  and can be c a l c u l a t e d  f r o m  C a r t e r  ( 1 9 8 0 ) .

Wide a n g l e  r e f l e c t i o n s  can be d e s c r i b e d  u s i n g  s i m p l e  g e o m e t r y  

and a s s u m in g  t h a t  i n t e r f a c e s  a re  ( i )  p l a n a r  and h o r i z o n t a l  and ( i i )  

t h a t  e n e r g y  i s  n o t  r e f r a c t e d  when c r o s s i n g  them .  The f i r s t  a s s u m p t i o n  

can be j u s t i f i e d  by e x a m i n a t i o n  o f  t h e  c o n t i n u o u s  r e f l e c t i o n  p r o f i l e  

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

o n l y  be a f i r s t  a p p r o x i m a t i o n .  S t o f f a  e t  a l  ( 1 9 8 2 )  e x a m in e d  t h e  

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

f r o m  u s i n g  t h e  above a s s u m p t i o n s  f o r  a deep w a t e r  sonobuoy  r e c o r d .  The 

d i f f e r e n c e  was l e s s  t h a n  6Z a t  o f f s e t s  l e s s  t h a n  7 km b e tw e e n  s o u r c e  

and r e c e i v e r .  S t o f f a  e t  a l  ( 1 9 8 2 )  a l s o  s t a t e  t h a t  t h e  p o i n t  a t  w h i c h  

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

m ode l  d e p e n d e n t .  H ow eve r ,  t a k i n g  i n t o  a c c o u n t  t h e  f a c t  t h a t  o n l y  

Sonobuoy 17 uses s o u r c e  r e c e i v e r  o f f s e t s  up t o  9 km f o r  t h e  

c a l c u l a t i o n  o f  a v e r a g e  v e l o c i t i e s ,  i t  i s  f u r t h e r  assumed t h a t  t h e  

h y p e r b o l i c  a p p r o x i m a t i o n  i s  s u f f i c i e n t  f o r  t h i s  s t u d y .
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Times for wide angle reflections can be obtained from;-

w h e re  T ^ ^ = t i m e  f o r  r e f l e c t i o n

T ^ = d e l a y  t i m e  f o r  t h e  h y d r o p h o n e  and gun d e p t h s  d e t e r m i n e d

f r o m  E4.1

X = m o d i f i e d  d i s t a n c e  f r o m  E4.1 (X = ( d f a c t  + v f a c t . X ) ) m m

V ^ = a v e ra g e  v e l o c i t y  t o  t h e  i n t e r f a c e

The v e l o c i t y  f r o m  E4 .3  i s  an a v e r a g e  v e l o c i t y  f o r  t h e  e n e r g y  t o
f *

t r a v e l  t o  t h e  r e f l e c t i n g  i n t e r f a c e  and b a c k .  L im on d  & P a t r i a t  ( 1975 )  

p o i n t  o u t  t h a t  v e l o c i t i e s  c a l c u l a t e d  f r o m  E4.3  a re  d e p e n d e n t  on t h e  

s q u a r e  o f  d i s t a n c e  and t i m e .  Due t o  c o n c e n t r a t i o n s  o f  d a t a  p o i n t s  a t  

s m a l l  o f f s e t s  t h e  r e s u l t s  can be b i a s e d .  To o ve rcom e  t h i s  i t  was; 

d e c i d e d  t o  m ode l  t h e  e x p e c t e d  t r a v e l  t i m e s  u s i n g  E4.3  f o r  a v a r i e t y  o f  

v e l o c i t i e s  and compare t h e  e x p e c t e d  t o  t h e  o b s e r v e d  t i m e s  u s i n g  t h e  

r . m . s .  d i f f e r e n c e  ( F 4 . 2 ) .  The e r r o r  on t h e  a v e r a g e  v e l o c i t y  i s  

c a l c u l a t e d  u s i n g  t h e  r . m . s .  d i f f e r e n c e s  b e tw e en  t h e  e x p e c t e d  and  

o b s e r v e d  t r a v e l  t i m e s .  The F - R a t i o  t e s t  was a p p l i e d  ( D a v i s  ( 1 9 8 6 ) ) t o  

g e t  t h e  95% c o n f i d e n c e  l i m i t s  f o r  t h e  a v e r a g e  v e l o c i t y .  The v e l o c i t y  

o f  t h e  i n d i v i d u a l  l a y e r s  can be c a l c u l a t e d  u s i n g  D i x ' s  i n t e r v a l  

v e l o c i t y  f o r m u l a  ( D i x  ( 1 9 5 5 ) ) : -

w he re  V ^ ^ ^ = i n t e r v a l  v e l o c i t y  f o r  a l a y e r  bounded by 2 r e f l e c t i n g  

i n t e r f a c e s

V^_=v f r o m  E4 .3  f o r  l o w e r  i n t e r f a c e  r  n r

V r , n - l '  = ...........................................u p p e r
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^ n - r i o r m a l  i n c i d e n c e  t i m e  f o r  t h e  l o w e r  i n t e r f a c e  

" "   u p p e r

V e l o c i t i e s  and n o r m a l  i n c i d e n c e  t i m e s  can be comb in ed  t o  g e t  t h e  

d e p t h  t o  and t h i c k n e s s  o f  t h e  l a y e r s .  The e r r o r s  on t h e s e  c a l c u l a t i o n s  

can be o b t a i n e d  by c o m b i n i n g  t h e  a b s o l u t e  and r e l a t i v e  e r r o r s  f r o m  t h e  

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

The t i m e  d i s t a n c e  r e l a t i o n s h i p  f o r  r e f r a c t i o n s  i s  s i m p l e r : -

w h e re  T ^ z t i m e  f o r  t h e  r e f r a c t e d  a r r i v a l  f r o m  t h e  r e c o r d  

T ^ ^ ^ = i n t e r c e p t  t i m e  o f  t h e  r e f r a c t e d  a r r i v a l  p l o t  

X ^ = m o d i f i e d  s o u r c e / r e c e i v e r  s e p e r a t i o n  

V ^ = r e f r a c t i o n  v e l o c i t y

The same a s s u m p t i o n s  a p p l y  t o  E4 .5  as d i d  t o  E4 .3  and t h e  

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

a l o n g  an i n t e r f a c e .

" W i g g l y "  t r a c e  p l o t s  o f  t h e  so nobuoy s i g n a l s  w e re  o b t a i n e d  by 

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

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

o u t l i n e d  i n  A p p e n d i x  I .  F i g u r e  4 . 8  shows an ex am p le  o f  t h e  " w i g g l y "  

t r a c e  p l o t  f o r  s onobuoy  07 and t h e  c o r r e s p o n d i n g  p l o t s  f o r  s o no bu oy s  

08,  09 ,  18 and 17 a re  shown i n  A p p e n d i x  [ .  The a r r i v a l  t i m e s  and

d i s t a n c e s  f o r  r e c o g n i s e d  r e f l e c t i o n  and r e f r a c t i o n  a r r i v a l s  w e r e  

p i c k e d  u s i n g  a d i g i t i s i n g  t a b l e .  F i g u r e s  4 . 9  t o  4 .1 3  show t h e  p i c k e d  

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

c o r r e s p o n d i n g  v e l o c i t y  d e p t h  p r o f i l e s  a l s o  shown.  T a b l e  4 . 2  l i s t s  t.ihe  

v e l o c i t y / d e p t h  i n f o r m a t i o n  and c o r r e s p o n d i n g  e r r o r  e s t i m a t e s  f o r  t h e  5 

s o no bu oy s  i n t e r p r e t e d  h e r e .
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SONOBUOY 06 u i o r  ANGLE REFLECTIONS.

1.5
3 . 5

S o n o b u o y  0 6

v e l o c i t y  ( k m / a )
2.0  2.5

^  4.0  ̂
E

4 . 5 ,

5 . 0

F ig u re  4 ,9  C o r r e c t e d  t i m e  d i s t a n c e  p l o t  f o r  Sonobuoy 06.  O n ly
r e f l e c t i o n s  were  r e c o g n i s e d  f o r  t h i s  e x p e r i m e n t .  The o f f s e t  be tween
n o r m a l  i n c i d e n c e ,  z e r o  on t h e  d i s t a n c e  a x i s ,  and t h e  s t a r t  o f  t h e  d a t a  
i s  due t o  i n i t i a l  p oo r  t u n i n g  o f  t h e  r a d i o  r e c e i v e r  and t o  o v e r l o a d i n g  
o f  t h e  h y d r o p h o n e  d i s t o r t i n g  t h e  s i g n a l s .  The r e s u l t i n g  v e l o c i t y  d e p t h  
p r o f i l e  I S  a l s o  shown. The g e n e r a l  i n c r e a s e  i n  v e l o c i t y  w i t h  d e p t h  i s

t y p i c a l  o f  o c e a n i c  s e d i m e n t s  ( H ou tz  e t  a l  ( 1 9 68 ) ) .
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9000.
50N0SU0Y 16 UIGC ANGLE REFLECTIONS.

I

s
!
!

0 t n:

1.5
3 . 5

S o n o b u o y  16

v e l o c i t y  ( k m / s )  
2. 0

4 .Oh

4 .5 .

5 . 0 .

2 .5

F i g u r e  4 . 1 2  Corrected time distance plot for Sonobuoy IB. No refractions 
could be Identified, but k- reflecting horizons, including the seabed, 
were recognised. The corresponding velocity depth profile is shown and 
illustrates a large velocity increase relatively near the seabed.
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TABLE 4 . 2  R e s u l t s  o f  v e l o c i t y  a n a l y s i s  f o r  Sonobuoys d e p l o y e d  d u r i n g  
t h e  RRS S h a c k l e t o n  c r u i s e  1 9 8 2 / 8 3 .
SNB INTERVAL. ERROR IN THICKNESS ERROR IN
No VELOCITY VELOCITY OF HORIZON THICKNESS

( k m / s e c ) ( k m / s e c ) ( m e t r e s ) ( m e t r e s )
06 1.501 0.01 4 127 4 ( w a t e r  l a y e r )

1 .747 0 .1 4 168 60
2 .3 7 4 0 .20 1 1 1 65
2 . 628 0 .1 4 289 84

07 1 . 503 0 .01 36 7 1 3 ( w a t e r  l a y e r )
2 . 3 1 6 0 . 1 6 1320 170
5 . 4 7 * * 0 .30 850 140
7 . 1 9 * * 0 .45 - -

09 1 .498 0 . 0 1 3 3988 4 ( w a t e r  l a y e r )
2 . 1 1 8 0 . 1 2 5 680 100
2 . 4 7 5 * 0 . 1 2 5 J^OOO 100
4 . 8 1 * * 0 . 1 2 5 - -

16 1 . 503 0 . 005 3864
> '

3 ( w a t e r  l a y e r )
1 .87  1 0 . 20 71 50
2 .222 0 . 20 500 50
2 . 4 6 0 0.21 320 88

1 7 1 . 499 0 . 006 3590 4 ( w a t e r  l a y e r )
1 .785 0 .1 4 465 70
2 .087 0 . 205 130 40
2 .654 0 . 2 0 550 70

KEY * * v e l o c i t y f r o m  r e f r a c t i o n
* v e l o c i t y e s t i m a t e d by a s s u m in g  l a y e r  b e tw e en  t h e l o w e s t

r e f l e c t o r and t h e r e f r a c t i n g  h o r i z o n  has c o n s t a n t v e l o c i t y

n . b .  i )  A l l  i n t e r v a l  v e l o c i t i e s  c a l c u l a t e d  u s i n g  D i x ' s  f o r m u l a  and 
a s s u m in g  p l a n e  h o r i z o n t a l  l a y e r i n g .

i i )  The i n t e r v a l  v e l o c i t i e s  and a s s o c i a t e d  e r r o r s  f o r  t h e  w a t e r  
l a y e r s  a re  an i n d i c a t i o n  o f  t h e  goodness  o f  f i t  o f  t h e  seabed 
r e f l e c t i o n  t i m e s  f r o m  t h e  o b s e r v e d  r e c o r d s  t o  t h e  m o d e l l e d  r e f l e c t i o n  
t i m e s  u s i n g  E 4 . 3 .

i i i )  The t h i c k n e s s e s  o f  t h e  w a t e r  l a y e r s  and t h e i r  a s s o c i a t e d  
e r r o r s  a r e  o b t a i n e d  f r o m  t h e  P r e c i s i o n  Echo S o u n d e r .

i v )  The e r r o r  e s t i m a t e s  f o r  t h e  sub seabed h o r i z o n  t h i c k n e s s e s  
i n c l u d e  t h e  e r r o r  e s t i m a t e  f o r  t h e  i n t e r v a l  t r a v e l  t i m e  w i t h i n  t h a t  
l a y e r  and a r e  t h e r e f o r e  n e c e s s a r i l y  l a r g e r  t h a n  t h e  e r r o r s  f r o m  t h e  
i n t e r v a l  v e l o c i t i e s  a l o n e .
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4 . 8  RFSUiTS OF VELOCITY ANALYSTS

Sonobuoy 06 was d e p l o y e d ,  s o u t h  o f  t h e  i s l a n d s  o f  Fogo and

B r a v a ,  on t h e  s e i s m i c  p r o f i l e  L i n e  04,  and no r e f r a c t e d  a r r i v a l s  were

o b s e r v e d  on t h e  d i g i t i s e d  r e p l a y .  A t o t a l  o f  5 r e f l e c t o r s ,  i n c l u d i n g

t h e  s e ab ed ,  w e re  r e c o g n i s e d  and m e a s u r e d .  The t i m e / d i s t a n c e  p l o t  i s

shown i n  F i g u r e  4 . 9 ,  w i t h  b o t h  t h e  t i m e  and d i s t a n c e  s c a l e s  c o r r e c t e d

as o u t l i n e d  a b o v e .  The i n t e r v a l  v e l o c i t i e s  and d e p t h s  a r e  shown i n

T a b l e  4 . 2  and t h e s e  r e s u l t s  a re  su mm ar ised  i n  F i g u r e  4 . 9  as a v e l o c i t y

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

g r e a t e r  g r a d i e n t  ( 2 . 2 0 4  sec ^ ) t h a n  t h e  a v e r a g e  g r a d i e n t  f r o m

,
H0 u 1 2—g t —a l —U ,âS6.J ( 1 . 7 8 3  sec  ) , The l o w e r m o s t  l a y e r  has an a p p a r e n t  

v e l o c i t y ,  f r o m  t h e  r e f l e c t i o n  a n a l y s i s ,  o f  2 . 6 3  km/s  a t  a d e p t h  o f  

0 . 5 6 8  km b e l o w  t h e  s eabed .

Sonobuoy 07,  d e p l o y e d  j u s t  t o  t h e  n o r t h  o f  San V i c e n t e ,  on L i n e  

06,  and shown i n  F i g u r e  4 . 8 ,  p r o d u c e d  t h e  s t r o n g e s t  r e f r a c t e d  a r r i v a l s  

o f  a l l  t h e  s o no bu oy s  d e s c r i b e d  h e r e .  U n f o r t u n a t e l y  o n l y  one r e f l e c t i n g  

h o r i z o n  c o u l d  be i d e n t i f i e d  b e l o w  t h e  se ab ed .  F i g u r e  4 . 1 0  shows t h e  

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

r e s u l t i n g  v e l o c i t y / d e p t h  p r o f i l e .  A t o t a l  o f  3 r e f r a c t e d  a r r i v a l s  were  

o b s e r v e d  w i t h  t h e  m os t  o b v i o u s  r e f r a c t i o n  p r o d u c i n g  a v e l o c i t y  o f  7 .1 9  

km /s  and a l e s s  p r o m i n e n t  r e f r a c t i o n  o c c u r i n g ,  o v e r  a l i m i t e d  r a n g e ,  

b e f o r e  t h e  f a s t e r  a r r i v a l  g i v i n g  a v e l o c i t y  o f  5 . 5  k m / s .  B o t h  t h e s e  

a p p a r e n t  v e l o c i t i e s  may be r a t h e r  h i g h e r  t h a n  t h e  t r u e  v e l o c i t y  s i n c e  

t h e  c o n c u r r e n t  CSP s u g g e s t s  t h a t  t h e  a c o u s t i c  b asem en t  s l o p e s  up f r o m  

s o no bu oy  ( r e c e i v e r )  t o  t h e  s h i p  ( s o u r c e ) .  Assu m in g  a s l o p e  o f  <̂ 2 

d e g r e e s ,  m ea sur ed  f r o m  t h e  CSP, t h e  v e l o c i t i e s  r e d u c e  t o  6 . 9 5  and 5 .1  

km/s r e s p e c t i v e l y .  A se cond r e f r a c t e d  a r r i v a l  was p i c k e d ,  o c c u r i n g  

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

t i m e .
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The a r r i v a l s  on F i g u r e  4.8 marked as 2nd r e f r a c t i o n  give a 

v e l o c i t y  ( 3 . 8 1 3  ± 0 . 1 3  km /s )  and i n t e r c e p t  t i m e  (5893 ±30 ms) w h i c h  is 

i n c o m p a t i b l e  w i t h  a P-wave i n t e r p r e t a t i o n .  I t  i s  t h e r e f o r e  p r o p o s e d  

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

l a y e r  2 / l a y e r  3 i n t e r f a c e .  D o u b le  c o n v e r s i o n  f r o m  c o m p r e s s i o n a l  t o

s h e a r  and back  t o  c o m p r e s s i o n a l  i s  n e c e s s a r y  s i n c e  t h e  h y d r o p h o n e  i s

i n  a l i q u i d  e n v i r o n m e n t .  C a l c u l a t i o n  o f  p o s s i b l e  P o i s s o n  s r a t i o s

g i v e s  0 . 0 3 8  i f  t h e  S-wave p r o p a g a t e s  i n  l a y e r  2 and 0 . 3 0 5  i f  i t  i s  i n  

l a y e r  3.  The P o i s s o n  s r a t i o  o f  0 . 0 3 8  i n d i c a t e s  t h a t  t h e  r e f r a c t o r  i s  

t o o  f a s t  t o  be due S-waves i n  l a y e r  2.  The 0 . 3 0 5  v a l u e  i s  n e a r e r  t o  

0 . 2 8 ,  f r o m  w o r k  by P u rdv  ( 1 9 8 3 )  i n  t h e  W e s t e r n  N o r t h  A t l a n t i c  and t o

0 . 2 5 ,  used by W h i t e  (1 9 7 9 )  t o  c a l c u l a t e  S-wave v e l o c i t i e s  i n  o c e a n i c

b ase m e n t  f r o m  P-wave v e l o c i t i e s  and t h i s  s u g g e s t s  t h a t  t h e  S-wave i s  

more l i k e l y  t o  be a s s o c i a t e d  w i t h  t r a v e l  i n  l a y e r  3.  How ever ,  by 

c o n s i d e r i n g  t h a t  i t  i s  n e c e s s a r y  t o  have a c o n s t a n t  i n c r e a s e  o f  

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

f r o m  c o m p r e s s i o n a l  t o  s h e a r  m us t  have o c c u r e d  a t  t h e  s e d i m e n t / l a y e r  2 

i n t e r f a c e .  The S-wave v e l o c i t y  can be e s t i m a t e d  i n  l a y e r  2 as 3 .0 4  

k m / s e c  by u s i n g  a P o i s s o n  s r a t i o  o f  0 . 2 8 ,  P u rdv  ( 1 9 8 3 ) . U s i n g  t h i s  

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

4 l a y e r  m o d e l  w h e re  t h e  e n e r g y  t r a v e l s  as a P-wave i n  t h e  w a t e r  and 

s e d i m e n t s  b u t  r.s an S-wave i n  l a y e r  2 and i s  c r i t c a l l y  r e f r a c t e d  a t  

t h e  l a y e r  2 / l a y e r  3 i n t e r f a c e .  The c a l c u l a t e d  i n t e r c e p t  t i m e  o f  5723 

ms co m p a res  r e a s o n a b l y  w e l l  w i t h  t h e  o b s e r v e d  t r a v e l  t i m e  o f  5893 ±30 

ms c o n s i d e r i n g  t h e  s i m p l i f y i n g  a s s u m p t i o n s  made.

Sonobuoy 09,  a l s o  on L i n e  06,  b u t  t o  t h e  s o u t h  o f  San V i c e n t e ,  

w i t h i n  t h e  a r c h i p e l a g o ,  gave  a s i n g l e  s u b - s e a b e d  r e f l e c t i o n  and a 

r a t h e r  weak r e f r a c t e d  a r r i v a l .  The t i m e / d i s t a n c e  p l o t  i s  shown i n  

F i g u r e  4 .11  a l o n g  w i t h  t h e  r e s u l t i n g  v e l o c i t y / d e p t h  p r o f i l e .  The 

r e f r a c t i o n  and r e f l e c t i o n  do n o t  a p p e a r  t o  a r i s e  f r o m  t h e  same h o r i z o n
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so t h e  v e l o c i t y  o f  t h e  i n t e r v e n i n g  l a y e r  i s  e s t i m a t e d  by a s s um in g  t h a t  

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

i s o t r o p i c .

Sonobuoy 16 was d e p l o y e d  a t  t h e  b e g i n i n g  o f  L i n e  07 ,  r o u g h l y  

s o u t h  e a s t  o f  sono bu oy  09.  No r e f r a c t i o n s  c o u l d  be o b s e r v e d  b u t  a

t o t a l  o f  4 s u b - s e a b e d  r e f l e c t o r s  w e re  o b s e r v e d  and m e a s u r e d .  The

t i m e / d i s t a n c e  p l o t  i s  shown i n  F i g u r e  4 . 1 2 .

Sonobuoy 17 was a l s o  d e p l o y e d  on L i n e  07,  b u t  as t h e  p r o f i l e  

headed n o r t h  be tw een  San L u z i a  and S a l .  T h i s  s o n o b u o y ,  l i k e  t h e  

s onobuoy  16, p r o d u c e d  no r e f r a c t e d  a r r i v a l s  and o n l y  r e f l e c t i o n s .

A g a i n  4 r e f l e c t i n g  h o r i z o n s  w e re  p i c k e d  and t h e  r e s u l t i n g

v e l o c i t y / d e p t h  p r o f i l e  i s  shown i n  F i g u r e  4 . 1 3  w i t h  t h e  c o r r e c t e d  

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

The i n f o r m a t i o n  f r o m  t h e  v e l o c i t y  a n a l y s i s  o u t l i n e d  above can be 

s u p p le m e n t e d  by t h e  r e s u l t s  o f  p r e v i o u s  s t u d i e s  by

H o s k i n s  e t  a l  ( 1 9 7 4 ) . who a n a l y s i s e d  4 sonobuoy  r e f r a c t i o n  p r o f i l e s  

w i t h i n  t h e  a re a  o f  i n t e r e s t ,  and K i n a  ( 1 9 7 4 ) . who u n d e r t o o k  3 r e v e r s e d  

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

p o s i t i o n s  o f  t h e  p r e v i o u s  so no bu oy s  a r e  shown as t r i a n g l e s  and t h e  

r e f r a c t i o n  l i n e s  s h o t  by K i n a  (1 9 7 4 )  a r e  shown as d o t t e d  l i n e s  i n  

F i g u r e  4 . 1 .  F i g u r e  4 .1 4  shows t h e  v e l o c i t y  d e p t h  p r o f i l e s  f r o m  

H o s k i n s  e t  a l  ( 1 9 7 4 ) .
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S o n o b u o y  1 7 5

v e l o c i t y  ( k m / s )
2 . 0  3 . 0  4 . 0  5 . 0  6 . 0  7 . 0

4 . CL

5 . 0

6 . 0 .

7 .0J

S o n o b u o y  1 7 6

v e l o c i t y  ( k m / s )
2 . 0  3 . 0  4 . 0  5 . 0  6 . 0  7 .0

4 . 0 .

5 .CL

6.0

r.O.

S o n o b u o y  1 7 7

v e l o c i t y  ( k m / s )
1 .0  2 . 0  3 . 0  4 . 0  5 . 0  6 . 0

3 . 5 .

4 . 0 .

5 . 0

6 .0.

S o n o b u o y  1 7 8

v e l o c i t y  ( k m / s )
1 . 0  2 . 0  3 . 0  4 . 0  5 . 0  6 . 0

3 . 5

4 . 0

a
<s
•o

5 . 0 J

6 .0.

Figure 4.14 V e l o c i t y / d e p t h  p r o f i l e s  f o r  Sonobuoys 1 7 5 , 1 7 6 , 1 7 7  & 178 
f r o M  H o s k i n s  e t  a l  ( 1 9 7 4 ) .  The p o s i t i o n s  o f  t h e s e  sono bu oy  s t a t i o n s  
a re  i n d i c a t e d  by t r i a n g l e s  on F i g u r e  4 . 1 .
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4 . 9  DISCUSSION

R e c o g n i t i o n  o f  o c e a n i c  l a y e r  2 i s  v e r y  much d e p e n d e n t  on t h e  

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

s t u d y ,  r e f l e c t i o n  h y p e r b o l a e  i n d i c a t i v e  o f  v o l c a n i c  basement  w e re  o n l y  

seen on L i n e  2. when >50 km f r o m  t h e  M a i o / B o a V i s t a  r i d g e ,  on L i n e  4, 

t o  t h e  e x t r e m e  w e s t ,  and on L i n e  5, t o  t h e  n o r t h  o f  t h e  i s l a n d  o f  San 

V i c e n t e .  The l i m i t e d  a re a  o v e r  w h i c h  v o l c a n i c  basement  c o u l d  be 

r e c o g n i s e d  i s  due t o  t h e  m a s k i n g  e f f e c t  o f  t h e  o v e r l y i n g  

v o l c a n i c l a s t i c  s e d i m e n t s  w h i c h  i n c r e a s e  t o w a r d s  t h e  i s l a n d s .  T h i s  

l i m i t i n g  f a c t o r  i s  c o n s i d e r e d  l a t e r  i n  C h a p t e r  5,  s e c t i o n  5 . 5 ,  when 

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

f »
o r  g e o i d ,  a n o m a l i e s .

The s h a l l o w e s t  r e c o g n i s a b l e  o c c u r e n c e  o f  v o l c a n i c  basemen t  i s  on

L i n e  5 w he re  i t  has an a v e r a g e  d e p t h  o f  6 seconds  o f  two  way t r a v e l

t i m e  (TWT).  T h i s  a v e r a g e  t a k e s  i n t o  a c c o u n t  t h e  t o p o g r a p h y  o f  t h e

b a s e m e n t .  T he re  i s  a t h i c k n e s s  o f  a p p r o x i m a t e l y  1 se cond o f  TWT o f

s e d i m e n t s  on t o p  o f  t h e  b asem en t  a t  t h i s  l o c a t i o n .  Sonobuoy 07 was

d e p l o y e d  i n  t h i s  a re a  and r e c o r d e d  a v e l o c i t y  o f  ^ 5 . 1  km /s  f o r  t h e

v o l c a n i c  bas emen t  w h i c h  s u g g e s t s  t h a t  i t  c o r r e s p o n d s  h e r e  t o  o c e a n i c

l a y e r  2B f r o m  H o u tz  & Ewing ( 1 9 7 6 ) . The s e d i m e n t  v e l o c i t y  f r o m  t h e

same sono bu oy  was 2 . 3 2  k m / s .  The age o f  t h e  l i t h o s p h e r e  i s  " 1 1 0  Ma,

f r o m  t h e  m a g n e t i c  ano m a ly  s t u d y  i n  C h a p t e r  3.  The e x p e c t e d  d e p t h  f o r

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

P a r s o n s  & S c l a t e r  ( 1 9 7 7 ) . " 5 8 0 0  m. The d e p t h  r e c o r d e d  by t h i s  s t u d y

f o r  o c e a n i c  l a y e r  2 m us t  be c o r r e c t e d  f o r  t h e  i s o s t a t i c  l o a d i n g  o f  t h e

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

u n i f o r m  t h i c k n e s s ,  l .e D ouar an  & P a r s o ns ( 1982)  and Crough—( 199.31 b o t h

s t u d i e d  t h e  v a r i a t i o n  o f  s e d i m e n t  c o r r e c t i o n  a g a i n s t  TWT i n  D . S . D . P .

h o l e s  i n  t h e  N o r t h  A t l a n t i c  f o r  s e d i m e n t  d e n s i t i e s  v a r y i n g  f r o m  1590

kS/M t o  2480 kg /m3  v e l o c i t i e s  f r o m  1 .6 5  km/s  t o  4 . 1 7  k m /s .
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Summary map showing ve loc i ty  and l i thology in terpre ta t io ns
1 9 . 0

□w a t e r  c o l u m n  

r e c e n t  p e l a g i c  s e d i m e n t *  

v o t c a n l c l a a t l c s  

m a r i n e  s e d i m e n t *  

v o l c a n i c  b a s e m e n t

14.0
- 2 7

177a

A1 78

V E L O C I T Y
( k m / s )

1 . 0  2 . 0  3 . 0  4 . 0

- 21 .0

Figure 4.15 Summary diagram showing the velocity depth profiles for 
Sonobuoys 05. 07, 09, 16 & 17, from this study, and 175, 175, 177 &
178 from Hoskins et al (1972). The velocities have been assigned to 
lithologies as discussed in the text. The key for the lithologies is 
the same as that used for the seismic reflection line drawings. The 
width of the blocks indicates the velocity of that horizon. Scales are 
shown by the axis on the bottom right.
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ÇX P U .qh (1 983) estimates that the correction is accurate to within 107..

U s in g  t h e  c o r r e c t i o n s  f r o m  Lc Douaran & P a r s o n s  (198? )  and

Crou.qh ( 1 983)  t h e  o b s e r v e d  d e p t h  t o  o c e a n i c  b asem en t  i n  t h e  v i c i n i t y

o f  Sonobuoy 07 i s  ^42 00  m o r  ^40 00  m r e s p e c t i v e l y .  E i t h e r  o f  t h e s e  two

v a l u e s  i s  s u f f i c i e n t  t o  d e m o n s t r a t e  t h e  o b s e r v a t i o n  made by

Çr o u g h  ( 1 9 8 2) t h a t  t h e  Cape V e rd e  R i s e  has a d e p t h  anoma ly  o f  ^ 2  km.

The o c e a n i c  s w e l l  i s  now a t  a d e p t h  e q u i v a l e n t  t o  25 Ma c r u s t  and

Crough (1 9 8 2 )  s u g g e s t s  t h i s  i s  e v i d e n c e  o f  t h e r m a l  r e j u v e n a t i o n .

The c r u d e  s e i s m i c  s t r a t i g r a p h y  o u t l i n e d  i n  s e c t i o n s  4 . 3  and 4 .4

can be used t o  i n f e r  a h i s t o r y  o f  s e d i m e n t a t i o n  f o r  t h e  Cape Ve rde

R i s e .  The l i t h o s p h e r e  was c r e a t e d  a t  a mid  ocean r i d g e  i n  L a t e

♦ '
J u r a s s i c  t i m e s  and t h e r e a f t e r  f o l l o w e d  a p e r i o d  o f  c o o l i n g  and

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

and c h e r t s .  R o b e r t s o n  ( 1 9 8 4 )  s u g g e s t s  t h a t  t h e  m os t  l i k e l y  t i m e  f o r

u p l i f t  i s  a ro u n d  t h e  l a t e  P a la e o g e n e  t o  e a r l y  M io c e n e  and i t  i s

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

t i m e  t o  f o r m  a r e g i o n a l  u n c o n f o r m i t y .  W i t h  t h e  commencement o f  i s l a n d

b u i l d i n g  v o l c a n i s m  a t  *^20 Ma, M i t c h e l l  e t  a l  ( 1 9 8 3 ) . v o l c a n i c l a s t i c

s e d i m e n t s  w e re  d e p o s i t e d  on t h i s  r e g i o n a l  u n c o n f o r m i t y .  C e s s a t i o n  o f

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

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

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

The v e l o c i t y  i n f o r m a t i o n  does n o t  c o n t r a d i c t  t h e  s e i s m i c

r e f l e c t i o n  i n t e r p r e t a t i o n .  F i g u r e  4 . 1 5  i l l u s t r a t e s  an i n t e r p r e t a t i o n

o f  t h e  v e l o c i t y  i n f o r m a t i o n  f r o m  t h i s  s t u d y  and H o s k i n s  e t  a l  ( 1974J

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

i n v e s t i g a t i o n .  Those h o r i z o n s  d e t e c t e d  u s i n g  t h e  s onobuoy  r e f r a c t i o n

s t u d y  t h a t  have v e l o c i t i e s  a ro u n d  2 . 0  km/s a r e  a t t r i b u t e d  t o  r e c e n t

p e l a g i c  s e d i m e n t s .  These o c c u r  on Sonobuoys  06,  16 & I T .  A s i m i l a r

l i t h o l o g y  has been g i v e n  t o  a l a y e r  w i t h  v e l o c i t y  2 . 1 3  km/s  on
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Sono buo y  09 b u t  t h i s  i s  more due t o  t h e  r e f l e c t i o n  c h a r a c t e r ;  t h e  

v e l o c i t y  may be t o o  h i g h  due t o  t h e  r e f l e c t o r  d i p p i n g  up f r o m  r e c e i v e r  

t o  s o u r c e  ( s ee  F i g u r e  4 , 6 ) .

The v o l c a n i c  basement  i n d i c a t e d  i n  F i g u r e  4 . 1 5  may be e i t h e r  

o c e a n i c  l a y e r  2 o r  v o l c a n i s m  a s s o c i a t e d  w i t h  t h e  Cape V e r d e  I s l a n d s .  

No v e l o c i t i e s  w e re  o b s e r v e d  w i t h i n  t h e  a r c h i p e l a g o  t h a t  have h i g h  

enough  v a l u e s ,  > 5 . 0  km/s  f o r  l a y e r  2B f r o m  H o u tz  & Ewing ( 1 9 7 6 1 . t o  be 

a t t r i b u t a b l e  t o  o c e a n i c  b a s e m e n t .  To t h e  n o r t h  o f  t h e  a r c h i p e l a g o ,  

Sonobuoy 07 g i v e s  v e l o c i t i e s  o f  ^ 5 . 1  km/s  and ^ 6 . 9  k m / s .  These 

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

age ,  i n  t h e  W e s t e rn  N o r t h  A t l a n t i c ,  by P u r d v  & Rohr ( 1 9 7 9 1 and 

P u r d v  ( 1 9 8 3 )  and w i t h  v e l o c i t i e s  o b t a i n e d  by K i n g  (1 9 7 4 )  and t h e y  a re  

a t t r i b u t e d  t o  o c e a n i c  l a y e r s  2 and 3 r e s p e c t i v e l y .  The K i n g  (19741 

s t u d y  was a r e f r a c t i o n  e x p e r i m e n t  w i t h i n  t h e  Cape V e rd e  A r c h i p e l a g o  

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

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

c a l c u l a t e d ,  by K i n g ,  t o  be 2 -3  km u s i n g  a c o m b i n a t i o n  o f  s e i s m i c  

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

t h i c k n e s s e s  o f  o n l y  *"1 .2  km. C o m p a r i s o n  o f  t h i s  s t u d y  w i t h  t h e  r e s u l t s  

f r o m  H o s k i n s  e t  a l  ( 1 9 7 4 )  i s  good f o r  Sonobuoys 175 and 176 b u t  p o o r  

f o r  Sonobuoys 177 and 178,  t o  t h e  n o r t h  o f  t h e  a r c h i p e l a g o ,  and 

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

a l o n e .  No e x p l a n a t i o n  can be g i v e n  f o r  t h e  d i f f e r e n c e s  b e tw e en  

Sonobuoy 07 and Sono buo ys  177 and 178 w i t h o u t  r e c o u r s e  t o  t h e  o r i g i n a l  

d a t a  and t h e  c o n c u r r e n t  s e i s m i c  r e f l e c t i o n  p r o f i l e s .
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4 . 1 0  CONClUSIONS

1) The p r e s e n t  s t u d y  c o n f i r m s ,  by o b s e r v a t i o n  o f  t h e  o c e a n i c

b asement  and an i s o s t a t i c  c o r r e c t i o n  f o r  a u n i f o r m  s e d i m e n t  l a y e r ,

t h a t  l a y e r  2 on t h e  Cape Ve rde  R is e  i s  ^2  km h i g h e r  t h a n  e x p e c t e d  f o r  

c r u s t  o f  t h i s  age .  Due t o  t h e  m a s k in g  n a t u r e  o f  t h e  o v e r l y i n g  

s e d i m e n t s  v o l c a n i c  basement  c o u l d  o n l y  be seen when >50 km f r o m  t h e  

i s l a n d s .  I t  i s  n o t  p o s s i b l e ,  t h e r e f o r e ,  t o  a c c u r a t e l y  map t h e  d e p t h  t o  

v o l c a n i c  basemen t  a ro un d  t h e  a r c h i p e l a g o .

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

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

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

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

3) V e l o c i t i e s  o b s e r v e d  by r a d i o  sono bu oy  w i d e  a n g l e  r e f l e c t i o n  

and r e f r a c t i o n  m e th ods  do n o t  c o n t r a d i c t  t h e  r e f l e c t i o n  p r o f i l i n g  

i n t e r p r e t a t i o n s .  R e f r a c t i o n  v e l o c i t i e s  a r e  c o m p a t i b l e  w i t h  an 

i n t e r p r e t a t i o n  t h a t  t h e  a c o u s t i c  baseme nt  i s  l a y e r  2 ( *"5 .0  k m / s ) .  Wide 

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

w i t h i n  t h e  a r c h i p e l a g o  w i t h  l o w e r  v e l o c i t i e s  ( * "2 .0  k m /s )  a t t r i b u t e d  t o  

r e c e n t  p e l a g i c  s e d i m e n t s  and h i g h e r  v e l o c i t i e s  0 2 . 5 - ^ 3 . 5  k m /s )

a t t r i b u t e d  t o  p r e - v o l c a n i c  m a r i n e  s e d i m e n t s .
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CHAPTER 5 (GRAVITY & GFQID HQDFi S 1

5.1  INTRODUCTION

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

by s u r f a c e  s h i p s  can be used t o  ex am in e  t h e  s t a t e  o f  c o m p e n s a t i o n  o f  

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

be tw e en  f r e e  a i r  g r a v i t y  a n o m a l i e s ,  g e o i d  a n o m a l i e s  and b a t h y m e t r y  i s  

shown i n  F igu r . e  5 . 1 .  The r e l a t i o n s h i p  a p p e a r s ,  f r o m  s i m p l e  

o b s e r v a t i o n .  t o  be d e p e n d e n t  on t h e  w a v e l e n g t h  b e i n g  c o n s i d e r e d .  A t  

s h o r t  w a v e l e n g t h s  (<50 km) t h e  b a t h y m e t r y  and g r a v i t y  l o o k  s i m i l a r  b u t  

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

The s i m i l a r i t y  i n  shape b e tw e en  t h e  s i g n a l s  c o r r e s p o n d i n g  t o  

f r e e  a i r  g r a v i t y  and b a t h y m e t r y  can be e a s i l y  e x p l a i n e d  by c o n s i d e r i n g  

t h e  f i r s t  o r d e r  a p p r o x i m a t i o n  t h a t  t h e  g r a v i t y  ano m a ly  i s  due t o  t h e  

d e n s i t y  c o n t r a s t  b e tw e en  s e a - w a t e r  and t h e  m a t e r i a l  c o m p r i s i n g  t h e  

b a t h y m e t r i c  f e a t u r e .  The v a l u e  o f  t h e  f r e e  a i r  g r a v i t y  a n o m a ly ,  

h o w e v e r ,  d epends  n o t  o n l y  on t h e  s i z e ,  shape and d e n s i t y  o f  t h e  

b a t h y m e t r i c  f e a t u r e ,  b u t  a l s o  on i t s  s t a t e  o f  c o m p e n s a t i o n .

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

w a v e l e n g t h s  (>100km)  t h e  s i t u a t i o n  i s  n o t  q u i t e  as s i m p l e  as t h a t  

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

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

z e r o  and t h e n  g r a d u a l l y  r i s e  t o  s e t t l e  a t  v a l u e s  c l o s e  t o  z e r o .  These 

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

shaded i n  F i g u r e  5 . 1 .  T h e i r  i m p o r t a n c e  i s  t h a t  t h e y  i n d i c a t e  t h e  s t a t e  

o f  c o m p e n s a t i o n  o f  t h e  b a t h y m e t r i c  f e a t u r e .  Two d i f f e r e n t  m o d e l s  a re  

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

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

and r e g i o n a l l y  c o m p en s a t ed  t o p o g r a p h y .  Lambeck ( 1 9 6 1 ) .

M c N u t t  & Menard  ( 1 9 7 6 )  and W a l c o t t  ( 1 9 7 0 )  used s i m i l a r  t y p e s  o f  m ode ls  

b u t  t h e i r ,  space  d o m a i n ,  a n a l y s i s  r e q u i r e d  s e v e r a l  s t a g e s .  F i r s t l y .
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G E N E R A L  R E L A T I O N S H I P  B E T W E E N  G E OI D  H E I GHT ,  G R A V I T Y  AND B A T H Y M E T R Y
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F i g u r e  5 .1  D i a g r a m a t i c  g e n e r a l  r e l a t i o n s h i p  between  f r e e  a i r  g r a v i t y  
a n o m a l i e s ,  g e o i d  h e i g h t  a n o m a l i e s  and b a t h y m e t r y .  The s i g n a l s  app ea r  
s i m i l a r  a t  s h o r t  (<50 km) w a v e l e n g t h s  b u t  d i s s i m i l a r  a t  l o n g e r  (>100 
km) w a v e l e n g t h s .  P a r t  o f  t h e  d i s s i m i l a r i t y  can be a t t r i b u t e d  t o  t h e  
n e g a t i v e  s i d e  l o b e s ,  shown sh ad ed ,  w h i c h  r e p r e s e n t  t h e  g r a v i t y  and 
g e o i d  anomaly  due t o  t h e  c o m p e n s a t i o n .
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t h e  l o a d  had t o  be c a l c u l a t e d .  T h i s  was n o r m a l l y  done by m o d e l l i n g  t he  

b a t h y m e t r i c  f e a t u r e  by p r i s m s ,  t h e  h e i g h t s  o f  w h i c h  were  d e f i n e d  above 

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

d e n s i t y  m us t  a l s o  be assumed f o r  t h e  t o p o g r a p h y .  S e c o n d l y ,  i n  t h e  case 

o f  t h e  r e g i o n a l l y  co m p en sa ted  m o d e l ,  t h e  c o m p e n s a t i o n  due t o  t h i s  l o a d  

was c a l c u l a t e d .  F i n a l l y ,  t h e  f r e e  a i r  g r a v i t y ,  o r  m a r i n e  g e o i d ,  

ano m a ly  was c a l c u l a t e d  f o r  t h e  c o m b i n a t i o n  o f  t h e  l o a d  and i t s  

c o m p e n s a t i o n .  C o m p a r is o n  o f  t h e  c a l c u l a t e d  g r a v i t y ,  o r  g e o i d ,  w i t h  th e  

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

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

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

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

p e r f o r m  t h e  c a l c u l a t i o n s  i n  t h e  s p a t i a l  f r e q u e n c y  d o m a in .  I n  t h i s

m ethod t h e  r e l a t i o n s h i p  be tw een  g r a v i t y ,  o r  g e o i d ,  and b a t h y m e t r y  i s

c a l c u l a t e d  as a f u n c t i o n  o f  wavenumber  ( k ^ )  qj. i n v e r s e  w a v e l e n g t h  

- ]
(A ) .  W a t t s  ( 1 979)  r e a c h e d  a s i m i l a r  c o n c l u s i o n  and o p t e d  t o  use 

l i n e a r  t r a n s f e r  f u n c t i o n  t e c h n i q u e s  ( l e w i s  & Dorman (1 9 7 0 )  and 

M c K e nz ie  & Bow in  ( 1 9 7 6 ) ) when m o d e l l i n g  t h e  g e o i d  anoma ly  o v e r  t h e  

H a w a i i a n  R i d g e .

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

t h a t  t h e  m o d e ls  can be compared d i r e c t l y  w i t h  t h e  o b s e r v e d  

r e l a t i o n s h i p  i n  t h e  s p a t i a l  f r e q u e n c y  dom a in  and t h a t  c a l c u l a t i n g  t h e  

g r a v i t y ,  o r  g e o i d ,  e f f e c t  o f  t h e  m od e ls  becomes g r e a t l y  s i m p l i f i e d .  I t  

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

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

f o r m e r  i s  c a l l e d ,  h e r e ,  i n v e r s i o n  and i s  t h e  m a in  s u b j e c t  o f  C h a p t e r  

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

second h a l f  o f  C h a p t e r  8 and i s  a l s o  t o u c h e d  on b r i e f l y  i n  t h e  l a t e r  

s t a g e s  o f  C h a p t e r  7.
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U N C O M P E N S A T E D  M O D E L

S E A  LEVEL-

L A Y E R  2 '  

L A Y E R  3

M A N T L E

F i g u r e  5 . 2  S i m p l e  u n c o m p e n s a t e d  t o p o g r a p h y  m od e l  o f  t h e  o c e a n i c  
l i t h o s p h e r e .  The f r e e  a i r  g r a v i t y  a nom a ly  i s  due t o  t h e  d e n s i t y  
c o n t r a s t  b e tw e e n  t h e  b a t h y m e t r i c  f e a t u r e  and sea w a t e r

g^(r)  
 7

g(r)

S /

h( i )

y

F i g u r e  5 . 3  R e l a t i o n s h i p  o f  a c o o r d i n a t e  s y s te m  w i t h  t h e  z - a x i s  
p e r p e n d i c u l a r  t o  t h e  r e f e r e n c e  e l l i p s o i d .  G r a v i t y  i s  e v e r y w h e r e  n o r m a l  
t o  t h e  g e o i d  and can be d i v i d e d  i n t o  h o r i z o n t a l  and v e r t i c a l  
c o m p o n e n t s .  The d e f l e c t i o n  o f  t h e  v e r t i c a l  can be r e l a t e d  t o  t h e  g e o i d

( h ( r.) ) .
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5 . 2  UNCOMPFNSATFD TOPOGRAPHY

The simplest model for the relationship between gravity and 

bathymetry is one where the bathymetric load is uncompensated. This is 

illustrated in Figure 5.2. In this case the gravity anomaly will be 

due to the density contrast between the bathymetric feature and 

seawater. This has been used previously by such workers as 

McKenzie & Bowin (1976). W atts (1978) and McNutt (1979).

The following is modified from Parker (1972). Using a coordinate 

system with z vertically upwards and r representing a horizontal 

vector in the x-y plane, such that r=(r,z) (see Figure 5.3), then the 

Fourier transform of a function f(r) can be obtained from;-

F(k-n)=xl^^<l)exp(-ik^.r) dS (F5.1)

where F ( ) = Four ier transform of fix)

il^=wa venumber 

i = / ( - 1  )

dS=integration over the x-y plane 

x=area of integration

The g r a v i t a t i o n a l  p o t e n t i a l  o f  a l a y e r  o f  m a t e r i a l ,  d e n s i t y  q , 

bounded b e l o w  b y  z=0 and above  by z = b ( x ) . i s  g i v e n  b y . -

U(r^)=Ge yfl/(Ir^-rl) dV (F5.2)

w h e re  U( ) = g r a v i t a t i o n a l  p o t e n t i a l  m easu red  a t  

G = g r a v i t a t i o n a l  c o n s t a n t  

Q = d e n s i t y  o f  t h e  a noma lous  m a t e r i a l  

dV =vo lume  i n t e g r a l
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F 5 . ?  can be changed f r o m  a vo lu me  i n t e g r a l  t o  t h e  p r o d u c t  o f  

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

^ ^ ^ o )= G p  J 1 / ( | r  - r | )  dS dz ( F 5 . 3 )

w h e re  b ( x ) = b a t h y m e t r y . o r  t o p o g r a p h y

I ^ Q - r 1= d i s t a n c e  f r o m  t h e  m easu rem en t  p o i n t  t o  t h e  e l e m e n t  o f  

anoma lo us m a t e r i a l  

D=domain o f  i n t e g r a t i o n  i n  t h e  x - y  p l a n e

The second i n t e g r a l  i s  t a k e n  o v e r  a f i n i t e  d o m a in .  D, i n  t h e  x - y  

p l a n e  and assumes t h a t  b ( x ) = 0  f o r  |xl>R.  w h e re  R i s  t h e  l i m i t  o f  t h e  

d o m a in .  T h i s  i s  n e c e s s a r y  t o  e n s u r e  c o n v e r g e n c e  and i s  c o n s i d e r e d  

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

d i s t a n c e s  f a r  f r o m  t h e  m easu rem en t  p o i n t .  I f  i t  i s  f u r t h e r  assumed 

t h a t  m ea s u re m e n ts  a re  a l l  made on a p l a n e  l y i n g  above a l l  t h e  

t o p o g r a p h y ,  z ^ > m a x i m u m ( b ( x ) ) .  t h e n  t h e  F o u r i e r  t r a n s f o r m  o f  F5.3  i s ; -

0(k^)=Ge Q J e x p ( - i k ^ . r ^ )  1 / ( l r ^ - r | )  dS dz  dS^ ( E 5 . 4 )

w h e re  0 ( k ^ ) = F o u r i e r  t r a n s f o r m  o f  t h e  p o t e n t i a l  

k ^= w ave nu m be r .  o r  s p a t i a l  f r e q u e n c y

0y c h a n g i n g  t h e  o r d e r  o f  i n t e g r a t i o n  t h e  i n t e g r a l  d e p e n d e n t  on 

can be s o l v e d  u s i n g  p o l a r  c o o r d i n a t e s  so t h a t ; -

Q ( k ^ )= G o  oJ r 2 ï ï e x p ( - i k ^ . r - I k p l  ( Z q - z ) ) 1 ( l / l k p l  ) dSdz ( E 5 .5

The i n t e g r a l  i n  dz can now be p e r f o r m e d  e x p l i c i t l y  u s i n g  t h e  

l i m i t s  o f  O ^ b ( x ) ,  t o  g i v e ; -
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“ < \ l = 2 . G e  uJ e x p ( - i j < ^ . r - | k j ^ j e e x p ( | k j b ( r l ) - 1 1 ( i / | k ^ l ^  dS ( F 5 . 6

The e x p o n e n t i a l  t e r m ,  e x p ( | | b ( r ) ) ,  can be expa nd ed  i n  a 

M a c l a u r i n  s e r i e s  t o  g i v e : -

e x p (  1 k^  I b ( r  ) ) = 1 + T ( 1 k^ I " / m ' ) b * ( r )  summed o v e r  m=0-»« ( F 5 . 7 )

O n ly  t h e  f i r s t  2 t e rm s  o f  t h i s  s e r i e s  w i l l  be used and the

a n a l y s i s  w i l l  be r e s t r i c t e d  t o  be l i n e a r .  Dorman & L e w i s  (1970 )

c a l c u l a t e d  t h a t  t h e  q u a d r a t i c  t e r m  f o r  t h e  r e l a t i o n s h i p  between
» *

g r a v i t y  and t o p o g r a p h y  i s  l e s s  t h a n  107. o f  t h e  l i n e a r  t e r m .

M c N u t t  & Menard  (19 78 )  a l s o  s t a t e  t h a t  t h e  l i n e a r  a p p r o x i m a t i o n  i s  

s a t i s f a c t o r y  p r o v i d e d  t h a t  t h e  maximum d e f o r m a t i o n  i s  l e s s  t h a n  107. o f  

t h e  e l a s t i c  p l a t e  t h i c k n e s s  and show t h a t  i n  t h e  case  o f  t h e  

C o o k - S o c i e t y  i s l a n d  ra n g e  t h e  l i n e a r  a p p r o x i m a t i o n  i s  j u s t i f i e d .  

Banks e t  a l  ( 1 9 7 7 )  a l s o  s t a t e  t h a t  o n l y  u s i n g  t h e  l i n e a r  t e r m  i n  t h e  

r e l a t i o n s h i p  i s  a r e a s o n a b l e  a p p r o x i m a t i o n .  S u b s t i t u t i n g  o n l y  t h e  

f i r s t  2 t e r m s  o f  E5.7  back  i n t o  F 5 .6  t h e n  t h e  F o u r i e r  t r a n s f o r m  o f  t h e  

p o t e n t i a l  can be d e s c r i b e d  by t h e  F o u r i e r  t r a n s f o r m  o f  t h e  t o p o g r a p h y  

a f t e r  m o d i f i c a t i o n  by a 2 ï ïGq c o n s t a n t  and an e x p o n e n t i a l  t e r m .  T h u s ; -

0 ( k ^ ) = 2 n G e  j jJ e x p ( - i k ^ . r )  e x p ( - l k ^ | z ^ )  b ( r )  1 / | k ^ |  dS

2ïïGp e x p ( - | k  I z  ) B (k  ) 1 / | k  | ( F5 . 8 )
n o  n n

w h e re  B ( k ^ ) = F o u r i e r  t r a n s f o r m  o f  t h e  t o p o g r a p h y .  b ( x  )

Z g = p la n e  o f  o b s e r v a t i o n  r e l a t i v e  t o  t h e  t o p o g r a p h y

The e x p r e s s i o n  E5 .8  i s  f o r  t h e  p o t e n t i a l ,  b u t  we w i s h  t o  f i n d
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t h e  c o r r e s p o n d i n g  r e l a t i o n s h i p s  f o r  t h e  g r a v i t y  and g e o i d .  The 

v e r t i c a l  a t t r a c t i o n  Ag i s  by d e f i n i t i o n  o f  t h e  p o t e n t i a l ; -

A g = - d U / ô z ^  ( z ^  p o s i t i v e  u p w a rd s )  ( F 5 .9

I t  f o l l o w s  t h a t : -

w h e re  G ( k ^ ) = F o u r i e r  t r a n s f o r m  o f  t h e  g r a v i t y

The r e l a t i o n s h i p  b e tw e en  g r a v i t y  and b a t h y m e t r y  i n  t h e  s p a t i a l  

f r e q u e n c y  d om a in  i s  g i v e n  by c o m b i n i n g  E5 .10  & E5 .8  so t h a t : -

G t k ^ ) / B ( k ^ ) = - 2 n G o  e x p ( - l k ^ l z ^ )  (F5 .11

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

r e s p o n s e  and i s  d e n o t e d  by Z ( k ^ ) .  I f  t h e  b a t h y m e t r y  i s  mea sured  

d ownw ard s  t h e n  t h e  n e g a t i v e  s i g n  d i s a p p e a r s  f r o m  E 5 . 1 1 .  The d e n s i t y  g 

can be r e p l a c e d  by t h e  d e n s i t y  c o n t r a s t  o f  t h e  b a t h y m e t r i c  f e a t u r e  

c a u s i n g  t h e  g r a v i t y  a nom a ly  and s e a w a t e r .  The e x p r e s s i o n  F5.11 t h e n  

l o o k s  l i k e : -

2 ( k ^ ) = 2 ï ï G ( g ^ - g ^ ) e x p ( - | k ^ | d ^ )  ( F 5 . 12)

w h e r e  Z ( k ^ ) = t h e  g r a v i t y  a d m i t t a n c e ,  o r  r e s p o n s e  

k =wavenumber ,  o r  i n v e r s e  w a v e l e n g t h
- n

G = g r a v i t a t i o n a l  c o n s t a n t  

Q ^ = d e n s i t y  o f  t h e  t o p o g r a p h y  

Q ^ = d e n s i t y  o f  s e a w a t e r
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^ t  d e p t h  o f  t h e  t o p o g r a p h y  r e l a t i v e  t u  t h e  o b s e r v a t i o n  

plane

This IS the linear term of a series expansion from 

Parker (1972). That just using the linear terms from E5.7 is a good 

approximation was shown by Watts (1978) by comparison with the line 

integral method of calculating gravity anomalies. The response f'Cir 

this model is similar to a Bouguer slab when pi^jrO This is to be

expected since a |k̂ |=0 term represents the mean, or DC shift, and can 

be approximated by a simple slab. As increases, the exponential 

term means that the smaller wavelength features of the bathymetry 

contribute less to the total gravity effect. The exponential term is 

modified by the depth to the topography since the shallower the 

topography the greater will be the gravity effect.

The relationship between the marine geoid and bathymetry can be 

calculated in a similar way by using a transfer function to get from 

the gravity to the geoid in the spatial frequency domain. The geoid 

height can be defined as 1 Garland 1 9 7 9 . p 161): -

>^(Xo)=U(r^)/g (E5.13)

where h(x^)=geoid height

U(JLq )=gravitational potential (as in equation E5.2) 

g=gravitational gradient

Taking the Fourier transform equivalent of E5.13 gives:

H(k^)=Q(k^)/g ( F 5 . U

where H (]<̂ ) = Fourier transform of the geoid height
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^ ^ ~ n ) - F o u r i e r  t r a n s f o r m  o f  t h e  g r a v i t a t i o n a l  p o t e n t i a l

The Fourier transform of the gravitational potential has been 

given earlier in E5.8 and the linear approximation is;-

2(J<„)=2ïïGQexp(- 1J<„1 Ik^l (F5. 151

The Fourier transform of the gravitational potential can be 

expressed in terms of the Fourier transform of the gravity.

=G(j<n) / Ik^l (E5.16)

where G ( k.̂ ) =Fourier transform of the gravity

Combining E 5 . K  and E5.16 gives an expression for the Fourier 

transform of the geoid in terms of the Fourier transform of the 

g r a v i t y , thus ; -

H(k^)=1/g|knl G(k^) (F5.17)

The geoid response is denoted by Z ’(i<̂ ) to distinguish it from 

the gravity response Z(J<^).

Z ' (Ü^)=1/g|k^| 2ïïG(Q^-Q^)exp(-Ik^ld^) (F5.18)

The main effect of the transfer function is to reduce the short 

wavelength terms of the geoid (large jjk̂j) relative to the long

wavelength terms ( small . This results in geoid anomalies being 

wider' than the corresponding gravity anomalies.

Anomalies from the uncompensated model are typified by having a
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h i g h  d e g r e e  o f  c o r r e l a t i o n  be tw een  t h e  b a t h y m e t r y  and g r a v i t y ,  o r  

g e o i d ,  a t  a l l  w a v e l e n g t h s .

5 . 3  REGIONAL COMPENSATION

The r e g i o n a l  c o m p e n s a t i o n  m echan ism  used i n  t h i s  s t u d y  i s  an 

e l a s t i c  t h i n  p l a t e  m ode l  t h a t  f l e x e s  u n d e r  an a p p l i e d  l o a d .  T h i s  mode l  

i s  i l l u s t r a t e d  i n  F i g u r e  5 . 4 .  The t h e o r y  t h a t  t h e  e a r t h ' s  c r u s t  

r e s p o n d s  t o  l o a d i n g  by b e n d i n g  i s  n o t  new. H e r t z  (1 8 8 4 )  s u g g e s t e d  t h a t  

t h e  l o a d i n g  e f f e c t  o f  g l a c i e r s  c o u l d  be d e s c r i b e d  by f l e x u r e  o f  a t h i n  

p l a t e .  F u r t h e r  a p p l i c a t i o n  o f  t h i s  w o r k  t o  a g e o l o g i c a l  s i t u a t i o n  was 

t a k e n  up by Ve n i n g  M e in e s z  ( 1 9 3 1 )  and l a t e r  by Gunn ( 1 9 4 3 ) . who 

e x am in e d  t h e  g r a v i t y  a n o m a l i e s  o v e r  m o u n t a i n  c h a i n s .  Of p a r t i c u l a r  

r e l e v a n c e  t o  t h i s  s t u d y  was t h e  c o n c l u s i o n  by V e n i n g  M e in e s z  (19 48 )  

t h a t  t h e  Cape Ve rd e  I s l a n d s  a re  r e g i o n a l l y  c o m p en s a ted  on a s c a l e  o f  

s e v e r a l  h u n d r e d  k i l o m e t r e s .

The b a s i c  a s s u m p t i o n s  o f  t h e  t h i n  p l a t e  m o d e l  a r e ; -

1) The e a r t h ' s  c r u s t  can be m o d e l l e d  as an e l a s t i c  p l a t e  

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

2) The p l a t e ' s  t h i c k n e s s  i s  s m a l l  r e l a t i v e  t o  t h e  w a v e l e n g t h  o f  

t h e  b e n d i n g .

These  a s s u m p t i o n s  a r e  c o n s i d e r e d  t o  be g e o l o g i c a l l y  r e a l i s t i c  

s i n c e  t h e  l o w e r  l i t h o s p h e r e  can be e x p e c t e d  t o  beh ave  as a f l u i d  

( Banks e t  a l  ( 1 9 7 7 ) ) o v e r  t i m e  p e r i o d s  measu red  i n  m i l l i o n s  o f  y e a r s  

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

r i g i d i t y  o f  t h e  t h i n  p l a t e  can be e x p r e s s e d  as a p a r a m e t e r  t e rm e d  t h e  

e f f e c t i v e  e l a s t i c  t h i c k n e s s .  P r e v i o u s  s t u d i e s  by M c N u t t  ( 1 979 ) , 

C o c h ra n  ( 1 9 7 9 )  and W a t t s  ( 1 9 7 8 ) . amongs t  o t h e r s ,  have shown t h a t  t h e  

o c e a n i c  c r u s t  has v a l u e s  o f  e f f e c t i v e  e l a s t i c  t h i c k n e s s  o f  b e tw een  5
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km and 30 km. The w a v e l e n g t h  o f  b e n d i n g  has t y p i c a l  v a l u e s  o f  ^2 00  km, 

f r o m  W a t t s  & C och ra n  ( 1 9 7 4 ) .

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

and can be f o u n d  i n  t e x t s  such as Sneddon ( 1 969)  . The e q u a t i o n  f o r  

e q u i l i b r i u m  o f  t h e  t h i n  p l a t e  mode l  i s  g i v e n  h e r e  f r o m  

M c N u t t  & Menard  I 1 976)  f o r  a l o a d .  p ( x ) .

D V ^ w ( r ) = p ( r )  ( F 5 . 1 9 )

w h e re  0 = f l e x u r a l  r i g i d i t y  o f  t h e  p l a t e  

w ( r ) = d e f l e c t i o n  o f  t h e  p l a t e
» '

p ( r ) = f o r c e s  a c t i n g  on t h e  p l a t e  

7=_x b / b x * ^  b / b y

The f l e x u r a l  r i g i d i t y  o f  t h e  p l a t e  can be e x p r e s s e d  i n  t e r m s  o f  

an e f f e c t i v e  e l a s t i c  t h i c k n e s s ,  as a l r e a d y  m e n t i o n e d  a bove .

D = E T ^ / 1 2 ( 1 - 0 ^ )  ( F 5 . 2 0 )

w h e re  E = Y o u n g ' s  m o d u lu s  

o = P o i s s o n ' s r a t i o  

I n e f f e c t i v e  e l a s t i c  t h i c k n e s s

The f o r c e s  a c t i n g  on t h e  p l a t e  c o m p r i s e  t h e  downward f o r c e  due 

t o  t h e  l o a d ,  o f  d e n s i t y  c o n t r a s t  ( q^ _ q | ^ ^d  t h e  b u o y a n c y  f o r c e  s e t  

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

p ( r ) = - ( Q ^ - Q ^ ) g b ^ ( r ) - ( Q j ^ - Q ^ ) g w ( r )  (F 5 .2 1  )

w h e re  g = n o r m a l  g r a v i t y
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THIN PLATE MODEL

SEA LEVEL

LAYER 2 -=r_  _  _  =
LAYER 3

MANTLE

BUOYANCY FORCES

= B O U G U E R  A N O M A L Y

ELASTIC PLATE 
(LITHOSPHERE)

FLUID 
(ASTHENOSPHER

F i g u r e  5 .4  T h i n  p l a t e  m od e l  t h a t  f l e x e s  u n d e r  an a p p l i e d  l o a d .  The 
amount o f  b e n d i n g  i s  d e p e n d e n t  on t h e  f l e x u r a l  r i g i d i t y  o f  t h e  p l a t e  
w h i c h  can be e x p r e s s e d  as an e f f e c t i v e  e l a s t i c  t h i c k n e s s .  The 
c o n t r i b u t i o n s  t o  t h e  c o m p e n s a t i o n  anoma ly  a re  shown shaded and 
c o r r e s p o n d  t o  t h e  l a y e r 2 / l a y e r 3  and l a y e r 3 / m o h o  i n t e r f a c e s .  The 
b ou yancy  f o r c e s  a re  assumed t o  a c t  a t  t h e  i n t e r f a c e  between  th e  
e l a s t i c  p l a t e  and t h e  f l u i d  s u b s t r a t u m .  T h i s  m ode l  can be c o n t r a s t e d  
w i t h  t h e  s i m p l e  unc ompensa ted  m odel  shown i n  F i g u r e s . 2.
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The m easured  b a t h y m e t r y  b ( r ) . a l s o  c o m p r i s e s  two p a r t s ;  t h e  

b a t h y m e t r y  o f  t h e  l o a d ,  and t h e  d e f l e c t i o n  t o p o g r a p h y .  w ( r ) .

b ( r ) = b ^ ( r ) + w ( r ) ( F 5 . 2 2 )

As p o i n t e d  o u t  by Banks e t  a l  ( 1 9 7 7 )  t h e  s o l u t i o n  t o  t h e  above 

s y s t e m  o f  e q u a t i o n s  can be g r e a t l y  s i m p l i f i e d  by t a k i n g  t h e  

t w o - d i m e n s i o n a l  F o u r i e r  t r a n s f o r m s  o f  I F.5 .1 9 ) . ( E5 . 2 1 ) and ( F 5 . 2 2 ) .  

T h i s  means t h e  s o l u t i o n  w i l l  be i n  t h e  s p a t i a l  f r e q u e n c y  dom a in  and 

can t h u s  be compared  d i r e c t l y  w i t h  o b s e r v e d  a d m i t t a n c e  e s t i m a t e s .  

C o m b i n i n g  ( E 5 . 1 9 )  and ( E 5 . 2 1 )  we f i n d :

» '

= I E 5 . 2 3 )

w h e re  W ( k ^ ) = ^ f w ( % ) e x p ( - i k ^ . r )  dS

and d S = s u r f a c e  i n t e g r a l  o v e r  t h e  x - y  p l a n e

c o m b i n i n g  ( E 5 . 2 3 )  and t h e  F o u r i e r  t r a n s f o r m  o f  ( F 5 . 2 2 )  g i v e s :

( e s . 2 4 )

E q u a t i o n  ( E 5 . 2 4 )  can be r e l a t e d  t o  t h e  g r a v i t y  anoma ly  due t o  

t h e  d e f l e c t i o n ,  w (% ) ,  u s i n g ,  P a r k e r  ( 1 9 7 2 ) . T h i s  i s  a m o d i f i c a t i o n  o f  

e q u a t i o n  ( E 5 . 8 )  w h e re  d e n s i t y  v a r i e s  w i t h  d e p t h  and t h e r e  a r e  an 

i n f i n i t e  number  o f  l a y e r s .

6(J<^) = 2ïï6W(J<^) J ( d g / ô z ) e x p ( -  | k ^ | z ) d z  ( F 5 . 2 5 )

H ow e ve r ,  t h i s  more  g e n e r a l  e x p r e s s i o n  can be s i m p l i f i e d  s i n c e  i t  

i s  assumed t h e  g r a v i t y  a n o m a ly  i s  due t o  d e n s i t y  c o n t r a s t s  a t  known
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depths; i.e. the la yer2/layer3 interface and the moho.

n) = 2 itGW(J<^) { ( - Q ^ ) e x p ( -  | k ^ l  ) e x p (  - 1 k^l  ) } ( E5 . 25 )

Hence : -

2(J<^i=-2i rG((c^, -Q^i / iQ^-e^) i ( i . |kj ‘ o/ ie^-e, . )g) ' ' [ ie3-Q| . i

e x p ( - | k ^ l z ^  ) f ( y ^ - Q ^ ) e x p ( - l k ^ l z ^ ) ]  ( F 5 . 2 7 )

To t h e  above m us t  be added t h e  r e s p o n s e  o f  t h e  b a t h y m e t r y  a l o n e .  

T h i s  i s  s i m p l y  t h e  r e s p o n s e  o f  t h e  u n c o m p en s a t ed  t o p o g r a p h y  mode l  used 

i n  s e c t i o n  5 . 2 .

Z ( k ^ ) = 2 i ï G ( Q ^ - e ^ ) e x p ( - I k ^ l d ^ )  ( F 5 . 2 8  )

The f i n a l  r e s p o n s e  i n  t h e  s p a t i a l  f r e q u e n c y  dom a in  as c a l c u l a t e d  

u s i n g  t h e  t h i n  p l a t e  a p p r o x i m a t i o n  i s  t h u s :

Z ( k ^ ) = 2 i r G ( Q ^ - e ^ ) { e x p (  - | k ^ | d ^ ) - (  ^ 0 / (  q ^ - q  ^ ) g ) '   ̂ [ ( /

( Q ^ - Q ^ ) ) e x p ( - I k ^ l ) M ( q^ - q^ ) / ( Q ^ - e ^ ) ) e x p { - I k ^ l ) J } ( E 5 . 29)

where Z(Jk^)=the r e s p o n s e  o f  t h e  m o d e l  a t  wavenumber

Q = t h e  d e n s i t y  o f  sea w a t e r  
w

Q^ =the  d e n s i t y  o f  t h e  t o p o g r a p h y  ( = d e n s i t y  o f  l a y e r  2)

Q ÿ  " " " l a y e r  3

Q^= " " " t h e  u p p e r  m a n t l e

d ^ = t h e  d e p t h  o f  t h e  t o p o g r a p h y  r e l a t i v e  t o  t h e  p l a n e  of

o b s e r v a t i o n  

z ^ = d e p t h  t o  t h e  l a y e r  2 / l a y e r  3 i n t e r f a c e
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^p=depth to the layer 2/moho interface

The m o d i f i c a t i o n  o f  t h e  abo v e ,  g r a v i t y  r e s p o n s e ,  t o  g e o i d

r e s p o n s e  i s  done i n  e x a c t l y  t h e  same manner  as f o r  t h e  uncompensa ted  

m o d e l . T ha t  i s  : -

^ ^ - n )  = W g | k ^ l  Z ( k ^ )  ( F 5 . 3 0 )

As t h e  f l e x u r a l  r i g i d i t y  i n  t h e  above m od e l  t e n d s  t o  v e r y  h i g h

v a l u e s  (D-*»») t h e  r e s p o n s e  becomes s i m i l a r  t o  t h a t  o f  t h e  uncompensa ted

m o d e l .  T h i s  i s  t o  be e x p e c t e d  s i n c e  t h e  l o a d  w i l l  become s u p p o r t e d  by
> '

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

n e g l i g a b l e .  As t h e  f l e x u r a l  r i g i d i t y  t e n d s  t o  v e r y  l o w  v a l u e s  (0-»0) 

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

c o m p e n s a t i o n ,  w he re  t h e  l o a d  i s  s u p p o r t e d  by b u o y a n c y  t e r m s  a l o n e .

5 . 4  MORE COMPLEX FIEXURAl MODELS

The t h i n  p l a t e  m o d e l  o u t l i n e d  above i s  v e r y  s i m p l e  i n  t e rm s  o f  

I t s  assumed d e n s i t y  d i s t r i b u t i o n  and i t s  l i n e a r  r e s p o n s e  t o  l o a d i n g  

w i t h  r e s p e c t  t o  t i m e .  A l s o  no a c c o u n t  i s  t a k e n  o f  any s e d i m e n t s  t h a t  

may o v e r l a y  t h e  o c e a n i c  b a s e m e n t .  F i g u r e  5 . 5  shows a s l i g h t l y  more 

r e a l i s t i c  g e o l o g i c a l  m o d e l  and can be compared w i t h  t h e  s i m p l e  t h i n  

p l a t e  m o d e l  o f  F i g u r e  5 . 4 .

The d e n s i t y  o f  t h e  l o a d  i s  c o n s i d e r e d ,  h e r e ,  t o  be c o n s t a n t  and 

e q u a l  t o  t h e  d e n s i t y  o f  t h e  m a t e r i a l  t h a t  i n f i l l s  t h e  f l e x u r a l  m o a t .  

T h i s  i s  a c o n s i d e r a b l e  s i m p l i f i c a t i o n  s i n c e  R o b e r t s o n  ( 1967 ) showed 

f r o m  a s t u d y  o f  t h e  S o u t h e r n  Cook I s l a n d s  t h a t  i s l a n d s  can have a h i g h  

d e n s i t y  i n n e r  c o r e  a s s o c i a t e d  w i t h  th em .  The m a t e r i a l  t h a t  i n f i l l s  t h e  

f l e x u r a l  moat  i s  l i k e l y  t o  be a m i x t u r e  o f  h i g h  d e n s i t y  v o l c a n i c  

m a t e r i a l  p l u s  r e l a t i v e l y  l o w e r  d e n s i t y  m a r i n e  s e d i m e n t s ,  o r
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Hi gh d e n s i t y  i nne r  c o r e  t o v o l c a n i c  e d i f i c e

L o w e r  d e n s i t y  s u r r o u n d i n g  m a t e r i a l

V a r i a b l e  d e n s i t y  m a t e r i a l  i n f i l l i ng  t h e  d e p r e s s i o n  
( v o l c a n i c l a s t i c s )

B l a n k e t i n g  ma r i n e  s e d i m e n t s

F i g u r e  5 . 5  A d d i t i o n a l  g e o l o g i c a l  f a c t o r s  t h a t  c o m p l i c a t e  t h e  s i m p l e  
t h i n  p l a t e  m o d e l  a r e  o u t l i n e d  i n  t h i s  d i a g r a m  and a r e  d i s c u s s e d  i n  t h e  
t e x t .  The m a i n  f e a t u r e s  a r e  t h e  l a t e r a l l y  v a r y i n g  d e n s i t y  o f  t h e  l o a d ,  
t h e  i n c l u s i o n  o f  a s e d i m e n t  l a y e r  and v a r i a b l e  d e n s i t y  i n f i l l  o f  t h e  
d e p r e s s i o n  a r o u n d  t h e  l o a d .
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v o l c a n i c l a s t i c s .  and w i l l  n o t  n e c e s s a r i l y  have t h e  same d e n s i t y  as 

t h a t  assumed f o r  t h e  t o p o g r a p h y .  T h i s  was te rm e d  t h e  a r c h i p e l a g i c  

a p ro n *  by Menard  ( 1 9 5 6 ) . To c a l c u l a t e  t h e  f l e x u r e  o f  a m ode l  w i t h  

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

e q u a t i o n  i n  t h e  space d o m a in .  The s o l u t i o n  can be c a l c u l a t e d  as a 

s e r i e s  o f  d i s k s  o f  v a r y i n g  r a d i i ,  d e p t h  and d e n s i t y .

The p o s s i b l e  v a r i a t i o n  i n  t h e  d e n s i t y  o f  t h e  l o a d  can be 

o ve rcom e  by an a v e r a g i n g  p r o c e s s  w h e re b y  t h e  h i g h  d e n s i t y  o f  t h e  

i s l a n d  c o r e  and l o w e r  d e n s i t y  s u r r o u n d i n g  m a t e r i a l  a re  summed t o  g i v e  

an a v e r a g e  d e n s i t y .  Ro b e r t s o n  ( 1967 )  g i v e s  d e n s i t i e s  o f  2870 kg /m ^  and

2350 kg /m  f o r  t h e  i n n e r  and o u t e r  p a r t s  o f  t h e  S o u t h e r n  Cook I s l a n d s .
» »

M c N u t t  & Menard  ( 1 9 7 8 ) . who ex am in e d  l i t h o s p h e r i c  f l e x u r e  due t o  t h e  

l o a d  o f  t h e  same i s l a n d  g r o u p ,  used a d e n s i t y  o f  2800 kg /m ^  f o r  t h e  

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

o b s e r v e d  f l e x u r e .

W a t t s  & R ib e  (1 984)  . i n  a s t u d y  o f  f l e x u r e  o f  t h e  l i t h o s p h e r e  a t  

s e a m o u n t s ,  e x am in ed  4 d i f f e r e n t  m o d e l s ,  i n c l u d i n g  t h e  t h i n  p l a t e  mode l  

shown above  and a s i m i l a r  m o d e l  w i t h  v a r i a b l e  d e n s i t y  s e d i m e n t  i n f i l l .  

The t e c h n i q u e s  d e s c r i b e d  by B o d in e  e t  a l  ( 1 9 8 1 )  w e re  used t o  c a l c u l a t e  

t h e  g r a v i t y  and g e o i d  a n o m a l i e s  due t o  each o f  t h e  m o d e l s .  The 

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

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

t h i n  p l a t e  m o d e l .  T h i s  s u g g e s t s  t h a t  u s i n g  t h e  c o n s t a n t  d e n s i t y  m od e l  

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

T h e r e f o r e  t h e  m o d e l  used i n  C h a p t e r s  7 & 8 w i l l  g i v e  e s t i m a t e s  o f  t h e

e f f e c t i v e  e l a s t i c  t h i c k n e s s  t h a t  can be c o n s i d e r e d  t o  be a maximum. A

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

Lambeck & N a k i b o a l u  ( 1 9 8 0 ) .

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

m od e l  o u t l i n e d  a b o v e ,  assumed t o  be l i n e a r  w i t h  r e s p e c t  t o  t i m e .  The
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possibility that this is not the case was investigated by Watts (1978)

Watts..Sr Cochran 11974) while studying the Hawai lan-Emperor

seamount chain. A viscoelastic model was used to try and account for 

the variation in effective elastic thickness from the Hawaiian Ridge

('^30 km) to the Emperor Seamounts (10-30 km). The time constants were

so different for the two parts of the seamount chain, however, that

the simple viscoelastic model had to be rejected. The alternative is

that the effective elastic thickness, measured by the simple thin 

plate, model, is acquired at the time of loading and does not change 

appreciably with time. This suggestion has been further strengthened 

by studies by Watts et al (1 9801 and McNutt ( 1 984) .

Sediments that blanket layer 2 are ’also another difference 

between the ’real' situation and the thin plate model. Ideally the 

study should concentrate on the topography of layer 2 and correct the 

depth to this layer for the thickness of overlying sediments. This was 

used as part of the argument for flexure beneath Hawaii by 

Walcott (19 7 0 ) . It is, however, impractical to use such an argument in 

the case of the Cape Verde Rise since the seismic evidence is not as 

detailed as in the Hawaiian case (Chapter 4 outlines the available 

seismic data for the Cape Verde Rise). The sediments will serve t o  

smooth out the rough topography of layer 2 and since the sediments 

form a more or less uniform blanket over the rise they can be 

accounted for by a D.C. shift, or constant offset term in the 

bathymetric signal. The spatial frequencies that could be affected are 

therefore either very high (A'I^q qs km'"') or very low ( A" ̂ <0.002

km S . Ribe (1982) suggests that the diagnostic waveband for examining 

lithospheric flexure is between 0.003 km  ̂ and 0.02 km  ̂. It is

considered therefore that the overlying sediments will not seriously

affect the observed relationship between the bathymetry and gravity.

or geoid.
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CHAPTER 6 (DATA PROCESSING)

6.1  INTRODUCTION

U s in g  t h e  t h i n  p l a t e  m od e l  o u t l i n e d  i n  C h a p t e r  5 i t  i s  p o s s i b l e  

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

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

C h a p t e r  5 p r o v i d e s  f o r  c o n t r i b u t i o n s  t o  t h i s  n e g a t i v e  a n o m a ly  f r o m  t h e  

t o p o g r a p h y / l a y e r ?  , l a y e r ? / I a y e r 3  and l a y e r 3 / u p p e r  m a n t l e  i n t e r f a c e s .  

The t o t a l  f r e e  a i r  g r a v i t y  anoma ly  o b s e r v e d  by a s u r f a c e  s h i p  w i l l  

t h e  sum o f  t h e  a n o m a ly  due t o  t h e  b a t h y m e t r i c  f e a t u r e  and t h e  anoma ly  

due  t o  t h e  c o m p e n s a t i o n .  The s i z e  o f  t h e  c o n t r i b u t i o n  f r o m  t h e  

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

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

depen d  on t h e  r i g i d i t y  o f  t h e  o c e a n i c  c r u s t .

As was o u t l i n e d  i n  C h a p t e r  5,  a v e r y  r i g i d  c r u s t ,  t h a t  i s  o ne

w i t h  a h i g h  e f f e c t i v e  e l a s t i c  t h i c k n e s s  ( >40 km) ,  w i l l  s u p p o r t  a l o a d  

w i t h  l i t t l e  b e n d i n g  and hence  t h e  n e g a t i v e  g r a v i t y  ano m a ly  due t o  t h e  

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

( >200 km) .  A v e r y  weak c r u s t ,  t h a t  i s  one w i t h  a l o w  e f f e c t i v e  e l a s t i c  

t h i c k n e s s  ( <5k m) ,  on t h e  o t h e r  h and ,  w i l l  bend e a s i l y  and p r o d u c e  a 

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

( 5 0 - 100 km) .  The e x t r e m e s  o f  t h i s  t y p e  o f  s i m p l e  m o d e l  a r e : -

1) The c r u s t  i s  i n f i n i t e l y  s t r o n g  and t h e  l o a d  i s  s u p p o r t e d  b y  

t h e  s t r e n g t h  o f  t h e  c r u s t  a l o n e .  The g r a v i t y  ano m a ly  i s  due t o  t h e  

b a t h y m e t r i c  f e a t u r e  and no c o n t r i b u t i o n  f r o m  t h e  c o m p e n s a t i o n  o c c u r s ,

?) The c r u s t  has  no s t r e n g t h  and t h e  l o a d  i s  s u p p o r t e d  by 

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

anoma ly  and t h e  l o a d  w o u l d  be i n  l o c a l  i s o s t a t i c  e q u i l i b r i u m .

W a t t s  e t  a l  ( 1 9 8 5 )  show e x a m p le s  o f  t h e s e  tw o  e x t r e m e s  f r o m  

o b s e r v a t i o n  o f  b a t h y m e t r y  and f r e e  a i r  g r a v i t y  i n  t h e  p a c i f i c .  F i g u r e

6.1  shows d a t a  c o l l e c t e d  o v e r  t h e  N e c k e r  R idg e  and an unnamed seamou nt
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F i g u r e  6 .1  O b s e rv e d  v a r i a t i o n  o f  f r e e  a i r  g r a v i t y  and 
two b a t h y m e t r i c  f e a t u r e s ,  o f  s i m i l a r  h o r i z o n t a l  
d i m e n s i o n s ,  i n  t h e  P a c i f i c  o c ean ,  t a k e n  f r o m  W a t t s  e
u p p e r  p r o f i l e  i s  o v e r  an unnamed seamount  s o u t h - w e s t  
R id g e  and shows r e l a t i v e l y  s m a l l ,  o r  a b s e n t ,  n e g a t i v e  
f e a t u r e  i s  c o n s i d e r e d  t o  be fo rm ed  on c r u s t  w i t h  a 
e f f e c t i v e  e l a s t i c  t h i c k n e s s  and t h u s  t h e  t o p o g r a p h y  
t h e  r i g i d i t y  o f  t h e  l i t h o s p h e r e .  The l o w e r  p r o f i l e  
R idg e  shows p ro n o u n c e d  n e g a t i v e  s i d e  l o b e s .  T h i s  i n d  
t o p o g r a p h y  i s  n o t  w h o l l y  s u p p o r t e d  by t h e  r i g i d i t y  o 
some r e g i o n a l  c o m p e n s a t i o n  has o c c u r e d .

b a t h y m e t r y  o v e r  
and v e r t i c a l  
t  a l  ( 1 9 8 5 ) . The 

o f  t h e  H a w a i i a n  
s i d e  l o b e s .  T h i s  
h i g h  0 3 0  km) 

i s  s u p p o r t e d  by 
o v e r  t h e  N ec k e r  
i c a t e s  t h a t  t h e  
f  t h e  c r u s t  and
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s o u t h  w e s t  o f  t h e  H a w a i i a n  R i d g e .  Bo th  f e a t u r e s  a re  o f  s i m i l a r  c r o s s  

s e c t i o n a l  a r e a .  The N e c k e r  R idg e  i s  c h a r a c t e r i s e d  by a r e l a t i v e l y  

s m a l l  a m p l i t u d e  (BOmgal )  h i g h  o v e r  t h e  r i d g e ,  f l a n k e d  by r e l a t i v e l y

s m a l l  a m p l i t u d e  l ow s  ( - 2 0  m g a l )  on e i t h e r  s i d e .  T h i s  s i t u a t i o n

c o r r e s p o n d s  t o  t h e  l o w  f l e x u r a l  r i g i d i t y  c a s e .  I n  c o n t r a s t  t h e  unnamed 

seamount  has a h i g h  a m p l i t u d e  (120 m g a l )  anoma ly  o v e r  t h e  b a t h y m e t r i c ,  

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

c o r r e s p o n d  t o  a case  w he re  t h e  e f f e c t i v e  e l a s t i c  t h i c k n e s s ,  and h e n c e  

f l e x u r a l  r i g i d i t y ,  was h i g h .

6 .2  FOURIER TRANSFORMATION

» *

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

ano m a ly  d a t a  i s  t o  t r y  and p a r a m e t e r i z e  t h e i r  r e l a t i o n s h i p  and t o  show 

how t h i s  v a r i e s  w i t h  w a v e l e n g t h .  The o b s e r v e d  r e l a t i o n s h i p  can t h e n  be 

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

C h a p t e r  5. I t  i s  n e c e s s a r y  t o  b r e a k  down t h e  c o m p le x  s i g n a l s  o f

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

The same t e c h n i q u e s  t h a t  a r e  used i n  t i m e  se qu en c e  a n a l y s i s  can 

be a p p l i e d  t o  s i g n a l s  i n  t h e  space  d o m a i n .  F o u r i e r  s e r i e s  a r e  a 

c o n v e n i e n t  way o f  d e s c r i b i n g  a c o m p le x  s i g n a l  as a sum o f  s i n e  and 

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

A f u n c t i o n  f ( t )  can be d e s c r i b e d ,  o v e r  t h e  p e r i o d  - T / 2 ( t < T / 2 ,  by 

t h e  i n f i n i t e  s e r i e s  ( K r e v z i q  ( 1 9 7 9 )  0 4 7 9 ) : -

f ( t ) = a  +£ (a  c o s t 2 ï ï n t / T ) *b  s i n i 2 n n t / T ) )  ( F 6 . 1 )
« n n

w h e re  a^ = 1 / T j f ( t ) d t

a = 2 / T / f ( t ) c o s ( 2ïïn t / T ) d t  
n

b =2 / T j f ( t ) s i n ( 2 ï ï n t / T )  d t  
n

and t h e  i n t e r v a l  o f  i n t e g r a t i o n  i s  o v e r  t h e  p e r i o d  - T / 2 ( t < T / 2
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The c o e f f i c i e n t s  a u ...i- „ .
n b^ g i v e  t h e  a m p l i t u d e s  o f  t h e  c o s i n e  and

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

f u n c t i o n ,  t o  an i n f i n i t e l y  s m a l l  w a v e l e n g t h .  The a^ t e r m  can be

c o n s i d e r e d  as a c o n s t a n t ,  o r  D.C. s h i f t ,  t e r m .

The s e r i e s  can be s p l i t  i n t o  tw o  p a r t s ;  t h e  even c o e f f i c i e n t s  

c o m p r i s e d  o f  c o s i n e  t e rm s  and t h e  odd c o e f f i c i e n t s  c o m p r i s e d  o f  t h e  

s i n e  t e r m s .  The c o s i n e  t e r m s  a r e  c o n s i d e r e d  even s i n c e  t h e y  a re  

s y m m e t r i c  a b o u t  z e r o .  T h a t  i s : -

c o s ( X ) = c o s ( - X  ) ( F 6 . 2 )

o-

S i m i l a r i t y  t h e  s i n e  t e rm s  a re  c o n s i d e r e d  odd s i n c e  s i n e  

f u n c t i o n s  a r e  a s y m m e t r i c  a b o u t  z e r o .  T h a t  i s : -

s i n ( X ) = - s i n ( - X ) ( E G . 3)

U s i n g  E u l e r ' s  f o r m u l a  i t  i s  p o s s i b l e  t o  r e w r i t e  t h e  F o u r i e r  

s e r i e s  i n  t e r m s  o f  c o m p le x  a r i t h m e t i c .

e x p ( i x ) = c o s ( X ) + i s i n ( X ) E u l e r ' s  f o r m u l a .  ( F 6 . 4 )

t  ) = l F n e x p  ( i 2 ï ï n t / T  ) ( F 6 . 5 )

w h e re  F ^ = i / r f f ( t ) e x p ( - i 2 n n t / T ) d t  

i = / ( - 1 )

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

and i m a g i n a r y  p a r t s .  The r e a l  p a r t  c o r r e s p o n d s  t o  t h e  even c o s i n e  

t e r m s ,  w h e re a s  t h e  i m a g i n a r y  p a r t  c o r r e s p o n d s  t o  t h e  odd ,  s i n e  t e r m s .  

F i g u r e  6 . 2  shows how a c o m p l i c a t e d  s i g n a l ,  t h a t  c o u l d  r e p r e s e n t
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Compl ex  s i gnal  composed  of  3 s imple cos i ne  f unc t i ons

f ( x ) = c o s ( x ) + 0 . 5 c o s ( 2 x )
- 0 . 2 5 c o s ( 4 x )

-T

- 1. 0

1.0
f ( x ) =c o s ( x )

-71

- 1.0

f ( x ) = 0 . 5 c o s ( 2 x )

- 0 . 5

f ( x ) = - 0 . 2  5 c o s ( 4 x  )0 . 25

-7t
- 0 . 2

F i g u r e  6 . 2  E xam p le  o f  how a c o m p le x  s i g n a l  ( u p p e r  c u r v e )  can be b r o k e n  
down i n t o  a s e r i e s  o f  s i m p l e  c o s i n e s  ( l o w e r  c u r v e s ) .  T h i s  i s  t h e  
p r i n c i p l e  o f  F o u r i e r  a n a l y s i s  and i s  a l i m i t e d  a p p l i c a t i o n  o f  e q u a t i o n  
E 6 . 1 .
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a seam oun t  o r  i n t e r - i s l a n d  r i d g e ,  be decomposed i n t o  a s i m p l e  sum o f  

c o s i n e  t e r m s .  The o r i g i n a l  s i g n a l  i s  s y m m e t r i c  so o n l y  r e a l ,  c o s i n e  

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

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

The a l g o r i t h m  ( E 5 . 5 )  g i v e n  above i s  o n l y  s u i t a b l e  t o  d e s c r i b e  

c o n t i n u o u s  f u n c t i o n s  and m us t  be m o d i f i e d  f o r  use w i t h  f u n c t i o n s  

s a m p le d  a t  d i s c r e t e  i n t e r v a l s .  F i g u r e  6 . 3  i l l u s t r a t e s  t h e  d i f f e r e n c e  

b e t w e e n  c o n t i n u o u s  and d i s c r e t e  f u n c t i o n s .  The d i s c r e t e  f o r m  o f  t h e  

F o u r i e r  t r a n f o r m  i s : -

F ( t ^ ) = [ f ( x ^ ) e x p ( - i 2 n k ] / N )  ( F 6 . 6 )

w h e re  k = 0 , 1 , 2 .................. ( N / 2 )

I t  i s  p o s s i b l e  t o  g e t  t h e  o r i g i n a l  space  d o m a in  d a t a  s e r i e s  f r o m  

t h e  F o u r i e r  c o e f f i c i e n t s  by a p p l i c a t i o n  o f  t h e  i n v e r s e  F o u r i e r  

t r a n s f o r m a t i o n .

) = 1 / N E F ( X j ^ ) e x p ( i 2 ï ï k j / N )  (ES. 7)

w h e re  j = 1 , 2 , 3 .................. N

The t r a n s f o r m a t i o n  f r o m  space  dom a in  t o  s p a t i a l  f r e q u e n c y  dom ain  

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

o r i g i n a l  s e r i e s  has  w a v e l e n g t h  (X)  u n i t s  o f  km t h e n  t h e  t r a n s f o r m e d  

s e r i e s  has s p a t i a l  f r e q u e n c y  u n i t s  o f  k m " \  o r  i n v e r s e  w a v e l e n g t h  

( X ' S .  A g a i n ,  as i n  t h e  t i m e  s e r i e s  a n a l o g y ,  t h e  h i g h e r  t h e  s p a t i a l

f r e q u e n c y  t h e  s h o r t e r  t h e  w a v e l e n g t h  and v i c e  v e r s a .

C o m p u t a t i o n  u s i n g  e q u a t i o n  EG .7 can be s l o w  i n  t e r m s  o f  c o m p u t e r  

t i m e  s i n c e  i t  r e q u i r e s  g e n e r a t i o n s  o f  a d d i t i o n  and m u l t i p l i c a t i o n .
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(a)

f ( t )

(b)

g ( t )
0*9 0-9

0-5 0-5

0-0

- 0 5—  0*5

- 0  9 *  - 0*9
- 1 0

F i g u r e  6 . 3  I l l u s t r a t i o n  o f  d i s c r e t e  s a m p l i n g  o f  a c o n t i n u o u s  f u n c t i o n ,  
a)  r e p r e s e n t s  t h e  c o n t i n u o u s ,  i n  t h i s  ca se  s i n e ,  f u n c t i o n  v a r y i n g  as a 
f u n c t i o n  o f  ( t ) .  b)  r e p r e s e n t s  t h e  s am p le d  f u n c t i o n  w i t h  t h e  sa mp le  
r a t e  a t  6 / w .  S a m p l i n g  r e d u c e s  t h e  s m a l l e s t  r e s o l v a b l e  f r e q u e n c y  t o  t h e  
N y q u i s t  f r e q u e n c y ,  i n  t h i s  case  3 / i r .
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By u s i n g  an a l g o r i t h m  known as t h e  F a s t  F o u r i e r  T r a n s f o r m  IF FT)  i t IS

p o s s i b l e  t o  r e d u c e  t h e  number  o f  o p e r a t i o n s  t o  N lo q  u . . .  ,
=2 ^ and t h u s  make

t r a n s f o r m a t i o n  o f  l a r g e  s e r i e s  more e f f i c i e n t .  A m a j o r  r e q u i r e m e n t . , ,  

h o w e v e r ,  i s  t h a t  t h e  d a t a  s e r i e s  i s  an i n t e g e r  pow er  o f  2 l o n g .  The 

a l g o r i t h m  used t h r o u g h o u t  t h i s  w o r k  i s  by C o o le v  and Tukev  ( 1 9 6 6 1 .

S e v e r a l  i m p o r t a n t  c o n s t r a i n t s  m u s t  be s a t i s f i e d  b e f o r e  d a t a  can  

be pass ed  i n t o  t h e  F a s t  F o u r i e r  A l g o r i t h m .

1) The d a t a  p o i n t s  s h o u l d  be r e g u l a r l y  s p a c e d ;  t h e  d a t a  s e r i e s

s h o u ld  have a c o n s t a n t  samp le  i n t e r v a l .  The min imum  d a t a  s p a c i n g

r e q u i r e d  t o  d e f i n e  a s i n u s o i d a l  wave i s  2 s a m p l e s / w a v e l e n g t h .

T h e r e f o r e  t h e  maximum s p a t i a l  f r e q u e n c y  t h a t  can be r e s o l v e d  w i l l  be

f *
h a l f  t h e  s a m p l i n g  f r e q u e n c y .  T h i s  maximum f r e q u e n c y  i s  known as t h e  

N y q u i s t  f e q u e n c y .

2) As has a l r e a d y  been n o t e d ,  a r e q u i r e m e n t  f o r  t h e  FFT i s  t h a t  

t h e  d a t a  s e r i e s  has l e n g t h  e q u i v a l e n t  t o  an i n t e g e r  pow er  o f  2. The 

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

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

f r e q u e n c y  i s  known as t h e  f i r s t  h a r m o n i c ,  W ( N A x ) ,  and t h e  s e r i e s  

i n c r e a s e s  up t o  t h e  N y q u i s t  f r e q u e n c y ,  { N / 2 ) / ( NAx) = 1 / 2 A x .

3) The f i n a l  c o n s t r a i n t  i s  t h a t  t h e  f i r s t  and l a s t  d a t a  p o i n t  

s h o u ld  be e q u a l .  T h i s  i s  a c i r c u l a r  u n i v e r s e  r e q u i r e m e n t  w h e r e b y  a 

f i n i t e  s e r i e s  can be c o n s i d e r e d  i n f i n i t e  by j o i n i n g  up t h e  f i r s t  and  

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

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

The o r i g i n a l  d a t a  s e r i e s  i s  pas s e d  i n t o  t h e  FFT a l g o r i t h m  as a 

comp le x  a r r a y  w i t h  t h e  d a t a  v a l u e s  i n  t h e  r e a l  p a r t  and t h e  i m a g i n a r y  

p a r t  se t  t o  z e r o .  A f t e r  t r a n s f o r m a t i o n  t h e  c o m p le x  s e r i e s  c o n t a i n s  t h e  

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

i m a g i n a r y  p a r t .  The sym metr y  o f  t h e  t r a n s f o r m e d  s e r i e s  i s  i m p o r t a n t ,  

e s p e c i a l l y  i f  t h e  i n v e r s e  F o u r i e r  t r a n s f o r m  i s  t o  be a p p l i e d  a t  some
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l a t e r  stage.

For  an i n p u t  s e r i e s  o f : -

Where n = 0, 1 , 2 , 3  (N-  1 )

N = i n t e g e r  pow er  o f  2

à r 0n

The t r a n s f o r m e d  s e r i e s  i s  F (k  i
n '

Where n = 0 , 1 , 2 , 3 ............ ( N - 1 )  as bef ore

c ^ = r e a l ,  c o s i n e  c o e f f i c i e n t s

d ^ r i m a g i n a r y , s i n e  c o e f f i c i e n t s

The sym metr y  i s  as f o l l o w s : -

dO=0=dN/2 

d l = - d ( N -1 )

( F 6 . 8 )

( F 6 . 9 )

d l N / 2 - 1 ) = - d ( N / 2 + 1 )

The above t h e o r y  has been o u t l i n e d  f o r  a s i m p l e  1- d i m e n s i o n a l  

s y s t e m  w he re  f ( x )  i s  d e p e n d e n t  o n l y  on x .  T h i s  c a n ,  h o w e v e r ,  be e a s i l y  

e x t e n d e d  f o r  t h e  ca se  w he re  f ( x , y )  i s  d e p e n d e n t  on 2 v a r i a b l e s ,  x and 

y . The same a l g o r i t h m  can be used b u t  c a r e  m us t  be t a k e n  when
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r e a r r a n g i n g  t h e  c o e f f i c i e n t s  t h a t  t h e  c o r r e c t  symmetry  i s  m a i n t a i n e d  

K a n a s e w ic h —(JL975J, shows t h a t  f o r  2 - d i m e n s i o n a l  d a t a  t h e  sym metry  

s h o u l d  be o f  t h e  f o r m : -

aO a 1 a 2 a 3 a 4 a 3 a 2 a 1
bO b 1 b 2 b 3 b 4 b 3 b 2 b 1
cO c 1 c 2 c 3 c 4 c 3 c 2 c 1

dO d 1 d 2 d 3 d 4 d 3 d 2 d 1

eO « 1 e 2 e 3 e 4 e 3 e 2 e 1
dO d1 d 2 d3 d 4 d 3 d 2 d 1

cO c 1 c 2 c 3 c 4 c 3 c 2 c 1

bO b 1 b 2 b 3 b 4 b 3 b 2 b1

The d a t a  a r e  passed  i n t o  t h e  FFT a l g o r i t h m  as a 1- d i m e n s i o n a l  

s e r i e s  by r e a d i n g  t h e  2 - d i m e n s i o n a l  s e r i e s  by c o lu m n s  o r  r o w s .

6 . 3  ADMITTANCE (OR RESPONSE FUNCTION)

The r e l a t i o n s h i p  o f  b a t h y m e t r y  t o  f r e e  a i r  g r a v i t y  anoma ly  i n  

t h e  s p a t i a l  f r e q u e n c y  dom a in  i s  known as t h e  a d m i t t a n c e  o r  r e s p o n s e  

f u n c t i o n .  T h i s  r e l a t i o n s h i p  can a l s o  be d e s c r i b e d  i n  t h e  sp ace  d o m a i n ,  

as p o i n t e d  o u t  by M c K e n z ie  & Bo w in  ( 1 9 7 6 ) . as a c o n v o l u t i o n  o f  t h e

b a t h y m e t r y  w i t h  a f i l t e r ,  t h e  r e s u l t  o f  w h i c h  i s  t h e  g r a v i t y .  By u s i n g

t h e  c o n v o l u t i o n  t h e o r u m ,  i t  i s  s i m p l e  t o  show t h a t  t h e  c o n v o l u t i o n  i n  

t h e  space  d om a in  i s  e q u i v a l e n t  t o  m u l t i p l i c a t i o n  i n  t h e  s p a t i a l  

f r e q u e n c y  d o m a i n .  Many w o r k e r s ,  such  as M c N u t t  ( 1979 ) .

W a t t s  h  R ib e  ( 1964 ) and R ib e  h W a t t s  ( 1982 ) . have  used  t h i s

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

b a t h y m e t r y  d i v i d e d  by t h e  power  o f  t h e  b a t h y m e t r y  a t  a p a r t i c u l a r  

s p a t i a l  f r e q u e n c y ,  k^_ T h a t  i s : -

Z ( k ^ ) = < G ( k ^ ) * B ( k ^ ) * > / < B ( k ^ ) * B ( k ^ ) *> (E6 .  10)

w h e r e  Z (Jk^ )= th e  a d m i t t a n c e ,  o r  r e s p o n s e

G(k ) = f o u r i e r  t r a n s f o r m e d  g r a v i t y  s e r i e s  
—n

B ( k ^ ) = f o u r i e r  t r a n s f o r m e d  b a t h y m e t r y  s e r i e s
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*

= t h e  co m p le x  c o n j u g a t e  

< > = a v e r a g i n g  o v e r  s e v e r a l  e s t i m a t e s

A v e r a g i n g  can be p e r f o r m e d  by u s i n g  s e v e r a l  1- d i m e n s i o n a l  

p r o f i l e s  o v e r  t h e  same g e o l o g i c a l  f e a t u r e  as was done by 

T a m s e t t  ( 1 9 8 4 ) . W a t t s  ( 1 9 7 9 )  and C och ra n  (1979 1 . The a d m i t t a n c e  

e s t i m a t e s  a re  made a t  e q u a l  a r i t h m e t i c  i n t e r v a l s  o f  A k . w h e re  Ak = 2ir /T 

km  ̂ and T = t h e  t o t a l  l e n g t h  o f  t h e  d a t a  s e r i e s ,  and k ^ m A k ,  w i t h  

n = 1 , 2 , 3  . . . . e t c . T h i s  a r r a n g e m e n t  g i v e s  a s t r o n g  c o n c e n t r a t i o n  o f  d a t a  

v a l u e s  a t  t h e  s h o r t  w a v e l e n g t h  end o f  t h e  s p e c t r u m .  L o g a r i t h m i c a l l y

sp ace d  e s t i m a t e s ,  as shown by Dorman & L e w is  ( 1 972 ) . each c o n t r i b u t e
»  *

a p p r o x i m a t e l y  t h e  same amount  o f  i n f o r m a t i o n  so t h e  a d m i t t a n c e  

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

b a n d w i d t h s .  T h i s  i s  t h e  t e c h n i q u e  t h a t  has been a p p l i e d ,  i n  t h e  

a n a l y s i s  o f  f r e e  a i r  g r a v i t y  and b a t h y m e t r y  o v e r  t h e  Cape V e rd e  R i s e ,  

i n  C h a p t e r  7. A l t e r n a t i v e l y  i f  t h e  d a t a  i s  2 - d i m e n s i o n a l ,  a v e r a g i n g  

can be done  by summing t h e  F o u r i e r  c o e f f i c i e n t s  w i t h i n  s e t  l i m i t s  o f

|K^j, w h e r e  |k^ j= / ( k ^ ^ ^ + k y ^ ^  ) . T h i s  t y p e  o f  a z i m u t h a l  a v e r a g i n g  was used 

by M c N u t t  ( 1 9 7 9 ) . Dorman & L e w i s  ( 1 9 7 2 )  and Banks h Swa in  ( 1 9 7 8 )  and 

was u t i l i s e d  i n  C h a p t e r  8 f o r  a n a l y s i s  o f  t h e  r e l a t i o n s h i p  b e tw e e n  t h e  

m a r i n e  g e o i d  and b a t h y m e t r y ,  i n  2 - d i m e n s i o n s ,  o v e r  t h e  Cape Ve rde  

R i s e .

The o b s e r v e d  a d m i t t a n c e  i s  a c o m p le x  s e r i e s  w i t h  b o t h  r e a l  and

i m a g i n a r y  p a r t s .  M c K e n z ie  & Bow in  ( 1 9 7 6 ) . p o i n t e d  o u t  t h a t

t h e o r e t i c a l l y  t h e  a d m i t t a n c e  s h o u l d  be r e a l  f o r  a l l  v a l u e s  o f  J<^. T h i s

i s  e a s i l y  u n d e r s t o o d  by c o n s i d e r i n g  t h a t  a c o n s t a n t  d e n s i t y

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

a i r  g r a v i t y  anoma ly  t h a t  has t h e  same s y m m e t r y ;  t h e r e  s h o u l d  be no

phase  s h i f t  b e tw e en  t h e  g r a v i t y  anoma ly  and t h e  b a t h y m e t r y .

The phase  o f  t h e  a d m i t t a n c e ,  , can be c a l c u l a t e d  s i m p l y
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f r o m  : -

* ( ^ n ) = t a n " 1 ( l m ( Z ( k ^ ) ) / R l ( Z ( k ^ ) ) )  ( F 6 . 1 1 )

w h e r e  Im = th e  i m a g i n a r y  p a r t  

R l = t h e  r e a l  p a r t

T h i s  c a l c u l a t e d  phase  can be used as a m easu re  o f  how c l o s e  t h e  

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

o b s e r v e d  a d m i t t a n c e  s h o u l d  have l o w  phase  v a l u e s  a t  a l l  w a v e l e n g t h s .

A n o t h e r  u s e f u l  m easu re  o f  t h e  s i m i l a r i t y  o f  b a t h y m e t r y  and

» '
g r a v i t y  i n  t h e  s p a t i a l  f r e q u e n c y  d om a in  i s  t h e  c o h e r e n c e .  T h i s  i s  t h e  

m ea s u re  o f  t h e  p o r t i o n  o f  t h e  o b s e r v e d  g r a v i t y  t h a t  can be a t t r i b u t e d  

t o  t h e  b a t h y m e t r y  a t  t h e  same s p a t i a l  f r e q u e n c y .  I t  i s  c a l c u l a t e d  

f r o m ; -

T ^ = ( N ( C C * / E 1 E 2 ) - 1 ) / ( N - 1 )  ( E 6 . 1 2 )

w h e r e  C = th e c r o s s s p e c t r u m  o f  b a t h y m e t r y and g r a v i t y

E l = t h e pow er o f  t h e  g r a v i t y

E2 = th e pow er o f  t h e  b a t h y m e t r y

N = t h e number o f  v a l u e s  used i n  t h e a v e r a g i n g .

The c o h e r e n c e  s h o u l d  v a r y  f r o m  1, f o r  a good c o r r e l a t i o n  o f  

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

g r a v i t y  and b a t h y m e t r y .

An e s t i m a t e  o f  t h e  e r r o r  a s s o c i a t e d  w i t h  o b s e r v e d  v a l u e s  o f  

a d m i t t a n c e  can be c a l c u l a t e d  f r o m  t h e  c o h e r e n c e  by a s s u m in g  t h a t  t h e  

o b s e r v e d  v a l u e s  have  z e r o  mean and a r e  n o r m a l l y  d i s t r i b u t e d  w i t h  a 

v a r i a n c e  g i v e n  b y ,  Munk & C a r t w r i g h t  ( 1 9 6 6 ) : -
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(i<n) =Z^ ( J<n) ( -y  ̂ - 1 ) /2  ( N - 1 ) ( F 6 . 1 3 )

The a v a i l a b l e  b a t h y m e t r y ,  f r e e  a i r  g r a v i t y  and m a r i n e  g e o i d  

d a t a ,  o v e r  t h e  Cape Ve rde  R i s e  has been o u t l i n e d  i n  C h a p t e r  2,  s e c t i o n  

2 . 5 .  The a n a l y s i s  can be s p l i t  i n t o  t w o  q u i t e  s e p a r a t e  p a r t s  w i t h  t h e  

f r e e  a i r  g r a v i t y  a n o m a l i e s  and b a t h y m e t r y  a l o n g  s h i p ’ s t r a c k s  f o r m i n g  

a 1- d i m e n s i o n a l  a n a l y s i s  and t h e  g r i d d e d  b a t h y m e t r y  and m a r i n e  g e o i d  

d a t a  f o r m i n g  a 2 - d i m e n s i o n a l  a n a l y s i s .

6 . 4  1-DIMENSIONAL DATA FOR THE CAPE VERDE RISE

W a t t s  ( 1 9 7 8 ) . a n a l y s e d  s h i p ' s  t r a c k  p r o f i l e s  c r o s s i n g  t h e
» *

H a w a i i a n - E m p e r o r  seamou nt  c h a i n  and assumed t h a t  s i n c e  t h i s  f e a t u r e  i s  

e s s e n t i a l l y  a l o n g  c o n t i n u o u s  r i d g e  i t  c o u l d  be t r e a t e d  as a 

1- d i m e n s i o n a l  p r o b l e m .  The same t y p e  o f  a n a l y s i s  w i l l  be a p p l i e d  t o  

t h e  d a t a  f o r  t h e  Cape V e rd e  I s l a n d s ,  b u t  t h e  p a r t i c u l a r  p r o f i l e s  mus t  

be c h os e n  c a r e f u l l y .  The Cape V e rd e  I s l a n d s ,  as can be seen i n  F i g u r e  

6 . 4 ,  a r e  d i s p o s e d  a l o n g  two  p r o m i n e n t  r i d g e s .  The s t r i k e  l e n g t h  o f  

t h e s e  r i d g e s  i s  much s m a l l e r  t h a n  t h e  s t r i k e  l e n g t h  o f  t h e  H a w a i i a n  

E m pero r  r i d g e  o f  s eam oun ts  and t h i s  p r o b l e m  i s  d e a l t  w i t h  i n  C h a p t e r  

7, i n  t h e  i n t e r p r e t a t i o n  s e c t i o n .  Of more  i m m e d i a t e  i m p o r t a n c e  i s  t h e  

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

i s l a n d  r i d g e s  and c o n t i n u e  some d i s t a n c e  on e i t h e r  s i d e .  To o v e r c o m e  

t h i s  p r o b l e m  i t  was d e c i d e d  t o  s e l e c t  p r o f i l e s  t h a t  a p p ro a c h e d  t h e  

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

th em  o n t o  a t r u l y  p e r p e n d i c u l a r  t r a c k .  A l s o ,  t h e s e  t r a c k s  t y p i c a l l y  

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

and t h e n  r a n  p a r a l l e l  t o  th em .  To o ve rcom e  t h i s  t h e  p r o j e c t e d  t r a c k s  

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

p e r f e c t  s y m m e t r y .  Of  t h e  10 t r a c k s  used i n  t h e  a n a l y s i s  o f  C h a p t e r  7 

o n l y  1 was n o n - r e f l e c t e d .

VI-13



BATHYMETRIC & TRACK CHART OF THE CAPE VERDE ARCHIPELAGO

02

09 -  03

05

06

04

0708

-20 W

F i g u r e  6 . 4  B a t h y m e t r i c  map o f  t h e  Cape Ve rde  R i s e  w i t h  t h e  a v a i l a b l e  
g r a v i t y  and b a t h y m e t r y  t r a c k  d e n s i t y  shown.  The i s l a n d s  a p p e a r  t o  be 
d i s p o s e d  a l o n g  two  p r o m i n e n t  r i d g e s  o f  l i m i t e d  l a t e r a l  e x t e n t .  The 
r i d g e s  a re  f r o m  San An tao  t o  San N i c o l a u  and f r o m  S a l  t o  B r a v a .
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The p u r p o s e  o f  t h e  s t u d y  i s  t o  t r y  and e s t i m a t e  t h e  e f f e c t i v e  

e l a s t i c  t h i c k n e s s  o f  t h e  Cape Ve rde  R is e  u s i n g  t h e  r e s p o n s e  o f  t. ihe 

o c e a n i c  l i t h o s p h e r e  t o  t h e  l o a d  o f  t h e  Cape V e rd e  I s l a n d s  and a s i m p l e  

t h i n  p l a t e  m o d e l ,  o u t l i n e d  i n  C h a p t e r  5. The p r o f i l e s ,  t h e r e f o r e  had  

t o  be s e l e c t e d  t h a t  r a n  t o w a r d s  t h e  i s l a n d s  b u t  r e m a i n e d  o v e r  t h e  Cape 

Ve rde  R i s e .  T h i s  l i m i t e d  t h e  s i z e  o f  t h e  d a t a  s e r i e s  t o  " 5 0 0  km. I n  

f a c t ,  t o  s a t i s f y  one o f  t h e  c o n s t r a i n t s  o f  t h e  FFT a l g o r i t h m  t h e

maximum s i z e  o f  t h e  d a t a  s e r i e s  was t a k e n  as 512 km. F o r  t h e  r e f l e c t e d  

p r o f i l e s  t h i s  meant  t h a t  o n l y  256 km o f  d a t a  w e re  n e c e s s a r y .  The 

N y q u i s t  f r e q u e n c y  was t a k e n  as 0 . 1 2 5  km"1,  w h i c h  r e p r e s e n t s  a

w a v e l e n g t h  o f  8 km. T h i s  v a l u e  was c hosen  as a c o m p ro m is e  b e tw e en  t h e

c l o s e  d a t a  p o i n t  s p a c i n g  o f  t h e  L e i c e s t e r  d a t a  s e t ,  " 0 . 3  km, and t h e  

r a t h e r  l a r g e r  d a t a  p o i n t  s p a c i n g  on some o f  t h e  W o r ld  Data  C e n t r e  

t r a c k s ,  up t o  2 , 8  km.

L i n e a r  i n t e r p o l a t i o n  was used t o  g e t  f r o m  t h e  i r r e g u l a r  s p a c i n g  

o f  t h e  s h i p ' s  t r a c k  d a t a  t o  a r e g u l a r  s p a c i n g  o f  4 km, n e c e s s a r y  f o r  

t h e  FFT a l g o r i t h m .

The d a t a  p r o c e s s i n g  s e quence  f o r  t h e  g r a v i t y  and b a t h y m e t r y  

p r o f i l e s  a l o n g  s h i p ' s  t r a c k s  was as f o l l o w s : -

1) The i r r e g u l a r l y  spaced  d a t a  a l o n g  t h e  s h i p ' s  t r a c k s  was

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

2) The d a t a  w e re  t h e n  i n t e r p o l a t e d  o n t o  a c o n s t a n t  samp le

i n t e r v a l  o f  4 km.

3) A mean and t r e n d  was rem oved f r o m  t h i s  i n t e r p o l a t e d  d a t a  s e t .

4) The ends o f  t h e  d a t a  s e t  w e re  t a p e r e d  by h a l f - c o s i n e  b e l l

ends t o  remove any d i s c o n t i n u i t i e s  b e tw een  t h e  f i r s t  and l a s t  d a t a

v a l u e s .

5) The d a t a  s e r i e s  was padded o u t  w i t h  z e r o s ,  w h e re  n e c e s s a r y ,  

t o  make t h e  t o t a l  l e n g t h  512 km.
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A v e r a g e s  w e re  o b t a i n e d  o f  t h e  power  o f  t h e  b a t h y m e t r y  and t h e  

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

w a v e l e n g t h s  o v e r  t h e  10 p r o f i l e s  a n a l y s e d .  In  a d d i t i o n  a v e r a g i n g  was 

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

p r e f e r e n t i a l l y  smooth  t h e  s h o r t  w a v e l e n g t h  end o f  t h e  s p e c t r u m .  

A v e r a g i n g  was c e n t r e d  a b o u t  w h e re  6 k = 1 / 5 , 2  k m " '  and

0 = 1 , 2 , 3 , 5 , 9 , 1 5 , 2 5 , 6 0 .  D e t a i l s  and r e s u l t s  o f  t h e  1- d i m e n s i o n a l  

a n a l y s i s ,  o f  g r a v i t y  and b a t h y m e t r y ,  a r e  g i v e n  i n  C h a p t e r  7 .

6 . 5  2-DIMFNSIONAL DATA FOR CAPE VERDE RISE

As was p o i n t e d  o u t  i n  t h e  p r e v i o u s  s e c t i o n ,  t h e  Cape V e r d e  

I s l a n d s  can o n l y  be a p p r o x i m a t e d  as a 1- d i m e n s i o n a l , o r  l i n e  l o a d ,  and 

t h e n  o n l y  by c a r e f u l  s e l e c t i o n  o f  s h i p ' s  t r a c k s .  The h o r s e s h o e  s h a p e  

o f  t h e  a r c h i p e l a g o  r e a l l y  r e q u i r e s  a f u l l  2 - d i m e n s i o n a l  a n a l y s i s  t o  

e x a m in e  t h e  r e l a t i o n s h i p  b e tw e en  b a t h y m e t r y  and g r a v i t y .  U n f o r t u n a t e l y  

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

s e t  o v e r  t h e  Cape Ve rde  R i s e .  The b a t h y m e t r y  i s ,  h o w e v e r ,  s u f f i c i e n t l y  

w e l l  known and ,  as was shown i n  C h a p t e r  2,  a 5 x 5 '  g r i d d e d  d a t a  s e t  i s  

a v a i l a b l e .

I n s t e a d  o f  u s i n g  g r a v i t y ,  m ea s u rem e n ts  o f  t h e  m a r i n e  g e o i d  c o u l d  

be s u b s t i t u t e d ,  and t h e  r e l a t i o n s h i p  b e tw e en  t h e  g e o i d  and t h e  

b a t h y m e t r y  e x a m in e d .  G eo id  h e i g h t  d a t a  a r e  a v a i l a b l e  o v e r  t h e  Cape 

V e r d e  R i s e  on a 7 . 5 ' x 7 . 5 '  g r i d  f r o m  c o m b in ed  SEASAT and GE0S3 

s a t e l l i t e  p a s s e s .

S i n c e  t h e  a im  o f  t h e  s t u d y  i s  t o  e s t i m a t e  t h e  e f f e c t i v e  e l a s t i c  

t h i c k n e s s  o f  t h e  Cape Ve rd e  R i s e ,  a s u i t a b l e  a r r a y  s i z e  m us t  be c h o s e n  

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

i n t e r - i s l a n d  r i d g e s .  The g r i d  s i z e  i s  d e c i d e d  by t h e  g e o i d  d a t a  and i  s 

7 . 5 ' x 7 . 5 ' .  The b a t h y m e t r y  was ,  t h e r e f o r e ,  l i n e a r l y  i n t e r p o l a t e d  o n t o  

t h e  same g r i d  s i z e .  F o r  t h e  a n a l y s i s  s e v e r a l  s i m p l i f y i n g  a s s u m p t i o n s
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w e r e  made. F i r s t l y ,  i t  was a p p r o x i m a t e d  t h a t  a m i n u t e  o f  l a t i t u d e  be 

e q u a l  t o  1 .8 44  km. S e c o n d l y ,  i t  was assumed t h a t  a m i n u t e  o f  l a t i t u d e  

was e q u a l  t o  a m i n u t e  o f  l o n g i t u d e .  A t  t h e  l a t i t u d e  o f  t h e  Cape V e r d e  

I s l a n d s  t h i s  i n t r o d u c e s  an e r r o r  o f  o n l y  47.. Thus t h e  N y q u i s t  

f r e q u e n c y  i s ,  f o r  t h e  2 - d i m e n s i o n a l  s t u d y ,  0 .0 3 5 2  k m " ^ . o r ,  i n  o t h e r  

t e r m s ,  t h e  s m a l l e s t  r e s o l v a b l e  w a v e l e n g t h  w i l l  be 2 7 . 6 6  km.

The d a t a  a r e  t o  be p r o c e s s e d  u s i n g  t h e  FFT a l g o r i t h m  so t h e

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

o f  2 s t i l l  a p p l i e s .  An a r r a y  o f  s i z e  64x64 was c h o s e n ,  w h i c h  g i v e s  a 

h a r m o n i c  a t  a f r e q u e n c y  o f  0 .0 0 1 1 2 9  k m ' V  o r  a maximum w a v e l e n g t h

o f  8 8 5 . 1 2  km. A s i m p l e  s q u a r e  a r r a y  was used so t h a t  a z i m u t h a l

a v e r a g i n g  c o u l d  be a p p l i e d .

The d a t a  p r o c e s s i n g  s e quence  f o r  t h e  2 - d i m e n s i o n a l  d a t a  i s

s i m i l a r  t o  t h a t  o u t l i n e d  above  f o r  t h e  1- d i m e n s i o n a l  d a t a  w i t h  a f e w  

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

1) No r e s o l v i n g  o n t o  p e r p e n d i c u l a r  p r o f i l e s  i s  n e c e s s a r y .

2) No i n t e r p o l a t i o n  i s  r e q u i r e d  s i n c e  t h e  d a t a  i s  a l r e a d y  on a 

r e g u l a r  g r i d .

3) A l e a s t  s q u a r e s  b e s t  f i t t i n g  p l a n e  was rem oved w h i c h ,  i t  i s  

assumed,  c o r r e s p o n d s  t o  any mean and t r e n d  i n  t h e  d a t a .

4) The edges o f  t h e  d a t a  a r r a y  w e re  c o s i n e  t a p e r e d .

5)  The 64x64 e l e m e n t  a r r a y  needed no p a d d i n g  w i t h  z e r o s  and t h e  

d a t a  was r e a d  i n t o  a 1- d i m e n s i o n a l  a r r a y ,  o f  l e n g t h  4096,  by co lu m n s  

b e f o r e  p a s s i n g  i n t o  t h e  FFT a l g o r i t h m .

B e f o r e  c o m p u t a t i o n  o f  t h e  r e s p o n s e  f u n c t i o n ,  o r  a d m i t t a n c e ,  i t  

i s  n e c e s s a r y  t o  p e r f o r m  some a v e r a g i n g  t o  smoo th  t h e  s p e c t r a l  

e s t i m a t e s  o f  t h e  b a t h y m e t r i c  pow er  and c r o s s - s p e c t r u m  o f  b a t h y m e t r y  

and g e o i d .  F o r  g r i d d e d  d a t a ,  a z i m u t h a l  a v e r a g i n g  i s  used w i t h  a

VI-17



l o g a r i t h m i c a l l y  i n c r e a s i n g  b a n d w i d t h .  I n  t h i s  c a s e ,  w he re

' e s t i m a t e s  w e re  o b t a i n e d  a t  n= 1 , 2 ,  3,  5 ,  9 , 1 5 ,  25.  R e s u l t s  

and d e t a i l s  o f  t h i s  2 - d i m e n s i o n a l  a n a l y s i s  o f  g e o i d  and b a t h y m e t r y  

d a t a  a r e  g i v e n  i n  C h a p t e r  8.

6 . 6  FORWARD MODELLING

U s i n g  t h e  s i m p l e  t h i n  p l a t e  m od e l  o u t l i n e d  i n  C h a p t e r  5 i t  i s  

p o s s i b l e  t o  c om b in e  t h e  o b s e r v e d  b a t h y m e t r y  and t h e  c a l c u l a t e d  m o d e l  

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

due t o  t h e  o b s e r v e d  b a t h y m e t r y .  T h i s  has been c a l l e d ,  h e r e ,  f o r w a r d  

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

r e l a t i o n s h i p  b e tw e e n  g r a v i t y ,  o r  t h e  m a r i n e  g e o i d ,  and b a t h y m e t r y .

The p r e d i c t e d ,  o r  c a l c u l a t e d ,  g r a v i t y  and g e o i d  v a l u e s  a r e  on 

s i m i l a r  g r i d s  t o  t h e  b a t h y m e t r y  used i n  t h e  c o m p u t a t i o n .  To c o m p a r e  

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

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

as t h e  o b s e r v e d  v a l u e s .  T h i s  i s  done  u s i n g  a Nag l i b r a r y  s u b r o u t i n e  

based on q u a d r a t i c  i n t e r p o l a t i o n .

By u s i n g  g r i d d e d  2 - d i m e n s i o n a l  b a t h y m e t r y  d a t a ,  i t  i s  p o s s i b l e  

t o  a c c o u n t  f o r  t h e  c o m p l i c a t e d  shape o f  t h e  Cape Ve rd e  A r c h i p e l a g o .  

A f t e r  f o r w a r d  m o d e l l i n g  t h e  r e s u l t i n g  2 - d i m e n s i o n a l  g e o i d ,  o r  g r a v i t y ,  

can be compared w i t h  t h e  o b s e r v e d  g e o i d ,  o r  g r a v i t y ,  a l o n g  

s u b - s a t e l l i t e  t r a c k s ,  o r  s h i p ' s  t r a c k s .  T h i s  a n a l y s i s  can be p e r f o r m e d  

f o r  many m o d e ls  a t  v a r y i n g  e f f e c t i v e  e l a s t i c  t h i c k n e s s e s  u n t i l  a bes t ,  

f i t  i s  o b t a i n e d  b e tw e en  t h e  2 - d i m e n s i o n a l  c a l c u l a t e d  v a l u e s  and t h e  

1- d i m e n s i o n a l  o b s e r v e d  v a l u e s .

The r e s u l t s  o f  f o r w a r d  m o d e l l i n g  o f  t h e  g r a v i t y  o v e r  t h e  Cape 

V e rd e  R i s e  a r e  d e s c r i b e d  t o w a r d s  t h e  end o f  C h a p t e r  7.  S i m i l a r l y  

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

C h a p t e r  8.
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CHAPTER 7 ( GRAVITY/BATHYMFTRY RELATIONSHIP)

The f o l l o w i n g  c h a p t e r  has been w r i t t e n  as a p a p e r  t h a t  has been 

a c c e p t e d  f o r  p u b l i c a t i o n  i n  t h e  J o u r n a l  o f  G e o p h y s i c a l  R e s e a r c h .  The 

w o r k  i n v o l v e d  i n  t h i s  p a p e r  was i n i t i a t e d  and c a r r i e d  o u t  by R. Young 

and t h e  c o n t r i b u t i o n  f r o m  Or .  I . A .  H i l l  was l i m i t e d  t o  c o r r e c t i o n s  o f  

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

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

by t h e  e d i t o r s  o f  t h e  j o u r n a l .

AN ESTIMATE OF THE EFFECTIVE ELASTIC THICKNESS OF THE CAPE VERDE RISE 

R o b e r t  Young and Ia n  A. H i l l

D e p a r t m e n t  o f  G e o l o g y ,  L e i c e s t e r  U n i v e r s i t y ,  L e i c e s t e r ,  U.K.

7 .1  ABSTRACT

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

t h e  Cape Ve rd e  A r c h i p e l a g o  on t h e  Cape V e r d e  R i s e  s u g g e s t s  t h e  

e f f e c t i v e  e l a s t i c  t h i c k n e s s  o f  t h e  r i s e  i s  o n l y  » 15 ±3 km. T h i s  i s  

t h i n n e r  t h a n  w o u l d  be e x p e c t e d ,  f o r  130 Ma c r u s t ,  f r o m  p r e v i o u s  

o b s e r v a t i o n s  w o r l d w i d e  w h i c h  s u g g e s t  a v a l u e  o f  %30 _t1D km. T h i s  

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

o f  t h e  Cape V e r d e  R i s e  has u n d e r g o n e  t h e r m a l  r e j u v e n a t i o n .  C o m p a r i s o n  

o f  t h i s  s t u d y  w i t h  p r e v i o u s  w o r k  a t  H a w a i i  s u g g e s t s  t h a t  r e d u c t i o n  o f  

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

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

7 . 2  INTRODUCTION

The Cape V e rd e  I s l a n d s  l i e  t o  t h e  s o u t h - w e s t  o f  t h e  c r e s t  o f  t h e  

Cape Ve rd e  R i s e  500 km w e s t  o f  t h e  S e n e g a le s e  c o a s t  o f  A f r i c a .  The 

r i s e  f o r m s  a b r o a d  (=800 km) b a t h y m e t r i c  s w e l l  on o c e a n i c  c r u s t  d a t e d  

by  m a r i n e  m a g n e t i c  a n o m a l i e s  a t  b e tw e en  105 & 155 Ma,
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(J jaygs  &. R a b i n o w i t z  1 9 7 5 ) . C o m p a r i s o n  o f  o b s e r v e d  d e p t h s  t o  o c e a n i c  

b a s e m e n t  w i t h  c a l c u l a t e d  d e p t h s  u s i n g  an e m p i r i c a l  a g e ; d e p t h  

r e l a t i o n s h i p ,  ( P a r s o n s  & S c l a t e r  1 9 7 7 ) .  s u g g e s t  t h e  r i s e  i s  2 km 

h i g h e r  t h a n  n o r m a l  c r u s t  o f  t h a t  age .  Cr o u g h  ( 1 9 7 8 )  compared  t h e  d e p t h  

a n o m a l i e s  o f  10 o c e a n i c  s w e l l s  w i t h  t h e  above a g e z d e p t h  r e l a t i o n s h i p  

and c o n c l u d e d  t h a t  h o t - s p o t  s w e l l s  r i s e  t o  a d e p t h  e q u i v a l e n t  t o  25 Ma 

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

p o s i t i o n .  One o f  t h e  p o s s i b l e  m echan isms f o r  f o r m a t i o n  o f  t h e  s w e l l  i s  

r e h e a t i n g  and t h i n n i n g  o f  t h e  l i t h o s p h e r e .  I f  t h i s  i s  r e a l l y  t h e  case 

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

t o  c h a n g e .  A t e c h n i q u e  f o r  e x a m i n i n g  t h e  t h e r m a l  s t a t e  o f  t h e  c r u s t  i s  

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

c o m p a re  i t  w i t h  t h a t  p r e d i c t e d  by a c o o l i n g  p l a t e  m o d e l .  The e f f e c t i v e  

e l a s t i c  t h i c k n e s s  can be o b t a i n e d  by e x a m i n i n g  t h e  r e s p o n s e  o f  t h e  

l i t h o s p h e r e  t o  an imposed  l o a d  and by a s s u m in g  t h a t  t h e  c r u s t  behaves 

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

o f  g r a v i t y  and b a t h y m e t r y  on t h e  Cape V e rd e  R i s e  i s  used t o  c a l c u l a t e  

t h e  r e s p o n s e  o f  t h e  l i t h o s p h e r e  t o  t h e  l o a d  o f  t h e  Cape V e rd e  I s l a n d s .

7 . 3  THEORY

The i s o s t a t i c  r e s p o n s e  m e th od  s i m p l y  i n v o l v e s  t h e  d e r i v a t i o n  o f  

a f i l t e r  w h i c h ,  c o n v o l v e d  w i t h  t h e  b a t h y m e t r y  i n  t h e  space  d o m a in ,  

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

sp ace  d o m a i n .  T h i s  i s  s i m i l a r  t o  p r e v i o u s  s t u d i e s  by such w o r k e r s  as 

M c K e n z ie  & Bow in  ( 1 976 ) . W a t t s  ( 1978)  . C oc h ra n  (1 979 )  and 

M c N u t t  ( 1 9 7 9 ) . T h i s  p r o c e s s  can be r e p r e s e n t e d  i n  t h e  1- d i m e n s i o n a l  

sp ac e  dom a in  by ;

9 j ^ ( x ) = f  ( x ) * b ( x )  (E7 .1 )
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w he re  b ( x ) =  s e r i e s  r e p r e s e n t i n g  b a t h y m e t r y  

f ( x ) =  s e r i e s  r e p r e s e n t i n g  t h e  f i l t e r

3 ^ ( x ) =  t h e  c a l c u l a t e d  f r e e - a i r  g r a v i t y  

s e r i e s

*= t h e  c o n v o l u t i o n  o p e r a t o r

By use o f  t h e  c o n v o l u t i o n  t h e o r e m ,  ( K a n a s e w ic h  1 9 7 5 ) ,  and t h e  

a s s u m p t i o n  o f  a l i n e a r  r e l a t i o n s h i p  b e tw e en  g r a v i t y  and b a t h y m e t r y  t h e  

abo v e  c o n v o l u t i o n  i n  t h e  space  domain  i s  e q u i v a l e n t  t o  m u l t i p l i c a t i o n  

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

G ^ ( k ^ ) = Z ( k ^ ) B ( k ^ )  ( F 7 . 2 )

w h e re  B (k  ) , Z ( k  ) and G (k  ) a r e  t h e  
n n o n

d i s c r e t e  F o u r i e r  t r a n f o r m s  o f  b ( x ) , f ( x )  

and g ^ ^ x )  r e s p e c t i v e l y .

Z ( k ^ )  i s  known as t h e  a d m i t t a n c e .  The wavenumber  i s  g i v e n  by t h e  

r e c i p r o c a l  o f  t h e  w a v e l e n g t h  ( k ^  = 2 i r / X ) .  The above can be r e a r r a n g e d  t o  

g i v e  :

Z t k n ) = G c ( k ^ ) / B ( k n )  ( E 7 . 3 )

I t  s h o u l d  be p o s s i b l e  t o  o b t a i n  Z ( k ^ )  by r e p l a c i n g  G^ b y  G^ , t h e  

d i s c r e t e  F o u r i e r  t r a n s f o r m  o f  t h e  o b s e r v e d  g r a v i t y  s e r i e s  g ^ ( x ) .  

H ow ever ,  Z ( k ^ ^  o b t a i n e d  i n  t h i s  way i s  i n f l u e n c e d  by n o i s e  i n  t h e  

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

Z ( k ^ )  a c c c o r d i n g  t o  Munk & C a r t w r i g h t  ( 1 9 6 6 )  and 

M c K e n z ie  & Bowen ( 1 9 7 6 )  can be o b t a i n e d  f r o m ;

Z ( k  )={G (k  ) B ( k  ) * } / { 8 ( k  ) B ( k  ) * )  ( F 7 . 4 )
n o n  n n n
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where ^compl ex  c o n j u g a t e

Now t h e  a d m i t t a n c e  i s  g i v e n  by t h e  c r o s s - p o w e r  o f  t h e  g r a v i t y  

and b a t h y m e t r y  d i v i d e d  by t h e  power  o f  t h e  b a t h y m e t r y .  The f i l t e r  

( f ( x ) )  can be o b t a i n e d  i n  t h e  space dom a in  by i n v e r s e  F o u r i e r  

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

n o i s e  and some f o rm  o f  s p e c t r a l  s m o o t h i n g  m us t  be a p p l i e d .  

M cK e nz ie  & Bowen (19 76 )  s u b d i v i d e d  t h e i r  p r o f i l e s  i n t o  a number  o f  

s m a l l e r  segm en ts  and o b t a i n e d  a d m i t t a n c e  e s t i m a t e s  f o r  each segm en t .  

They t h e n  a v e r a g e d  o v e r  a l l  t h e  s e g m e n ts .  A p r o b l e m  w i t h  t h i s  a p p ro a c h  

t o  s m o o t h i n g  i s  t h a t  each segment  w i l l  c o n t a i n  a s l i g h t l y  d i f f e r e n t  

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

A n o t h e r  a p p r o a c h  was a d o p t e d  by Dorman h L e w is  ( 1 9 7 0 ) . M c N u t t  ( 1 9 7 9 )  

and Banks & Swain  ( 1 978 ) who a p p l i e d  s m o o t h i n g  i n  t h e  s p a t i a l  

f r e q u e n c y  dom a in  by a v e r a g i n g  a b o u t  p a r t i c u l a r  w a v e l e n g t h s .  The method 

used i n  t h i s  s t u d y  i s  t h a t  o f  W a t t s  ( 1 9 7 8 )  w he re  many p r o f i l e s ,  a l l  

c r o s s i n g  t h e  p a r t i c u l a r  f e a t u r e  o f  g e o l o g i c a l  i n t e r e s t ,  a r e  e x am in ed  

and many i n d e p e n d e n t  e s t i m a t e s  o f  t h e  c r o s s - s p e c t r u m  and b a t h y m e t r i c  

power  o b t a i n e d .  The r e s u l t s  a r e  a v e r a g e d  and t h e  sm oothed s p e c t r a  used 

t o  c a l c u l a t e  t h e  a d m i t t a n c e .

The f i l t e r  ( f ( x ) )  c a l c u l a t e d  f r o m  t h e  r e a l  a d m i t t a n c e  i s  

s y m m e t r i c  ( i . e  t h e r e  s h o u l d  be no phase  s h i f t  b e tw een  t h e  F o u r i e r  

t r a n s f o r m  o f  t h e  b a t h y m e t r y  and t h e  F o u r i e r  t r a n s f o r m  o f  t h e  

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

f r e q u e n c y  d om a in  w i l l  be t h a t  t h e  a d m i t t a n c e  s h o u l d  have z e r o  phase 

( I m ( Z ( k ^ ) ) = o )  s i n c e  t h e  F o u r i e r  t r a n s f o r m  o f  f ( x )  w i l l  c o n s i s t  

p r i n c i p a l l y  o f  a s e r i e s  o f  even ( c o s i n e )  f u n c t i o n s .  T h i s  can be 

e xam in ed  by c a l c u l a t i n g  t h e  phase  o f  Z ( k ^ )  f r o m :
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+ ( k n ) = t a n - 1 ( i m ( z ( k  ) ) / R i ( z ( k  ) ) ) ( F 7 . 5 )

A n o t h e r  u s e f u l  p a r a m e t e r  i s  t h e  c o h e r e n c e ;  t h i s  i s  t h e  m ea sure  

o f  t h e  p o r t i o n  o f  t h e  o b s e r v e d  g r a v i t y  t h a t  can be a t t r i b u t e d  t o  t h e  

b a t h y m e t r y .  The c o h e r e n c e  i s  g i v e n  by :

■Y^= (N(C C*/E1E2 )-1  ) / ( N - 1  ) ( E 7 . 6 )

w he re  C = th e  c r o s s - s p e c t r u m  o f  b a t h y m e t r y  and g r a v i t y  

E1= p ow er  o f  t h e  g r a v i t y  

E2=power  o f  t h e  b a t h y m e t r y  

N=number  o f  p r o f i l e s

S p e c t r a l  e s t i m a t e s  a re  o b t a i n e d  a t  e q u a l  a r i t h m e t i c  i n t e r v a l s  o f  

Ak,  w he re  A k = 1 / 5 1 2  km , and k ^ = 2 nn A k ,  w h e re  n = 1 , 2 , 3 . . . e t c .  T h i s  means 

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

w a v e l e n g t h  end o f  t h e  s p e c t r u m .  Dorman & l e w i s  ( 1 9 7 2 )  p o i n t  o u t  t h a t  

l o g a r i t h m i c a l l y  spaced  e s t i m a t e s  each c o n t r i b u t e  a p p r o x i m a t e l y  t h e  

same amount  o f  i n f o r m a t i o n .  By a v e r a g i n g  o v e r  l o g a r i t h m i c a l l y  

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

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

w a v e l e n g t h s  i s  due  t o  t h e  d e c r e a s e  i n  s i g n a l - . n o i s e  o f  t h e  g r a v i t y .  

E s t i m a t e s  o f  t h e  a d m i t t a n c e  have t h e r e f o r e  been made a t  

n = 1 , 2 , 3 , 5 , 9 , 1 5 , 2 5 , 6 0 .  T h i s  i s  s i m i l a r  t o  p r e v i o u s  w o r k  by 

Banks & Swa in  ( 1 9 7 8 )  and M c N u t t  (1 9 7 9 )  who used b a n d w i d t h  a v e r a g i n g  on 

g r i d d e d  d a t a .

The e r r o r s  a s s o c i a t e d  w i t h  t h e  a d m i t t a n c e  e s t i m a t e s  can be 

c a l c u l a t e d ,  a c c o r d i n g  t o  Munk & C a r t w r i g h t  ( 1 9 6 6 ) . by a s s u m in g  t h a t  

t h e y  have z e r o  mean and a r e  n o r m a l l y  d i s t r i b u t e d  w i t h  v a r i a n c e  g i v e n  

by :
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w he re  N = t o t a l  number  o f  p r o f i l e s  used i n  e s t i m a t e  

?
y  = c o h e r e n c e

They a l s o  show t h a t  t h e  e s t i m a t e  i s  p o s i t i v e l y  b i a s e d  f o r  an 

e r r o r  f u n c t i o n  d e f i n e d  as :

0=0 / Z ( k ^ )  ( F 7 . 8 )

i f  i t ' s  v a l u e  e x c e e d s  0 . 2 5 ,  i . e .  f o r  o<Q .25  t h e  a d m i t t a n c e  e s t i m a t e  i s  

a good a p p r o x i m a t i o n  t o  t h e  t r u e  a d m i t t a n c e  and f o r  o > 0 . 2 5  t h e  

e s t i m a t e  i s  s l i g h t l y  l a r g e r  t h a n  t h e  t r u e  a d m i t t a n c e .

The r e s u l t i n g  a d m i t t a n c e  e s t i m a t e  i s  based e n t i r e l y  on t h e  

o b s e r v e d  r e l a t i o n s h i p  b e tw e en  t h e  g r a v i t y  and t h e  b a t h y m e t r y .  A l s o ,  

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

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

o n l y  t o  t h a t  f e a t u r e .  T h i s  can t h e n  be compared w i t h  d i f f e r e n t  m od e ls  

t o  ex am in e  t h e  i s o s t a t i c  c o m p e n s a t i o n .

7 . 4  DATA ANALYSIS

The i s l a n d s  c o m p r i s i n g  t h e  Cape V e r d e  A r c h i p e l a g o  a r e  l o c a t e d  

a l o n g  t h r e e  d i s t i n c t  r i d g e s  w h i c h  f o r m  a w e s t w a r d  o p e n i n g  h o r s e s h o e '  

shape  ( s e e  F i g u r e  7 . 1 ) .  The c o m p u t a t i o n a l  m ethod  o u t l i n e d  above 

assumes t h a t  t h e  b a t h y m e t r y  i s  t w o - d i m e n s i o n a l  and t h i s  r e q u i r e s  t h a t  

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

s t r i k e  has i n f i n i t e  e x t e n t .  P r o f i l e s  w e re  t h e r e f o r e  ch ose n  t h a t  

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

t h e  p r o f i l e s  w e r e  a l s o  l i m i t e d  t o  512 km l e n g t h  t o  e n s u r e  t h a t  t h e  

a d m i t t a n c e  c a l c u l a t e d  was a p p l i c a b l e  t o  t h e  Cape Ve rd e  R i s e  and n o t  t o
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BATHYMETRIC & TRACK CHART OF THE CAPE VERDE ARCHIPELAGO

19 N

02

0 9 -  0 3

05

0 6

0 4

0 708
1 3  N

- 2 0  W

F i g u r e  7 .1  Bathymetry map of the Cape Verde Archipelago. Contour 
interval 1000m. Actual tracks (light lines) and projected tracks (heavy 
lines) shown with profile numbers.
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t h e  s u r r o u n d i n g  n o r m a l '  o c e a n i c  c r u s t .  The l i m i t e d  l a t e r a l  e x t e n t  o f  

t h e  r i d g e s  i s  c o n s i d e r e d  l a t e r  ( s e e  s e c t i o n  7 . 5 ) .

A t o t a l  o f  10 p r o f i l e s  w i t h  f r e e  a i r  g r a v i t y  ano m a ly  and 

b a t h y m e t r i c  d a t a ,  up t o  512 km l o n g ,  w e re  p r o j e c t e d  o n t o  s t r a i g h t  l i n e  

t r a c k s  e i t h e r  a p p r o a c h i n g  t h e  Cape Ve rde  I s l a n d s  o r  t r a v e r s i n g  t h e  

a r c h i p e l a g o  ( s ee  F i g u r e  7 . 1 ) .  Of  t h e  10, 6 w e re  o b t a i n e d  d u r i n g  t h e  

1 9 8 2 / 8 3  c r u i s e  o f  t h e  RRS S h a c k l e t o n  t o  i n v e s t i g a t e  t h e  i s l a n d s  and 

t h e i r  r e l a t i o n  t o  t h e  Cape Ve rde  R i s e .  The r e s t  o f  t h e  p r o f i l e s  were  

o b t a i n e d  f r o m  t h e  W o r ld  Data  C e n t r e .  An a n a l y s i s  o f  23 t r a c k  

c r o s s - o v e r s  g i v e s  an rms e r r o r ,  f o r  t h e  m ea su red  f r e e  a i r  g r a v i t y ,  o f

2 . 6  m g a l s .  A l a r g e  p r o p o r t i o n  o f  t h i s  e r r o r  can be a t t r i b u t e d  t o  

p r o f i l e  04 ,  c r u i s e  V22Q7, w h i c h  used s e x t a n t / d e a d  r e c k o n i n g  f o r  

n a v i g a t i o n .  The c r o s s - o v e r  m i s - t i e  i s  c o n s i d e r e d  t o  be p o s i t i o n a l ,  

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

o t h e r  p r o f i l e s  used s a t e l l i t e / d e a d  r e c k o n i n g  n a v i g a t i o n .  A p r o b l e m  

w i t h  t h e  m a j o r i t y  ( 9 )  o f  t h e  p r o f i l e s  i s  t h a t  t h e y  e i t h e r  t e r m i n a t e  on 

r e a c h i n g  t h e  i s l a n d s  o r  chan ge  c o u r s e  upon r e a c h i n g  them and r u n  

p a r a l l e l  t o  t h e  g e o l o g i c a l  s t r i k e  ( i . e .  t h e  r i d g e s  o f  M a i o - S a l ,  San 

A n t a o - S a n  N i c o l a u  and San T i a g o - B r a v a ) .

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

s e r i e s  each  had t o  be l i n e a r l y  i n t e r p o l a t e d  on t o  an even s p a c i n g  (4 

km s p a c i n g  u s e d ) ,  a mean and t r e n d  rem ov e d ,  c o s i n e  t a p e r e d  a t  t h e  ends 

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

t h e  s e r i e s  l e n g t h  an i n t e g e r  power  o f  2.  The l a t t e r  was n e c e s s a r y  so 

t h a t  t h e  f a s t  F o u r i e r  t r a n s f o r m  a l g o r i t h m ,  ( C o o l e v  & Tukev  1 9 6 6 ) , 

c o u l d  be u s ed .  To a v o i d  l o s s  o f  d a t a  when c o s i n e  t a p e r i n g ,  t h e  

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

t h e i r  m i d - p o i n t s  and t h e  new s y m m e t r i c  s e r i e s  p r o c e s s e d  as b e f o r e .  By 

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

sym metr y  and t h u s  t h e  a d m i t t a n c e  was r e a l  f o r  t h e s e  p r o f i l e s .  P r e v i o u s

V I 1-8



s t u d i e s  have shown t h a t  i n  g e n e r a l  t h e  a d m i t t a n c e  has l o w  phase  a n g le s  

a t  l o n g  (>20 km) w a v e l e n g t h s  so t h e  r e f l e c t e d  p r o f i l e s  a r e  s t i l l  

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

T a b l e  7 .1  D e t a i l s  o f  t r a c k s  used i n  t h i s  a n a l y s i s .  P r o f i l e  marked  ( * )  

was n o t  r e f l e c t e d  a b o u t  i t ' s  m i d p o i n t  and t h e r e f o r e  had d o u b l e  t h e

w e i g h t i n g o f  t h e o t h e r  p r o f i l e s  d u r i n g a v e r a g i n g •

PROFILE PROFILE CRUISE MEAN MEAN R .M .S .

NUMBER L FNGTH NAME DEPTH F . A . A .  M ISF IT

01 2 54 km SHA1B/83 3 .22km 3 7 , 2mgal 0 . 5mgal

02 254 SHA1A/83 2 .9 6 22 .4 0 . 7

03 254 D I S C / 143 3 .33 12 .0 1 . 4

04 *510 V2207 4 . 22 - 2 2 . 6 1 .0

05 154 SHA1A/83 2 ,42 62 . 2 1 . 2

06 176 SHA1A/83 3 . 22 3 7 . 2 1 .3

07 246 V2713 3 .92 - 2 . 3 0 . 9

08 230 73003121 4 . 20 - 3 . 0 1 . 8

09 255 SHA1A/83 3 . 48 - 2 . 6 1 .5

10 235 SHA1B/83 3 . 4 9 - 1 . 5 1 .4

The mean f r e e  a i r  ano m a ly  i s  p l o t t e d  a g a i n s t  mean d e p t h  f o r  each 

p r o f i l e  and i s  shown i n  F i g u r e  7 . 2 .  The l e a s t  s q u a r e s  b e s t  f i t  l i n e  

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

a s l o p e  o f  - 39  ±  6 m g a l / k m .  T h i s  r e l a t i o n s h i p  can be used t o  i n f e r  

t h a t  t h e  Cape V e rde  I s l a n d s  a r e  c o m p en s a t ed  on a r e g i o n a l  s c a l e  s i n c e  

t h e  mean f r e e  a i r  a nom a ly  d e c r e a s e s  as t h e  d e p t h  i n c r e a s e s .

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

each  o f  t h e  10 p r o f i l e s .  The samp le  i n t e r v a l  o f  4 km g i v e s  a maximum 

s p a t i a l  f r e q u e n c y  o f  0 , 1 2 5  km  ̂ and a m in im um,  e q u i v a l e n t  t o  t h e  t r a c k  

l e n g t h ,  o f  0 .001  953 km" "I j h e  10 i n d e p e n d e n t  e s t i m a t e s  o f
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Figure 7.2 P l o t  o f  mean F re e  A i r  Anom a ly  a g a i n s t  mean D ep th  f o r  t h e  10 
p r o f i l e s  o f  F i g u r e  7 . 1 .  Dashed l i n e  i s  l e a s t  s q u a r e s  b e s t  f i t  a s s u m in g  
b a t h y m e t r y  i s  t h e  i n d e p e n d e n t  v a r i a b l e .
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c r o s s - s p e c t r u m  and b a t h y m e t r i c  power  have been c o m b in e d ,  w i t h  t h e  

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

p r o f i l e ,  t o  p r o d u c e  a sm oo thed  e s t i m a t e  o f  t h e  a d m i t t a n c e .  F i g u r e  7 . 3 a

shows a p l o t  o f  Log^Q o f  t h e  a m p l i t u d e  o f  t h e  a d m i t t a n c e  p l o t t e d  

a g a i n s t  i n v e r s e  w a v e l e n g t h  and a l s o  shows t h e  c o h e r e n c e .  F i g u r e  7 . 3 b .  

The phase  has been c a l c u l a t e d  f o r  t h e  s i n g l e  n o n - r e f l e c t e d  p r o f i l e  

and i s  a l s o  shown i n  F i g u r e  7 . 3 c .  F i n a l l y  t h e  a d m i t t a n c e  e s t i m a t e  i s  

used t o  p r o d u c e  t h e  g r a v i t y ,  g ^ ( x ) ,  f r o m  t h e  b a t h y m e t r y ,  b ( x ) ,  and 

t h i s  i s  compared  w i t h  t h e  o b s e r v e d  g r a v i t y  i n  F i g u r e  7 . 4 ,  f o r  p r o f i l e s  

01 & 04.  The c a l c u l a t e d  g r a v i t y  i s  o b t a i n e d  f r o m  by s i m p l e

i n v e r s e  F o u r i e r  t r a n s f o r m a t i o n .  The space  d om a in  r e p r e s e n t a t i o n  o f  

Z ( k ^ ) ,  z ( x ) ,  i s  shown i n  F i g u r e  7 . 3 d .

The c o h e r e n c e  p l o t  has v a l u e s  above 0 . 5  f o r  w a v e l e n g t h s  g r e a t e r

t h a n  20 km (X ^ < 0 . 0 5 )  s u g g e s t i n g  t h a t  more t h a n  h a l f  t h e  pow er  o f  t h e

g r a v i t y  can be a t t r i b u t e d  t o  t h e  b a t h y m e t r y  a t  t h e s e  w a v e l e n g t h s .  A t

s h o r t e r  w a v e l e n g t h s  (X S o . 0 5 )  t h e  c o h e r e n c e  p l o t  i s  r a t h e r  n o i s y

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

b e tw e en  g r a v i t y  and b a t h y m e t r y  b r e a k s  down a t  t h e s e  w a v e l e n g t h s .  The

p l o t  o f  Log^Q A d m i t t a n c e  a m p l i t u d e  a l s o  e x h i b i t s  a s i m p l e  f o r m  f o r

w a v e l e n g t h s  g r e a t e r  t h a n  20 km w i t h  i n c r e a s e d  n o i s e  a t  s h o r t e r

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

r a t h e r  n o i s y  o v e r  a l l  t h e  w a v e l e n g t h s  e x am in ed  and does n o t  e x h i b i t

t h e  same s m o o th n e s s  as t h e  o t h e r  p l o t s .  The v a l u e s  o b t a i n e d  do a p p e a r

-  \
t o  o s c i l l a t e  a b o u t  z e r o  f o r  w a v e l e n g t h s  > 20 km (X < 0 . 0 5 ) .  F i n a l  

c o n f i r m a t i o n  o f  how good t h e  a d m i t t a n c e  e s t i m a t e  i s  can be o b t a i n e d  

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

a n o m a l i e s .  T a b l e  7 .1  shows t h e  rms m i s f i t  o f  t h e  o b s e r v e d  g r a v i t y  and 

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

a l l  b e l o w  2 m g a l s ,  a r e  c o m p a r a b l e  w i t h  t h e  c r o s s - o v e r  a n a l y s i s  m i s f i t  

o f  2 . 6  m g a l s .
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F i g u r e  7 . 3  a)  P l o t  o f  Logl O a m p l i t u d e  o f  t h e  a dr j j i i t t a n c e . Dashed l i n e  i s  
L e a s t  s q u a r e s  b e s t  f i t  t o  t h e  p o r t i o n  0 . 0 1 > X  > 0 . 0 5  b) C oh e r e n c e  c)
Phase  d)  Space domai n  r e p r e s e n t a t i o n  o f  a d m i t t a n c e  e)  E r r o r  f u n c t i o n .  
A l l .  e x c e p t  d ) ,  p l o t t e d  a g a i n s t  X
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F i g u r e  7 . 4  P r o f i l e s  01 & 04 s h o w i n g ,  f r o m  b o t t o m  t o  t o p ,  b a t h y m e t r y  i n
m e t r e s ,  o b s e r v e d  g r a v i t y  i n  m g a l s ,  g r a v i t y  c a l c u l a t e d  u s i n g  t h e  o b s e r v e d
a d m i t t a n c e  i n  m g a l s  and d i f f e r e n c e  b e tw e e n  o b s e r v e d  and c a l c u l a t e d  i n  
m g a l s .
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7.5 INTERPRETATION

The i n i t i a l  m o d e l  used t o  e x p l a i n  t h e  o b s e r v e d  a d m i t t a n c e  

assumes t h a t  t h e  g r a v i t y  i s  due t o  t h e  b a t h y m e t r y  a l o n e  and t h e r e  i s  

no c o m p e n s a t i o n  m e c h a n is m .  M cKe nz ie  & Bow in  ( 1 9 7 6 ) . W a t t s  (1 9 7 8 )  and 

M c N u t t  ( 1 9 7 9 )  show t h a t  t h i s  r e l a t i o n s h i p  can be c a l c u l a t e d ,  a ssum in g

1 - d i m e n s i o n a l i t y , f r o m :

^ ^ ^ n ) = 2 i r G ( Q ^ - Q ^ ) e x p ( - k ^ d ^ )  ( F 7 .9 )

a l l  q u a n t i t i e s  a r e  d e f i n e d  i n  T a b l e  7 . 2 .

T h i s  i s  t h e  1- d i m e n s i o n a l  e q u i v a l e n t  o f  E 5 .1 2  i n  C h a p t e r  5.

T h i s  r e p r e s e n t s  t h e  l i n e a r  t e r m  o f  a s e r i e s  e x p a n s i o n ,  

P a r k e r  ( 1 9 7 2 ) . t h a t  d e s c r i b e s  t h e  g r a v i t y  e f f e c t  o f  a two  d i m e n s i o n a l  

s i n u s o i d a l  body o f  d e n s i t y  a t  a d e p t h  b e l o w  sea l e v e l  o f  d ^ .

W a t t s  ( 1 9 7 8 )  has shown t h a t  t h i s  f i r s t  t e r m  i s  a good a p p r o x i m a t i o n  t o  

t h e  l i n e  i n t e g r a l  m e th od  o f  c a l c u l a t i n g  g r a v i t y  a n o m a l i e s .  The above 

e q u a t i o n  r e p r e s e n t s  a s t r a i g h t  l i n e  on a p l o t  o f  L o g ^ ^  Z ( k ^ )  a g a i n s t  

i n v e r s e  w a v e l e n g t h .  The s l o p e  o f  t h e  l i n e  i s  g i v e n  by - 2 n d ^  and t h e  

i n t e r c e p t  by ^C2ï ï G( p ^ - p ^ ) ] .  F i t t i n g  a l e a s t  s q u a r e s  s t r a i g h t  l i n e

t o  t h e  a d m i t t a n c e  p l o t  i n  F i g u r e  7 . 3 a  g i v e s  v a l u e s  o f  2790 ±1 25  kg/m^ 

and 3 . 1 7  + 0 . 3 8  km f o r  p^ and d^  r e s p e c t i v e l y .  The b e s t  f i t  l i n e  i s

shown dashed  i n  F i g u r e  7 . 3 a .  The d e n s i t y  e s t i m a t e d  f o r  t h e  t o p o g r a p h y  

a g re e s  w e l l  w i t h  Wa t t s  (19781 (2800  kg /m ? )  and Ia m b e c k  ( 1981)  (2700 

k g / m ? ) , a n d  w i t h  an i n d e p e n d e n t  e s t i m a t e  o f  t h e  d e n s i t y  o f  t h e  M a i o - S a l  

r i d g e  ( Brown ( 1 9 8 4 ) ) ,  b u t  i s  s l i g h t y  h i g h e r  t h a n  t h e  v a l u e s  o f  2600 

kg/m" and 2400 k g /m  o b t a i n e d  by Mc K e n z i e  & Bow in  ( 1 9 7 6 )  and 

M cNu t t  (1 9 7 9 )  r e s p e c t i v e l y .  A p o s s i b l e  e x p l a n a t i o n  i s  t h a t  t h e  l a t t e r  

s t u d i e s  w ere  a p p l i e d  o v e r  l a r g e  a r e a s  w h e re a s  t h i s  s t u d y  and t h o s e  o f  

Wa t t s  ( 1 978) and I a m b e c k  ( 1 9 8 1 )  a re  c o n c e n t r a t e d  o v e r  s p e c i f i c  

g e o l o g i c a l  f e a t u r e s .  The d e p t h  e s t i m a t e  i s  l o w e r  t h a n  t h e  t r u e  mean
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d e p t h  o f  3 . 5 0  km, f o r  t h e  10 p r o f i l e s  a n a l y s e d  h e r e ,  b u t  t h e  t r u e  

v a l u e  l i e s  w i t h i n  t h e  u p p e r  e r r o r  bound o f  t h e  e s t i m a t e .  The

s i m i l a r i t y  o f  and d^  t o  i n d e p e n d e n t l y  o b t a i n e d  v a l u e s  i s  an

i n d i c a t i o n  t h a t  t h e  a d m i t t a n c e  b e tw e en  20 & 100  km can be r e l a t e d  t o  

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

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

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

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

w h e re a s  t h e  a d m i t t a n c e  i s  o b s e r v e d  t o  d e c r e a s e  as t h e  w a v e l e n g t h  

i n c r e a s e s .  T h i s  s u g g e s t s  t h a t  t h e  b a t h y m e t r y  i s  c o m p en s a ted  on a 

r e g i o n a l  s c a l e .  T h i s  can be seen on t h e  p r o f i l e s  as t h e  g r a v i t y  and 

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

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

t h e  ocean f l o o r  t o p o g r a p h y  i s  c o m p en s a ted  a t  l o n g e r  w a v e l e n g t h s .

A more c o m p le x  c o m p e n s a t i o n  m o d e l  can be c a l c u l a t e d  by a s s um in g  

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

Many w o r k e r s  have used t h i s  t y p e  o f  m o d e l  ( e g .  W a t t s  e t  a l  1 9 8 0 .

Ia m b ec k  1 9 8 1 ) w h e re  t h e  d e f l e c t i o n  due t o  t h e  l o a d  m us t  be c a l c u l a t e d  

as p a r t  o f  t h e  g r a v i t y  e f f e c t .  The b a s i c  e l e m e n t s  o f  t h e  m od e l  a re  

o u t l i n e d  i n  F i g u r e  7 . 5 .  M c K e nz ie  & Bow i n  ( 1 9 7 6 )  g i v e  an e x p r e s s i o n  f o r  

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

e q u a t i o n  used h e r e  s u b d i v i d e s  t h e  o c e a n i c  c r u s t  i n t o  l a y e r s  2 and 3 

and uses t h e  t h i n  p l a t e  a p p r o x i m a t i o n  m o d i f i e d  f r o m

Banks e t  a l  ( 1 9 7 7 ) .

The o n e - d i m e n s i o n a l  a d m i t t a n c e  o f  an e l a s t i c  p l a t e  can be 

c a l c u l a t e d  u s i n g  a s i m p l i f i e d  v e r s i o n  o f  E 5 .2 9  f r o m  C h a p t e r  5,  t h u s ;

Z ( k ^ )  = 2 n G ( Q ^ - Q ^ ) { e x p ( - k ^ d ^ ) - ( 1  + k ^ D / ( Q ^ - p t ) g )  ̂  ̂  ̂  ̂ " Q t ^ ^  P m ' P t ) )  

e x p ( - k ^ z ^ ) + ( ( q ^ - q ^ ) / ( Q ^ - Q ^ ) ) e x p ( - k ^ z ^ ) ] )  ( E 7 . 1 0 )
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THIN PLATE MODEL

SEA LEVEL

LAYER 2 -TTTTC 

LAYER 3

MANTLE

BUOYANCY FORCES

ELASTIC PLATE  
(LITHOSPHERE)

FLUID
(ASTHENOSPHERE)

=BOUGUER A N b M A L Y

Figure 7 . 5  D i a g r a m  o f  t h i n  p l a t e  m o d e l  used  t o  c a l c u l a t e  t h e o r e t i c a l  
admit tance.  G r a v i t y  a n o m a l y  has  t h r e e  p a r t s ,  t o p o g r a p h i c  a t t r a c t i o n ,  
low d e n s i t y  t o p o g r a p h y  d i s p l a c i n g  h i g h e r  d e n s i t y  l a y e r  3 and l a y e r  3 
d is p lac i ng  h i g h e r  d e n s i t y  m a n t l e .
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w h e re  a l l  q u a n t i t i e s  a r e  as d e f i n e d  i n  T a b l e  7 . 2  and t h e  d e n s i t y  o f  

l a y e r  2 i s  assumed t o  be t h e  same as t h e  d e n s i t y  o f  t h e  t o p o g r a p h y .

T a b l e  7 . 2  Summary o f  p a r a m e t e r s  used i n  m od e l  c a l c u l a t i o n s .

P a r a m e t e r  v a l u e

d e n s i t y  o f  s e a w a t e r  1 0 2 0  kg/m^

" " t o p o g r a p h y  ( = l a y e r  2) 2790

6 3 , " " l a y e r  3 2900

" m a n t l e  3400m

d ^ .  d e p t h  o f  t o p o g r a p h y  3170 m

Z^, d e p t h  t o  I a y e r 2 / l a y e r 3  i n t e r f a c e  5170 m 

^  2 '  " m o h o  10  1 7  0 m

g .  a c c e l a r a t i o n  o f  g r a v i t y  9 . 8 1  a / s ^

1 2  2 ?G, g r a v i t a t i o n a l  c o n s t a n t  0 . 6 6 7  x 10-  wm / k g

E, Y o u n g ' s  m o d u lu s  10^^ N/m^

u.  P o i s s o n ' s  r a t i o  0 . 2 8

The e f f e c t i v e  e l a s t i c  t h i c k n e s s ,  T^,  i s  r e l a t e d  t o  t h e  r i g i d i t y  

o f  t h e  e l a s t i c  p l a t e  b y .

D = f T ^ 3 / i 2 ( i - u ^ )  ( e q u a t i o n  Eb .20  i n  C h a p t e r  5) ( E 7 . 1 1 )

The d e p t h  t o  t h e  l a y e r  2 / l a y e r  3 i n t e r f a c e  i s  t a k e n  f r o m

H o u t z  & Ewing ( 1 9 7 6 )  f o r  o c e a n i c  c r u s t  a p p r o x i m a t e l y  100 Ma. The d e p t h

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

i n  t h e  W e s te rn  N o r t h  A t l a n t i c  by M u t t e r  & D e t r i c k  ( 1 9 8 4 ) . P o i s s o n ’ s 

r a t i o  i s  t a k e n  f r o m  P u rdv  ( 1 9 6 3 )  and t h e  v a l u e  f o r  Y o u n g ' s  m o d u lu s  i s

t h e  same as used by p r e v i o u s  w o r k e r s  such  as M c N u t t  ( 1 979)  and

W a t t s  ( 1 9 7 8 ) . P o i s s o n ' s r a t i o  and Y o u n g ' s  m o d u lu s  a r e  n e c e s s a r y  i n  

e q u a t i o n  E7.11 t o  r e l a t e  t h e  r i g i d i t y  (D) t o  t h e  e f f e c t i v e  e l a s t i c
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0 .0 8  -, C U R V E S  A R E  A D M IT T A N C E  OF TH IN  P L A T E  M O D E L
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Figure 7.6 O bserved  a d m i t t a n c e  e s t i m a t e s  p l o t t e d  a g a i n s t  Log A w i t h  
b a r s  i n d i c a t i n g  + 1 s t a n d a r d  e r r o r .  C u rves  r e p r e s e n t  a d m i t t a n c e  o f  p l a t e  
m od e l  f o r  v a r i o u s  v a l u e s  o f  e f f e c t i v e  e l a s t i c  t h i c k n e s s .
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t h i c k n e s s  T ^
e- The v a l u e s  used h e r e  a r e  s i m i l a r  t o  v a l u e s  used i n  o t h e r

f l e x u r a l  s tud ies  since the es t im a te  o f  the e f f e c t i v e  e l a s t i c  th ic k n e s s

c a l c u l a t e d  h e r e  w i l l  be compared w i t h  f r o m  t h e s e  o t h e r  s t u d i e s

Which used a s i m i l a r  T h e o lo g ic a l  model f o r  the l i t h o s p h e r e .

F i g u r e  7 . 6  shows v a r i o u s  c u r v e s  o f  a d m i t t a n c e  p l o t t e d  a g a i n s t

^  ̂ f o r  d i f f e r e n t  v a l u e s  o f  T^.  A l s o  shown a re  t h e  o b s e r v e d  

a d m i t t a n c e  e s t i m a t e s  w i t h  t h e i r  a s s o c i a t e d  e r r o r s  ( b a r s  =_f1 s t a n d a r d  

e r r o r ) .

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

m o d e ls  w e l l  a t  t h e  s h o r t  w a v e l e n g t h  end o f  t h e  s p e c t r u m .  T h i s  i s  t o  be

e x p e c t e d  s i n c e  t h e  m o d e l s  a p p r o x i m a t e  u nco m p e n s a t e d  t o p o g r a p h y  a t

t h e s e  w a v e l e n g t h s  and t h e  v a l u e s  o f  and d ^  used i n  t h e  m o d e ls  were

- 1
o b t a i n e d  d i r e c t l y  f r o m  t h e  d a t a .  The p o o r  f i t  a t  A > 0 .0 5  i s  m os t  

l i k e l y  due t o  l a t e r a l  d e n s i t y  v a r i a t i o n s  o v e r  t h e  r i d g e s ,  b u t  may a l s o  

be due i n  p a r t  t o  a p o s i t i v e  b i a s  s i n c e  t h e  e r r o r  f u n c t i o n  ( o ) ,  

p l o t t e d  a g a i n s t  A  ̂ i n  F i g u r e  7 . 3 e ,  becomes l a r g e  ( > 0 . 2 5 )  f o r  t h i s  

p a r t  o f  t h e  d a t a .

The b e s t  f i t  t o  t h e  e l a s t i c  p l a t e  m o d e l  a p p e a r s  t o  be a t  T ^azo  

km and t h i s  i s  c o n s i s t e n t  w i t h  p r e v i o u s  e s t i m a t e s  f o r  o c e a n i c  

l i t h o s p h e r e  away f r o m  s p r e a d i n g  c e n t r e s  such  as 

W a t t s  & C o c h ra n  ( 1 974 ) . W a t t s  e t  a l  ( 1 975 ) and W a t t s  ( 1 978 ) . As has 

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

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

and t h a t  t h e  d a t a  a r e  c o l l e c t e d  p e r p e n d i c u l a r  t o  t h e  g e o l o g i c a l  

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

M c K e nz ie  & Bow in  ( 1 9 7 6 )  e x a m in e d  t h i s  p r o b l e m  and p r o p o s e d  m o d i f y i n g

k as t h e  s o l u t i o n .  When a p p l y i n g  t h e  r e s p o n s e  f u n c t i o n  t e c h n i q u e  t o  
n

g r i d d e d  d a t a  |j< | = / ( k  ^+k ^ ) , w h e re  k and k a r e  t h e  wavenu mbe rs
n xn yn xn yn

i n  t h e  x and y d i r e c t i o n s  r e s p e c t i v e l y ;  x and y b e i n g  o r t h o g o n a l  

c o o r d i n a t e s .  E x a m i n a t i o n  o f  a b a t h y m e t r i c  map o f  t h e  Cape Ve rde  

A r c h i p e l a g o ,
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Figure 7.7 As f o r  F i g u r e  7 . 6  b u t  c u r v e s  r e p r e s e n t  a d m i t t a n c e  o f  p l a t e  
m od e l  a f t e r  i n c l u s i o n  o f  an e s t i m a t e  o f  t h e  f i n i t e  e x t e n t  o f  t h e  r i d g e s
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I Brown 198 4 ) ,  g i v e s  a w a v e l e n g t h  I k ^ . 0 . 0 1 8 1 .  The m o d i f i e d

p l a t e  m o d e l  c u r v e s  a r e  shown i n  F i g u r e  7 . 7  a l o n g  w i t h  t h e  o b s e r v e d  

a d m i t t a n c e  e s t i m a t e s .  The c a l c u l a t e d  a d m i t t a n c e  i s  s t i l l  p l o t t e d  as a 

f u n c t i o n  o f  and n o t  a f u n c t i o n  o f  . The e f f e c t  o f  i n c l u d i n g  an 

e s t i m a t e  o f  k^  i s  t o  a l t e r  t h e  l o n g  w a v e l e n g t h  r e s p o n s e .  T h i s  r e s u l t  

i s  c o n f i r m e d  by R ib e  ( 1 9 8 2 )  who showed i n  a more  r i g o r o u s  s t u d y  t h a t  

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

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

The o b s e r v e d  a d m i t t a n c e  e s t i m a t e s  now g i v e  a l e a s t  s q u a r e s  b e s t  

f i t  t o  t h e  c u r v e  f o r  T^=15 +.3J<m as shown i n  F i g u r e  7 . 7 .  The e r r o r  

e s t i m a t e  f o r  t h e  b e s t  f i t  i s  o b t a i n e d  f r o m  t h e  w i d t h  o f  t h e  l e a s t  

s q u a r e s  m in im um .

The m o d e l  p r o p o s e d  h e r e ,  o f  a t h i n  p l a t e  w i t h  an e f f e c t i v e  

e l a s t i c  t h i c k n e s s  o f  15 km, can be t e s t e d  u s i n g  2 - d i m e n s i o n a l  a n a l y s i s  

r a t h e r  t h a n  t h e  1- d i m e n s i o n a l  a n a l y s i s  p e r f o r m e d  on t h e  p r o f i l e s .  

B a t h y m e t r i c  d a t a  i s  a v a i l a b l e ,  v i a  t h e  W o r ld  Data  C e n t r e ,  as 5 ' x 5 ‘ 

g r i d d e d  d a t a  p o i n t s  o v e r  t h e  a r e a  o f  t h e  Cape Ve rd e  R i s e .  A s u b s e t  o f  

t h i s  d a t a  was s e l e c t e d  b e tw e en  l a t i t u d e s  1 3 . 2 5 ®n t o  1 8 .5 0 ° N  and 

l o n g i t u d e s  - 2 6 . 0 0 * w  t o  - 2 0 . 7 5 ° W .  T h i s  r e p r e s e n t s  a 64 x 84 a r r a y  o f  

5 ' x 5 '  b a t h y m e t r y  v a l u e s .  A 2 - d i m e n s i o n a l  F o u r i e r  a n a l y s i s  can be 

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

t a p e r i n g  a t  t h e  edg es  t o  remove d i s c o n t i n u i t i e s .  An i s o m e t r i c  p l o t  o f  

t h i s  g r i d d e d  d a t a  s e t  i s  shown i n  F i g u r e  8 . 8 .

The c o n s t r a i n t  o f  an i n t e g e r  pow er  o f  2,  f o r  t h e  number o f  d a t a  

p o i n t s ,  has  a l r e a d y  been d e a l t  w i t h  by s e l e c t i n g  a 64 x 64 s u b s e t  o f  

t h e  d a t a . T h e  i n v e r s e  w a v e l e n g t h s ,  o b t a i n e d  by i n v e r t i n g  t h i s  d a t a ,  

r a n g e  f r o m  k^j^ = k ^ 2  = 0 • 001695  km  ̂ t o  = 0 .0 5 4 2 3 0  km ^ ( t h e

N y q u i s t  f r e q u e n c y ) ,  a s s u m in g  t h a t  1 m i n u t e  o f  l a t i t u d e  i s  e q u i v a l e n t  

t o  1 .8 4 4  km a t  t h e  l a t i t u d e  o f  t h e  Cape Ve rde  I s l a n d s .  The d a t a  a f t e r  

a p p l i c a t i o n  o f  t h e  2 - d i m e n s i o n a l  F o u r i e r  t r a n s f o r m  c o n s i s t  o f  a 64 x
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ISOMETRIC PLOT (viewed from south-east) OF BATHYMETRY  
AFTER REMOVAL OF A MEAN & TREND AND COSINE TAPERING
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F i g u r e  7 . 8  Isometric plot, viewed from south-east corner, of gridded 
bathymetry data. A mean and trend have been removed and the data at the 
edges of the grid have been cosine tapered to minimise discontinuities.
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ISOMETRIC PLOT (viewed from south-east) OF CALCULATED FREE-AIR GRAVITY

250250 1

- 2 00200  -03
cn
E

- 1 50150
LU
—I
<
O
CO

>

- 10 0100

■ 5050 -

>
<
oc
o

- - 5 0  
18.50

- 5 0
- 2 6 . 0 0

- 2 0 . 7 5  13.25

F i g u r e  7 , 9  Isometric plot of the calculated gravity using a thin plate 
model with an EET of 15 km and assuming that admittance is independent 
O f  azimuth.
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B4 g r i d  o f  b o t h  r e a l  ( c o s i n e )  and i m a g i n a r y  ( s i n e )  c o e f f i c i e n t s .  The 

2 - d i m e n s i o n a l  F o u r i e r  t r a n s f o r m  o f  t h e  c a l c u l a t e d  f r e e  a i r  g r a v i t y  

a n o m a ly  can be o b t a i n e d  i n  e x a c t l y  t h e  same manner  as f o r  t h e

1- d i m e n s i o n a l  c a s e .  The 2 - d i m e n s i o n a l  F o u r i e r  t r a n s f o r m  o f  t h e  

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

2 - d i m e n s i o n a l  r e s p o n s e  f u n c t i o n .  The r e s p o n s e ,  o r  a d m i t t a n c e ,  i n  

2 - d i m e n s i o n s  can be c a l c u l a t e d  f r o m  ( F 7 . 1 0 )  by u s i n g :

The c a l c u l a t e d  f r e e  a i r  g r a v i t y  anoma ly  can be o b t a i n e d  b y  

t a k i n g  t h e  i n v e r s e  2 - d i m e n s i o n a l  F o u r i e r  t r a n s f o r m  o f  t h e  p r o d u c t  o f  

b a t h y m e t r y  and a d m i t t a n c e .  The r e s u l t  i s  a 64x64 g r i d  o f  5 x 5 '  

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

m ode l  w i t h  an EET o f  15 km i s  shown i n  F i g u r e  7 . 9 .

C a l c u l a t e d  g r a v i t y  can be compared w i t h  o b s e r v e d  f r e e  a i r  

g r a v i t y  a n o m a l i e s  a l o n g  p r o f i l e s  used i n  t h e  o r i g i n a l  a n a l y s i s .  D a t a  

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

on t h e  g r i d  a t  each o b s e r v e d  g r a v i t y  p o s i t i o n .  F i g u r e  7 .1 0  shows j u s t ,  

such a c o m p a r i s o n  f o r  p r o f i l e s  02,  00 and 09 .  P r o f i l e  09 ,  has been 

e x t e n d e d  i n t o  t h e  a r c h i p e l a g o  t o  show how w e l l  t h e  c a l c u l a t e d  g r a v i t y  

p r e d i c t s  t h e  o b s e r v e d  g r a v i t y  o u t w i t h  t h e  a re a  c o v e r e d  by t h e  

o r i g i n a l ,  i n v e r t e d  d a t a  s e t .  The c o n s t a n t  o f f s e t  b e tw e en  t h e  o b s e r v e d  

and c a l c u l a t e d  g r a v i t y  a n o m a l i e s  can be a c c o u n t e d  f o r  s i n c e  t h e  

r e l a t i o n s h i p  b e tw e en  mean g r a v i t y  and mean b a t h y m e t r y  (as  shown i n  

F i g u r e  7 . 2 )  i s  n o t  i n c l u d e d  i n  t h e  c a l c u l a t e d  g r a v i t y  a n o m a ly .

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

t h e  m o d e l ,  s u g g e s t e d  by t h i s  s t u d y ,  f o r  t h e  r e s p o n s e  o f  t h e  Cape Ve rde  

R i s e  t o  t h e  l o a d  o f  t h e  Cape Ve rde  I s l a n d s ,  p r e d i c t s  t h e  f r e e  a i r  

g r a v i t y  ano m a ly  w e l l .  The c o m p a r i s o n  i s  p a r t i c u l a r l y  good a t
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Observed Free Air Gravity Anomaly (thick l ines) 
Calculated Free Air Gravity Anomaly (thin l ines)
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F i g u r e  7 . 1 0  P r o f i l e s  o f  c a l c u l a t e d  ( t h i n  l i n e s )  and o b s e r v e d  ( t h i c k  
l i n e s )  f r e e  a i r  g r a v i t y  f r o m  t r a c k s  02,  08 and 09.  The c a l c u l a t e d  
g r a v i t y  i s  o b t a i n e d  f r o m  t h e  g r i d d e d  v a l u e s ,  shown i n  F i g u r e  7 . 9 ,  by 
l i n e a r  i n t e r p o l a t i o n .  The c o n s t a n t  o f f s e t  b e tw e en  c a l c u l a t e d  and 
o b s e r v e d  i s  due  t o  n o t  i n c l u d i n g  t h e  r e l a t i o n s h i p  b e tw e en  mean 
b a t h y m e t r y  and mean g r a v i t y  (as  shown i n  F i g u r e  7 . 2 )  i n  t h e  c a l c u l a t e d  
g r a v i t y .
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w a v e l e n g t h s  g r e a t e r  t h a n  50 km. A t  s h o r t e r  w a v e l e n g t h s  (<20 km) t h e  

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

T h i s  can be a c c o u n t e d  f o r ,  h o w e v e r ,  by v a r i a t i o n s  i n  d e n s i t y  o f  

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

p o s s i b i l i t y  has a l r e a d y  been d i s c u s s e d  i n  t h e  1- d i m e n s i o n a l  a n a l y s i s .

7 . 6  DISCUSSION

The Cape Ve rde  A r c h i p e l a g o  i s  s i t u a t e d  t o  t h e  s o u t h - w e s t  o f  t h e  

c r e s t  o f  a l a r g e  b a t h y m e t r i c  s w e l l ;  t h e  Cape Ve rd e  R i s e .  T h i s  s w e l l  

r i s e s  t o  a p p r o x i m a t e l y  3 . 5  km d e p t h  and i s  t h u s  2 km s h a l l o w e r  ( a f t e r  

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

r e l a t i o n s h i p  (P a r s o n s  & S c l a t e r  1 9 7 7 ) w o u ld  s u g g e s t .  The e f f e c t i v e  

e l a s t i c  t h i c k n e s s  (EET) o f  t h e  s w e l l  has been c a l c u l a t e d  by t h i s  s t u d y  

t o  be % 15 ± 3  km. T h i s  v a l u e  compares  f a v o u r a b l y  w i t h  an i n d e p e n d e n t  

e s t i m a t e  made by M c N u t t  ( 1 9 8 4 ) . who s t u d i e d  t h e  u p l i f t  o f  t h e  o t h e r  

i s l a n d s  i n  t h e  a r c h i p e l a g o  due t o  t h e  l o a d i n g  e f f e c t  o f  Fogo,  and 

c a l c u l a t e d  a v a l u e  f o r  t h e  EET o f  b e tw een  7 -1 2  km.

M i t c h e l l  e t  a l  ( 1 9 8 3 )  showed,  f r o m  a g e o l o g i c a l  and g e o c h r o n o l o g i c a l  

s t u d y ,  t h a t  t h e r e  i s  l i t t l e  e v i d e n c e  f o r  e x t e n s i v e  v o l c a n i s m ,  on M a io ,  

b e f o r e  20 Ma. Assu m in g  i s l a n d  b u i l d i n g ,  and hence e l a s t i c  d e f o r m a t i o n ,  

was s t a r t e d  a t  a ro u n d  t h i s  t i m e ,  t h e n  t h e  EET c a l c u l a t e d  by t h i s  s t u d y  

m us t  r e p r e s e n t  t h e  v a l u e  f o r  t h e  l i t h o s p h e r e  w i t h i n  t h e  l a s t  20 Ma. 

T h i s  v a l u e  o f  EET m us t  a l s o  c o r r e s p o n d  t o  t h e  maximum r e h e a t i n g  s i n c e  

any e l a s t i c  d e f o r m a t i o n  w o u l d  be f r o z e n  i n ’ d u r i n g  c o o l i n g .  F i g u r e  

7 . 1 1 a  i s  m o d i f i e d  f r o m  W a t t s  e t  a l  ( 1980)  and shows t h e  EET p l o t t e d  

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

s t u d i e s .  The c u r v e s  show t h e  v a r i a t i o n  o f  d e p t h  t o  t h e  300* and 800* 

i s o t h e r m s  a s s u m in g  a c o o l i n g  p l a t e  m o d e l  ( P a r s o n s  and S c l a t e r  1 9 7 7 ) .  

The c a l c u l a t e d  EET i s  t h i n n e r  t h a n  t h e  v a l u e  p r e d i c t e d  by t h e  

r e l a t i o n s h i p  i n  F i g u r e  7 . 1 1 a  w h i c h  s u g g e s t s  t h a t  t h e  EET s h o u l d  be ~30
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a )  G L O B A L  C O M P I L A T I O N  O F  E . E . T .  vs  A G E  A T  T I M E  OF  L O A D I N G

AGE OF OCEANIC LITHOSPHERE AT TIME OF LOADING (my)
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b )  GLOBAL COMPILATION OF OCEANIC SWELL DEPTH vs AGE OF CRUST
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F i g u r e  7 .11  a) E f f e c t i v e  e l a s t i c  t h i c k n e s s  a g a i n s t  age o f  p l a t e  a t  t i m e  
o f  l o a d i n g .  Curves  show v a r i a t i o n  o f  d e p t h  t o  t h e  300° and 600° 
i s o t h e r m s  w i t h  age f o r  a c o o l i n g  p l a t e  m ode l  ( P a rsons  & S c a l t e r  ( 1 9 7 7 ) ) 
Data  f r o m  t h i s  s t u d y  ( sha de d  a r e a )  and W a t t s  e t  a l  ( 19 80 )  ( f i l l e d  
c i r c l e s ) .  b) Depth  anomaly  a g a i n s t  age o f  c r u s t .  Data f r o m  t h i s  s t u d y  
(CV=Cape Ve rde  R i s e )  and Crough (1 9 7 8) (H = H a w a i i ,  CA = C o o k - A u s t r a l , 
S = S o c i e t y ,  M=Marquesas,  R=R eu nion,  K = K e r g u e l e n ,  B=8ermuda,  SH=St He le na  
and T = T r i n d a d e  ) .
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± 1 0  km f o r  t h e  age o f  t h e  c r u s t  a ro u n d  t h e  Cape V e rd e  A r c h i p e l a g o .

The EET t h u s  a p p e a rs  t o  be r e l a t e d  t o  t h e  t h e r m a l  s t a t e  o f  t h e  

c r u s t .  The c r u s t  o f  t h e  Cape V e rde  R i s e  has been t h e r m a l l y  r e j u v e n a t e d  

and now has a t h e r m a l  age e q u i v a l e n t  t o  %25 Ma c r u s t .  C ro uah  (197R1 

p l o t t e d  t h e  d e p t h  o f  10 h o t s p o t s  a g a i n s t  c r u s t a l  age and s u g g e s t e d  

t h a t  a l l  o c e a n i c  s w e l l s  r i s e  t o  a h e i g h t  e q u i v a l e n t  t o  25 Ma c r u s t ;  a 

s i m i l a r  p l o t  i s  shown i n  F i g u r e  7 . 1 1 b .  T h i s  s u g g e s t s  t h a t  a l l  o c e a n i c  

r i s e s  s h o u l d  have E F T 's  c o r r e s p o n d i n g  t o  s i m i l a r i l y  young c r u s t .  T h a t  

i s ,  t h e  t h e r m a l  e f f e c t  t h a t  causes  t h e  d e p t h  anoma ly  s h o u l d  a l s o  ca use  

a t h e r m a l  r e j u v e n a t i o n  and r e d u c t i o n  o f  t h e  EFT. H ow ever ,  t h e  

e f f e c t i v e  e l a s t i c  t h i c k n e s s  f o r  H a w a i i ,  as c a l c u l a t e d  by Wa t t s  ( 1 9 7 8 ) . 

i s  n o t  s i g n i f i c a n t l y  l o w e r  (Te%30 km) t h a n  n o r m a l  l i t h o s p h e r e  o f  t h e  

same a g e .  Me n a r d  & M c N u t t  (1 9 6 2 )  c o n s i d e r e d  t h i s  s i t u a t i o n  w h e re b y  

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

n e g l i g i b l e  chan ge  i n  t h e  EFT. They s u g g e s t  t h a t  by c o n f i n i n g  t h e  

i n i t i a l  r e h e a t i n g  t o  g r e a t e r  t h a n  45 km d e p t h  t h e  d e p t h  a n o m a ly  can be 

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

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

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

l i t h o s p h e r e .  I f  t h i s  m od e l  i s  r e a l i s t i c  t h e n  t h e  d i f f e r e n c e  b e tw e en  

t h e  e l a s t i c  t h i c k n e s s e s  o f  t h e  Cape Ve rd e  R i s e  and t h e  H a w a i i a n  s w e l l  

can be r e l a t e d  t o  t h e  v e l o c i t y  o f  t h e  p l a t e  o v e r  t h e  h e a t  s o u r c e .

M c N u t t  ( 1 9 8 4 )  s u g g e s t s  tw o  p o s s i b l e  m o d e l s  f o r  t h e r m a l  

r e j u v e n a t i o n .  The f i r s t  i s  a m o d e l  o f  t h e  t y p e  p r o p o s e d  h e r e  f o r  t h e  

Cape V e r d e  R i s e ,  w h e r e b y  t h e  e n t i r e  l i t h o s p h e r i c  co lu m n  i s  r e h e a t e d ,  

c a u s i n g  b o t h  a d e p t h  ano m a ly  and a r e d u c t i o n  i n  t h e  EET. The secon d  

m od e l  has  r e h e a t i n g  c o n f i n e d  t o  t h e  l o w e r  l i t h o s p h e r e  o n l y  and t h i s  

causes  a d e p t h  ano m a ly  b u t  no o b s e r v a b l e  r e d u c t i o n  i n  t h e  EET.

H a w a i i  i s  l e s s  v u l n e r a b l e  t o  m i d - p l a t e  v o l c a n i s m  t h a n  t h e  Cape 

Ve rd e  R i s e  p r i n c i p a l l y  bec a us e  t h e  P a c i f i c  p l a t e  i s  m o v in g  a t  10 c m / y r
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and t h i s  r e s u l t s  i n  i n c o m p l e t e  t h e r m a l  r e j u v e n a t i o n .  H e a t i n g  may be 

i n s u f f i c i e n t  t o  chan ge  t h e  e f f e c t i v e  e l a s t i c  t h i c k n e s s  f r om  t h e  v a l u e  

a s s o c i a t e d  w i t h  n o r m a l  c r u s t  o f  t h a t  ago.  The Cape Ve rde  R i s e ,  

h o w e v e r ,  has been v e r y  s l o w  m o v in g  o v e r  i t s  h o t s p o t "  f o r  a t  l e a s t  30 

Ma, M i n s t e r  & J o r d a n  ( 1 9 7 8 ) . and t h e  e f f e c t i v e  e l a s t i c  t h i c k n e s s  i s  

t h e r e f o r e  much l e s s  t h a n  t h e  e x p e c t e d  v a l u e  f o r  130 Ma c r u s t .

7 .7  CONCLUSIONS

1 )The  o b s e r v e d  a d m i t t a n c e  e s t i m a t e s ,  o b t a i n e d  f r o m  p r o f i l e s  

c r o s s i n g  t h e  Cape Ve rd e  A r c h i p e l a g o ,  can be compared w i t h  a t h i n  p l a t e  

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

s t r i k e  l e n g t h  ( * 3 5 0  km ) ,  t o  g i v e  an e f f e c t i v e  e l a s t i c  t h i c k n e s s  * 1 5  ±3 

km. T h i s  m o d e l ,  a l t h o u g h  i n i t i a l l y  c a l c u l a t e d  u s i n g  1- d i m e n s i o n a l  

a n a l y s i s ,  p r e d i c t s  t h e  o b s e r v e d  g r a v i t y  w e l l  when u s i n g  2 - d i m e n s i o n a l  

a n a l y s i s .

2 ) The v a l u e  o f  t h e  EET f r o m  t h i s  s t u d y  i s  t h i n n e r  t h a n  e x p e c t e d  

f o r  130 Ma c r u s t  ( f g * 3 0 ± 1 0  km) and t h i s  i s  c o n s i d e r e d  t o  be due t o  

t h e r m a l  r e j u v e n a t i o n .  The l i t h o s p h e r e  now has an e f f e c t i v e  t h e r m a l  age 

o f  *2 5  Ma w h i c h  i s  o b s e r v e d  as b o t h  a d e p t h  anoma ly  and a r e d u c e d  EET.

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

l i t h o s p h e r e  u n d e r l y i n g  t h e  Cape V e rd e  R i s e  has o c c u r r e d .  A s i m i l a r  

c o n c l u s i o n  was r e a c h e d  by Croug h  (1 9 7 8 )  f r o m  a s t u d y  o f  t h e  

b a t h y m e t r i c  a n o m a ly  and M c N u t t  ( 1 9 8 4 )  f r o m  a s t u d y  o f  Fogo.  H ow eve r ,  

n e i t h e r  t h i s  s t u d y ,  n o r  o t h e r s ,  can p r e c l u d e  a c o m ponen t  o f  u p l i f t  due 

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

m a n t l e ,  o f  n o n - t h e r m a l  o r i g i n .

4 )T h e  d i f f e r e n c e  b e tw e e n  t h i s  s t u d y  ( T ^ * 1 5  km) and H a w a i i  ( T ^ * 3 0  

km) i s  r e l a t e d  t o  p l a t e  v e l o c i t y  o v e r  t h e  h e a t  s o u r c e .  The e f f e c t  o f  

t h e  l o w  v e l o c i t y  o f  t h e  A f r i c a n  p l a t e  a t  t h e  Cape Ve rde  R i s e  ov e rc om es  

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

i s  d r a m a t i c  r e d u c t i o n  o f  t h e  EFT.
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CHAPTER 8 (GFOID/BATHYMETRY RFlATTQNSHIP)

8 .1  INTRODUCTION

The r e l a t i o n s h i p  b e tw e en  t h e  m a r i n e  g e o i d  and b a t h y m e t r y  can be 

used t o  e x a m in e  t h e  s t a t e  o f  c o m p e n s a t i o n  o f  b a t h y m e t r i c  f e a t u r e s  i n  

t h e  w o r l d ' s  o c e a n s .  The a c c u r a c y  and c o v e r a g e  o f  g e o i d  h e i g h t  

m e a s u r e m e n ts  has i n c r e a s e d  d r a m a t i c a l l y  s i n c e  t h e  r e l e a s e  o f  d a t a  

o b t a i n e d  by t h e  SFASAT s a t e l l i t e  m i s s i o n .  T h i s  m i s s i o n  was s p o n s o r e d  

by t h e  N a t i o n a l  A e r o n a u t i c s  and Space A d m i n i s t r a t i o n  (NASA) o f  t h e  

U . S . A .  t o  m ea su re  t h e  h e i g h t  o f  t h e  sea s u r f a c e ,  by r a d a r  a l t i m e t r y ,  

t o  an a c c u r a c y  o f  10 cm. C o m b i n a t i o n  o f  t h e  SEASAT c o v e r a g e  w i t h  an 

e a r l i e r  s a t e l l i t e  m i s s i o n ,  6F0S3,  p r o v i d e s  s u i t a b l e  d a t a  d e n s i t y  t o  

i n t e r p o l a t e  t h e  g e o i d  h e i g h t s  o n t o  a r e g u l a r  ( 7 . 5 ' x 7 . 5 ' )  g r i d .

Rapp ( i n  p r e s s ) . The g r i d d e d  g e o i d  d a t a  s e t  p r o v i d e s  an o p p o r t u n i t y  t o  

e x a m in e  t h e  r e l a t i o n s h i p  b e tw e e n  g e o i d  h e i g h t  and b a t h y m e t r y  i n

2 - d i m e n s i o n s  o v e r  t h e  Cape V e r d e  R i s e .  The r e s u l t s  o f  t h i s  a n a l y s i s  

can be comp ared  w i t h  t h e  r e s u l t s  o f  a 1- d i m e n s i o n a l  g r a v i t y / b a t h y m e t r y  

a n a l y s i s  c a r r i e d  o u t  o v e r  t h e  same a r e a  and r e p o r t e d  i n  C h a p t e r  7.  

Lame & Bo rne  (1982  1 g i v e  an e x c e l l e n t  o v e r v i e w  o f  t h e  SFASAT m i s s i o n  

and d e t a i l s  o f  t h e  a c q u i s i t i o n  t e c h n i q u e s  can be fo u n d  i n  s e c t i o n  2 . 8  

o f  C h a p t e r  2.

The m a r i n e  g e o i d  i s  an e q u i p o t e n t i a l  s u r f a c e  whose 1 s t  v e r t i c a l  

d e r i v a t i v e  i s  g r a v i t y .  G e o id  m e a s u re m e n ts  have  been used i n  t h e  p a s t ,  

by such  w o r k e r s  as W a t t s  e t  a l  ( 1 9 8 5 ) . Cazenave  e t  a l  ( 1 9 8 0 )  and 

W a t t s  ( 1 9 7 9 ) . t o  e x a m in e  t h e  s t a t e  o f  c o m p e n s a t i o n  o f  b a t h y m e t r i c  

f e a t u r e s .  An a d v a n t a g e  o f  g e o i d  m ea s u re m e n ts  o v e r  g r a v i t y  m ea s u rem e n ts  

i s  t h a t  t h e  g e o i d  i s  more  s e n s i t i v e  t o  deep  s e a t e d  d e n s i t y  v a r i a t i o n s  

and s h o u l d ,  t h e r e f o r e ,  b e t t e r  d e t e c t  t h e  ano m a ly  due t o  r e g i o n a l  

c o m p e n s a t i o n .  A n o t h e r  a d v a n t a g e  o f  g e o i d  m e a s u r e m e n ts  i s  t h a t  t h e  

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

c o v e r a g e .  Di x o n  e t  a l  ( 1 9 8 3 )  made use o f  t h e  s a t e l l i t e  c o v e r a g e ,
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l i n e a r  t r a n s f e r  f u n c t i o n  t e c h n i q u e s  and t h e  a c c u r a c y  o f  t h e  SFASAT 

r a d a r  a l t i m e t e r  t o  p r e d i c t  b a t h y m e t r y  i n  t h e  P a c i f i c  o c e a n .  To c h ec k  

h o w . w e l l  s a t e l l i t e  a l t i m e t r y  m ea s u re m e n ts  c o r r e l a t e d  w i t h  g r a v i t y  and 

b a t h y m e t r y ,  V o g t  e t  a l  (19 84)  u n d e r t o o k  g r o u n d  t r u t h  s u r v e y s  by s h i p  

a l o n g  tw o  s u b - s a t e l l i t e  t r a c k s  i n  t h e  N o r t h  A t l a n t i c .  T h e i r  r e s u l t s  

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

c o r r e l a t e  w e l l  w i t h  g e o i d  a n o m a l i e s  i n  t h e  space  d om a in  be tw een  

w a v e l e n g t h s  o f  ^ 400  km t o  *^50 km. The main  d i f f e r e n c e  b e tw e en  g r a v i t y  

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

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

w a v e l e n g t h  f e a t u r e s .  The 1 / r  d e p e n d e n c e  o f  g e o i d  a n o m a l i e s  ( v e r s u s

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

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

a l s o  n o t e d  by Chapman ( 1 9 7 9 )  who s t u d i e d  t e c h n i q u e s  f o r  i n v e s t i g a t i n g  

g e o i d  a n o m a l i e s .

P r e v i o u s  w o r k e r s  who have  used  g e o i d  ano m a ly  and b a t h y m e t r y  

r e l a t i o n s h i p s ,  such as W a t t s  ( 1 9 7 9 )  and D i x o n  e t  a l  ( 1 9 8 3 ) . have 

r e s t r i c t e d  t h e i r  a n a l y s i s  t o  i n d i v i d u a l  t r a c k s  so t h a t  t h e i r  r e s u l t s  

a re  s t r i c t l y  1- d i m e n s i o n a l . Cazena ve  e t  a l  ( 1 9 8 0 )  used g r i d d e d  GF0S3 

d a t a  t o  i n v e s t i g a t e  t h e  r e s p o n s e  o f  t h e  l i t h o s p h e r e  t o  seamou nt  

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

2 - d i m e n s i o n a l  d a t a .  R a t h e r  t h e y  co m p u te d  t h e  g e o i d  a n o m a l i e s  o v e r  t h e  

b a t h y m e t r i c  f e a t u r e s  u s i n g  n u m e r i c a l  i n t e g r a t i o n  and comp ared  t h i s  

w i t h  t h e  o b s e r v e d  g e o i d .  A p r e v i o u s  s t u d y  by Croug h  ( 1 9 8 2 )  i s  more 

d i r e c t l y  a p p l i c a b l e  t o  t h e  Cape Ve rd e  R i s e  i n  t h a t  i t  comp ares  

o b s e r v e d  g e o i d  h e i g h t s  and b a t h y m e t r y  o v e r  an a re a  o f  t h e  A t l a n t i c  

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

Ve rde  R i s e  was s u p p o r t e d  by an i s o s t a t i c  r o o t  a t  an a v e r a g e  d e p t h  o f  

4 0 km.

T h i s  does n o t  h e l p ,  h o w e v e r ,  t o  d e t e r m i n e  t h e  s t a t e  o f
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c o m p e n s a t i o n  o f  t h e  l o a d  o f  t h e  Cape Ve rd e  I s l a n d s  on t h e  l i t h o s p h e r e  

o f  t h e  Cape V e r d e  R i s e .  The p u r p o s e  o f  t h e  p r e s e n t  s t u d y  i s  t o  use t h e  

a v a i l a b l e  2 - d i m e n s i o n a l  d a t a ,  o f  g e o i d  h e i g h t s  and b a t h y m e t r y ,  t o  

c a l c u l a t e  t h e  e f f e c t i v e  e l a s t i c  t h i c k n e s s  (EET)  o f  t h e  l i t h o s p h e r e  o f  

t h e  Cape V e r d e  R i s e .  T h i s  w i l l  u t i l i s e  t h e  same t h i n  p l a t e  m o d e l  o f  

f l e x u r e  o u t l i n e d  i n  C h a p t e r  5.  s e c t i o n  5 . 3 ,  and used p r e v i o u s l y  i n  

C h a p t e r  7 .

8 . 2  2-DIMFNSIONAL DATA

The 2 - d i m e n s i o n a l  d a t a  used i n  t h i s  s t u d y  i s  a c o m b in e d  d a t a  s e t  

o f  6E0S3 and SEASAT v a l u e s  i n t e r p o l a t e d  o n t o  a 7 . 5  x 7 . 5 '  g r i d .  T h i s  

d a t a  was made a v a i l a b l e  by R. Rapp f r o m  O h io  S t a t e  U n i v e r s i t y  i n  t h e  

U . S . A . ,  Rapp ( p e r s . c o m m . ) . F i g u r e  8 .1  shows t h e  s u b - s a t e l l i t e  t r a c k  

d e n s i t y  f o r  t h e  a r e a  o f  t h e  Cape V e r d e  R i s e .  B r e a k s  i n  t h e  t r a c k  

c o v e r a g e  can be due t o  e x c e s s i v e  n o i s e ,  p r e - p r o g r a m m e d  s w i t c h i n g  o f f  

o f  t h e  s e n s o r  o r  “ b l u n d e r  p o i n t "  e d i t i n g  o f  t h e  d a t a  s e t .  F i g u r e  8 . 2  

shows an i s o m e t r i c  v i e w  o f  t h e  w h o l e  g e o i d  h e i g h t  d a t a  s e t  a v a i l a b l e  

f o r  a n a l y s i s  a t  L e i c e s t e r  U n i v e r s i t y .  T h i s  d a t a  was p r o v i d e d  by R. 

Rapp f r o m  O h io  S t a t e  U n i v e r s i t y  and d e t a i l s  o f  t h e  i n t e r p o l a t i o n  a re  

g i v e n  i n  Rapp ( i n  p r e s s ) . The h o r i z o n t a l  and v e r t i c a l  s c a l e s  a r e  as 

shown and t h e  a r r o w s  i n d i c a t e  t h e  64x64 e l e m e n t  s u b s e t  o f  t h e  d a t a  

used i n  t h e  l a t e r  a n a l y s i s .  The d a t a  shown i n  F i g u r e  8 . 2  a r e  d o m i n a t e d  

by a v e r y  l a r g e  0 5 0  m) l o n g  w a v e l e n g t h  (> 1000  km) c o m p on en t  t h a t  

i n c r e a s e s  f r o m  West  t o  E a s t  and f r o m  S ou th  t o  N o r t h .  D e s p i t e  t h i s ,  

h o w e v e r ,  i t  i s  s t i l l  p o s s i b l e  t o  p i c k  o u t  t h e  g e o i d  ano m a ly  due  t o  t h e  

Cape V e r d e  I s l a n d s  and R i s e .

W a t t s  e t  a l  ( 1 9 8 5 )  and Di x o n  e t  a l  ( 1 9 8 3 )  s u g g e s t  t h a t  l o n g  

w a v e l e n g t h  (>1000  km) g e o i d  a n o m a l i e s  a r e  due t o  d e n s i t y  v a r i a t i o n s  

deep  i n  t h e  m a n t l e .  I t  i s  n e c e s s a r y  t o  remove  t h i s  l o n g  w a v e l e n g t h  

co m p on en t  f r o m  t h e  g e o i d  s i g n a l  b e f o r e  an a d e q u a t e  c o m p a r i s o n  b e tw e e n
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s a t e l l it e  TRACKS OVER THE CAPE VERDE ARCHIPELAGO
f jK A T m  o v r r  scM.e jticaooa. o o m y  tL ’’  a tn .
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Figure 8,1 Satellite tracks for the combined GE0S3 and SEASAT data 
sets. The track density shown here is considered suitable for 
interpolation onto a 7.5'x 7 .5' grid. The gridded geoid height data is 
shown in F igure 8.2.
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g e o i d  and b a t h y m e t r y  can be made.

The 2 - d i m e n s i o n a l  b a t h y m e t r y  d a t a  a v a i l a b l e  f o r  t h i s  s t u d y  has 

a l r e a d y  been used i n  t h e  l a t t e r  p a r t  o f  C h a p t e r  7.  T h i s  5 x5" g r i d d e d  

d a t a  s e t  f r o m  t h e  N6DC Synbaps p r o g r a m  ( van Wvckhouse ( 1973 ) ) has been 

l i n e a r l y  i n t e r p o l a t e d  o n t o  a 7 . 5  x 7 . 5 '  g r i d  and i s  shown i n  F i g u r e  8 . 3  

c o v e r i n g  t h e  same a re a  as F i g u r e  8 . 2 .  A g a i n  t h e  a r r o w s  i n d i c a t e  t h e  

s u b s e t  o f  t h e  d a t a  used i n  t h e  l a t e r  a n a l y s i s .  The A f r i c a n  c o a s t  can 

be e a s i l y  seen i n  t h i s  i s o m e t r i c  p l o t  and i s  a u s e f u l  p o i n t  o f  

r e f e r e n c e .  The Cape V e rde  I s l a n d s  a l s o  s t a n d  o u t  w e l l .

8 . 3  REGIONAL GEOID ANOMALY

The g e o i d  o f  t h e  e a r t h  as a w h o l e  can be d e s c r i b e d  by s p h e r i c a l  

h a r m o n i c  e x p a n s i o n  t e r m s ,  Jacobs  ( 1 9 7 4 ) . The r e l a t i o n s h i p  b e tw e en  

an o m a ly  b l o c k  s i z e  and t h e  number  o f  s p h e r i c a l  h a r m o n i c  c o e f f i c i e n t s  

was i n v e s t i g a t e d  b y ,  amongs t  o t h e r s ,  Raoo ( 1 9 7 7 ) . I t  was s u g g e s t e d  

t h a t  t h e  mean a n o m a ly  b l o c k  s i z e  d e s c r i b e d  by e x p a n s i o n s  t o  d e g r e e  and 

o r d e r  N was 180° / %  W a t t s  e t  a l  ( 1 9 8 5 )  rem oved a 6FM10 (G odda rd  E a r t h  

M o d e l )  c o m p l e t e  t o  d e g r e e  and o r d e r  10 f r o m  t h e i r  g r i d d e d  GE0S3 d a t a  

i n  t h e  P a c i f i c .  Vo o t  e t  a l  ( 1984 ) s u b t r a c t e d  t h e  GEM9 up t o  and 

i n c l u d i n g  d e g r e e  and o r d e r  14 f r o m  t h e i r  o b s e r v e d  SEASAT p r o f i l e s  t o  

l e a v e  a n o m a l i e s  «'•1000 km i n  w a v e l e n g t h .  S i m i l a r l y ,

Cazenave e t  a l  (19801 rem oved  a m o d e l  c o m p l e t e  t o  d e g r e e  and o r d e r  10 

b e f o r e  a n a l y s i n g  t h e  g e o i d  ano m a ly  i n  t h e  I n d i a n  o c e a n .

To t r y  and b e t t e r  d i s t i n g u i s h  t h e  g e o i d  ano m a ly  due t o  t h e  Cape 

Ve rd e  R i s e  (a f e a t u r e  o n l y  ^ 80 0  km i n  w a v e l e n g t h )  i t  was d e c i d e d  t o  

rem ove  as h i g h  an o r d e r  m o d e l  as p o s s i b l e  f r o m  t h e  g r i d d e d  g e o i d  

h e i g h t s  shown i n  F i g u r e  8 . 2 .  U s i n g  t h e  F o r t r a n  s u b r o u t i n e  by 

Amin ( 1 9 8 3 )  and t h e  s p h e r i c a l  h a r m o n i c  c o e f f i c i e n t s  p u b l i s h e d  by 

L e r c h  e t  a l  ( 1 9 8 1 ) . a m o d e l  c o m p l e t e  t o  d e g r e e  and o r d e r  36 was 

c a l c u l a t e d .  T h i s  m o d e l  i s  c a l l e d  a PGS-S3 ( P r e l i m i n a r y  G r a v i t y

VIJI-7



S o l u t i o n - S F A S A T ) m o d e l  ( L e r c h  e t  a l  ( 1 9 8 ? ) ) and i s  c o n s i d e r e d  t o  

p r o v i d e  an im p r o v e m e n t  i n  o r b i t  a c c u r a c y  o v e r  t h a t  o f  GEM9 and GEM10B. 

A ^ o l u t i o n  has been c a l c u l a t e d  t o  d e g r e e  and o r d e r  180 

( L e r c h  e t  a l  ( 1 9 8 1 ) ) w h i c h  w o u l d ,  u s i n g  t h e  r e l a t i o n s h i p  g i v e n  i n  

Rapp ( 1 9 7 7 ) .  d e f i n e  g e o i d  a n o m a l i e s  down t o  a b l o c k  s i z e  o f  1 ° x 1 °

These c o e f f i c i e n t s ,  t e r m e d  t h e  GEM1GC m o d e l ,  a r e  n o t  r e a d i l y  a v a i l a b l e  

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

ano m a ly  due t o  t h e  Cape V e r d e  R i s e .  I t  i s  n e c e s s a r y  t o  do a two  s t a g e  

r e g i o n a l  r e m o v a l  u s i n g  t h e  PGS-S3[ 3 6 , 3 6 ]  m o d e l  and t h e n  s u b t r a c t i n g  a 

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

F i g u r e  8 . 4  shows a c o m p u t e r  c o n t o u r e d  map o f  t h e  PGS-S3 m od e l  

bounded by l a t i t u d e s  - 8 0 °  s t o  +80® N and l o n g i t u d e s  -90® W t o  +90® F . 

The c o n t o u r  i n t e r v a l  i s  5m and t h e  dash ed  box shows t h e  a re a  o v e r  

w h i c h  t h e  g r i d d e d  g e o i d  d a t a  i s  a v a i l a b l e .  F i g u r e  8 . 5  shows an 

i s o m e t r i c  p l o t  o f  t h e  PGS-S3 d a t a  i n  t h i s  a re a  o f  i n t e r e s t .  I t  can be 

seen by c o m p a r i s o n  w i t h  F i g u r e  8 . ?  t h a t  t h e  t h e  r e g i o n a l  g e o i d  i s  w e l l  

d e s c r i b e d .  A l s o ,  t h e  [ 3 6 , 3 6 ]  s o l u t i o n  does  n o t  p i c k  o u t  f e a t u r e s  as 

s m a l l  as t h e  Cape V e r d e  R i s e .

The P G S - S 3 [ 3 6 , 3 6 ]  m o d e l  has  been rem oved  f r o m  t h e  o b s e r v e d  

g r i d d e d  g e o i d  d a t a  and i s  shown i n  F i g u r e  8 . 6 .  The c o m p a r i s o n  b e tw e e n  

F i g u r e s  8 . 6  and 8 . 3  i s  q u i t e  s t r i k i n g .  I n  F i g u r e  8 . 6  t h e  l a n d  a r e a s  o f  

A f r i c a  and S o u t h  A m e r i c a  have  been g i v e n  a c o n s t a n t  v a l u e  o f  5m f o r  

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

o t h e r  f e a t u r e s  i n  t h e  i s o m e t r i c  p l o t .  The m i d - A t l a n t i c  r i d g e  can be 

seen on b o t h  t h e  g e o i d  and b a t h y m e t r y  p l o t s  as a s i n u o u s  s p i n e  o f  

i n t e r m e d i a t e  v a l u e s  g o i n g  f r o m  s o u t h  t o  n o r t h .  The Cape Ve rd e  I s l a n d s  

and R i s e  s t a n d  o u t  w e l l  on t h e  r e s i d u a l  g e o i d  p l o t  o f  F i g u r e  8 . 6 .  The 

a r r o w s  i n d i c a t e  t h e  64x64 e l e m e n t  s u b s e t  o f  t h e  d a t a  used i n  t h e  

s u b s e q u e n t  a n a l y s i s .  L i t t l e  more  w i l l  be s a i d  a b o u t  t h e  c o r r e l a t i o n  o f  

b a t h y m e t r i c  f e a t u r e s  and r e s i d u a l  g e o i d  a n o m a l i e s  o u t s i d e  t h e  a r e a  o f
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t h e  Cape V e r d e  R is e  as i t  i s  o u t s i d e  t h e  sco pe  o f  t h i s  s t u d y .

6 . 4  RFSIDUAL■GFOID ANOMALY

F i g u r e  8 . 7  shows t h e  64x64 e l e m e n t  s u b s e t  o f  t h e  d a t a  s e l e c t e d  

f o r  a n a l y s i s  o f  t h e  r e l a t i o n s h i p  be tw een  g e o i d  h e i g h t s  and b a t h y m e t r y  

o v e r  t h e  Cape Ve rde  R i s e .  T h i s  p a r t i c u l a r  s i z e  o f  s u b s e t  was ch ose n  t o  

s a t i s f y  one o f  t h e  c o n s t r a i n t s  o f  t h e  F a s t  F o u r i e r  T r a n s f o r m  (FFT)  

a l g o r i t h m :  t h e  s i z e  o f  t h e  i n p u t  a r r a y  m us t  be an i n t e g e r  pow er  o f  2

i n  l e n g t h  ( s ee  C h a p t e r  6 ) .  I t  can be seen i n  t h e  i s o m e t r i c  p l o t  o f  

F i g u r e  6 . 7  t h a t  t h e  r i s e  f o r m s  a m a j o r  p a r t  o f  t h e  s i g n a l .  T h i s  i s  

o n l y  t o  be e x p e c t e d  s i n c e  t h e  r e m o v a l  o f  a [ 3 6 , 3 6 ]  s p h e r i c a l  h a r m o n i c  

e x p a n s i o n  r e g i o n a l  w i l l  s t i l l  l e a v e  w a v e l e n g t h s  o f  5 ° x 5 °  u n a f f e c t e d

The l o c a l  mean g e o i d  due t o  t h e  r i s e  m us t  be r e m o v e d .  C rouq h  (1 9 8 2 )  

removed a q u a d r a t i c  s u r f a c e  f r o m  t h e  anoma ly  due t o  t h e  r i s e ,  b u t  t h i s  

d i d  n o t  a l t e r  t h e  a n o m a ly  shape o f  t h e  r i s e  i t s e l f .

I t  was d e c i d e d  t o  c a l c u l a t e  a mean g e o i d  o v e r  t h e  r i s e  by a

s i m p l e  r u n n i n g  mean p r o c e d u r e .  An a re a  o f  25x25 e l e m e n t s  was a v e r a g e d  

t o  g i v e  a mean g e o i d  v a l u e  a t  t h e  c e n t r e  o f  t h e  25x25 g r i d .  The mean 

g e o i d  i s  shown i n  F i g u r e  6 . 8 .  To c h e c k  t h a t  t h i s  mean g e o i d  i s  a 

r e a s o n a b l e  a p p r o x i m a t i o n  t o  t h e  l o c a l  g e o i d  a nom a ly  as c a l c u l a t e d  i n  

t h e  GDR ( G e o p h y s i c a l  Da ta  R e c o r d ) ,  L o r e l l  e t  a l  ( 1 9 8 0 ) . a c o m p a r i s o n  

was made b e tw e en  t h e  d a t a  i n  F i g u r e  8 . 8  and t h e  GEM10B 1 ° x 1 °  

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

8 . 9  and i n d i c a t e  t h a t  t h e  25x25 p o i n t  a v e r a g e  i s  a good a p p r o x i m a t i o n  

t o  t h e  GEM10B g r a v i m e t r i c  g e o i d .

F i g u r e  8 . 1 0 a  shows t h e  l o c a l  g e o i d  a n o m a ly  a f t e r  r e m o v a l  o f  b o t h  

t h e  PGS-S3[ 3 6 , 3 6 ]  r e g i o n a l  and t h e  25x25 p o i n t  l o c a l  g e o i d s .  The m a in  

c o n t r a s t  b e tw e e n  F i g u r e  8 , 1 0 a  and F i g u r e  8 . 8  i s  t h e  a p p e a r a n c e  o f  t h e  

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

t h e  l i t h o s p h e r e  o f  t h e  Cape V e r d e  R i s e .
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ISOMETRIC PLOT (viewed from south-west )  OF LOCAL GEOID ANOMALY 
AFTER REMOVING PGS-S3(36.36)  REGIONAL ANOMALY
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20.25 -19 .75

12.375 -27.625

Figure 8,7 Isometric plot, viewed from the south-west, of the 64x64 
element subset of the yriddeci geoid data shown in Figure 8.6. The 
geoid anomaly of ttie Cape Verde Rise and Cape Verde Archipelago are 
very prominent in this plot.

ISOMETRIC PLOT (viewed from south-west )  OF LOCAL MEAN GEOID 
FROM 25x25 POINT AVERAGING
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F i g u r e  8 . 8  Isometric plot, viewed from the south-west, of a 25x25 
point running mean of the data shown in Figure 8.7. This plot 
illustrates the local geoid anomaly due to the Cape Verde Rise.
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COMPARISON OF 2 5 x 2 5  MEAN GEOID HEIGHTS WITH GEM10B MODEL 
FROM SEASAT GDR FILE
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Figure 8.9 Comparison of the 25x25 point running mean, shown in Figure 
8.8, with the GEM108 1°x1° gravimetric geoid from the SEASAT GDR data 
file for two satellite passes over the Cape Verde Rise. In both cases 
shown here the 25x25 point gridded mean is the dashed line and the 
observed SEASAT geoid hieght is the full line.
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a ) ISOMETRIC PLOT (viewed from sou th -wes t )  OF RESIDUAL GEOID 
AFTER REMOVAL OF 25x25  MEAN
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-1  9.75

12.375  - 2 7 . 6 2 5

b)
ISOMETRIC PLOT (viewed from south -wes t )  OF RESIDUAL GEOID ANOMALY 
AFTER REMOVING MEAN. TREND & COSINE TAPERING
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Figure 8.10 a)Isometric plot, viewed from the south-west, of the geoid 
anomaly after removal of both the PCS-S3 [36 ,36 ] model and the local 
25x25 point running mean. The main difference between this and the 
plot in Figure 8.7 is the flanking geoid low around the geoid high due 
to the Cape Verde Islands, b) Isometric plot of the same data as in 
the upper plot, but after removal of a mean, trend and cosine tapering
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a ) ♦SOME TR IC  P LO T  ( v ie w e d  f rom s o u t f i - w e s t )  OF B A T H Y M E T R Y
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b) PLOT (v iewed from s o u th - w e s t )  OF BATHYMETRY 
AFTER REMOVING MEAN, TREND &COSINE TAPERING
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Figure 8.11 a)Isometric plot of the 64x64 element subset of the 
bathymetry data for the same area as the data in Figure 8.10. 
b)Bathymetric data after removal of a mean, trend and cosine tapering
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B e f o r e  F o u r i e r  a n a l y s i s  i t  i s  n e c e s s a r y  t o  remove a mean, t r e n d  

and c o s i n e  t a p e r  t h e  edges o f  t h e  d a t a .  T h i s  has been done f o r  t h e  

l o c a l  g e o i d  a n o m a ly  and i s  shown i n  F i g u r e  8 . 1 0 b .  F i g u r e  8 . 1 1 a  shows 

t h a t  s u b s e t  o f  t h e  b a t h y m e t r y  d a t a  b e f o r e  r e m o v a l  o f  a mean,  t r e n d  and 

c o s i n e  t a p e r i n g  and F i g u r e  8 . 1 1 b  shows t h e  same d a t a  a f t e r w a r d s .

8 . 5  GEOID RESPONSE FUNCTION

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

t h e  s p a t i a l  f r e q u e n c y  domain  i s  e x a c t l y  a n a lo g o u s  t o  t h e  r e s p o n s e  

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

7.  The r e s p o n s e  o f  t h e  g e o i d  i s  d e n o t e d  by Z ' ( k ^ )  t o  d i s t i n g u i s h  i t

f r o m  Z (X ^ )  used f o r  t h e  g r a v i t y .

I f  h ( x , y )  i s  t h e  g r i d d e d  g e o i d  d a t a  and b ( x , y )  i s  t h e  g r i d d e d  

b a t h y m e t r y  d a t a ,  t h e n  a f t e r  F o u r i e r  t r a n s f o r m a t i o n  we w i l l  have two  

s e r i e s  , n d  » 1 ) .

The r e s p o n s e  f u n c t i o n  i s  g i v e n  b y  : -

Z '  ( k ^ ) = < H ( i < ^ ) B * ( k ^ ) > / < B ( i < ^ ) B * ( ]< „ ) >  (F.8.1 )

<>=an a v e r a g i n g  p r o c e s s

w h e re  l k n l = / l * n x  '

When c a l c u l a t i n g  Z ( k ^ )  f o r  t h e  g r a v i t y  c o n s i d e r a b l e  s m o o t h i n g  i n  

t h e  s p a t i a l  f r e q u e n c y  dom a in  was a c h i e v e d  by a v e r a g i n g  o v e r  many

e s t i m a t e s  o f  G (X^ )  and B ( k ^ )  o b t a i n e d  f r o m  10 i n d e p e n d e n t  

o n e - d i m e n s i o n a l  p r o f i l e s  o f  g ( x )  and b ( x ) .  In  t h e  c ase  o f  t h e  g r i d d e d

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

a v e r a g i n g  can be a p p l i e d  by a s s u m in g  t h a t  t h e  a d m i t t a n c e  i s

i n d e p e n d e n t  o f  a z i m u t h .  The r e s u l t  w i l l  be t h e  e q u i v a l e n t

1- d i m e n s i o n a l  a d m i t t a n c e .  I t  i s  a l s o  p o s s i b l e  t o  a v e r a g e  o v e r
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b a n d w i d t h s  and sum a l l  t h e  F o u r i e r  c o e f f i c i e n t s  t h a t  l i e  b e tw een  bound

l - n l  , w h e re  l -^n'  * ^nx * and n= 1 , 2 ,  3,  5, 9 , 1 5, 23 ,  30 .  B o th  t y p e s

o f  a v e r a g i n g  w i l l  be used i n  t h i s  s t u d y .  A s i m i l a r  scheme o f  a v e r a g i n g  

was a d o p t e d  by Banks & Swain  ( 1 9 7 8 )  and M c N u t t  ( 1 9 8 2 ) .

The r e s p o n s e  Z ' ( Jk^ )  as c a l c u l a t e d  f r o m  t h e  above e q u a t i o n  w i l l  

be a c o m p le x  v a r i a b l e  w i t h  r e a l  and i m a g i n a r y  p a r t s .  As w i t h  t h e  

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

o f  t h e  r e s p o n s e  f u n c t i o n  can be c a l c u l a t e d  s i m p l y  f r o m ; -

♦ '  ( k ^ ) = t a n " \ R l ( Z '  ( k ^ )  ) / I m a g ( 7 '  ( k ^ ) ) )  ( F 8 . 2 )

The phase s h o u l d  be c l o s e  t o  z e r o  f o r  t h o s e  w a v e l e n g t h s  w h e r e  

t h e  r e s p o n s e  o f  t h e  g e o i d  t o  b a t h y m e t r y  has a s i m p l e  r e l a t i o n s h i p .  The 

c o h e r e n c e  can a l s o  be c a l c u l a t e d  and s h o u l d  i n d i c a t e  how much o f  t h e  

pow er  i n  t h e  g e o i d  i s  due t o  t h e  pow er  i n  t h e  b a t h y m e t r y  a t  p a r t i c u l a r  

w a v e l e n g t h s .  The c o h e r e n c e  i s  g i v e n  by : -

w h e re  C = c r o s s  power  o f  g e o i d  and b a t h y m e t r y

E1=power  i n  t h e  g e o i d

E2=power  i n  t h e  b a t h y m e t r y  

*
= c o m p le x  c o n j u g a t e  

N=number o f  v a l u e s  a v e r a g e d

l a s t l y ,  t h e  c o h e r e n c e  can be used t o  e s t i m a t e  t h e  e r r o r  i n  t h e  

o b s e r v e d  r e s p o n s e  v a l u e ,  a c c o r d i n g  t o  Hunk & C a r t w r i g h t  ( 1 9 6 6 ) . by 

a s s u m in g  t h e  e r r o r s  i n  o b s e r v e d  v a l u e s  have  z e r o  mean and a r e  n o r m a l l y

d i s t r i b u t e d  w i t h  v a r i a n c e  g i v e n  b y : -
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^ ^(i<n)=Z‘ ^(k^) ( y'^-1 )/2(N-1 ) (E8.4)

8 . 6  RESULTS OF OBSERVED ADMITTANCE

A p p l i c a t i o n  o f  t h e  FFT a l g o r i t h m  t o  t h e  d a t a  shown i n  F i g u r e s  

8 . 1 0 b  and 8 . 1 1 b  r e s u l t s  i n  a s e r i e s  o f  c o m p le x  F o u r i e r  c o e f f i c i e n t s  

f o r  t h e  g e o i d  ano m a ly  and b a t h y m e t r y  r e s p e c t i v e l y .  These w e r e  c o m b in e d  

t o  f o r m  t h e  c r o s s - p o w e r  s p e c t r u m  o f  g e o i d  and b a t h y m e t r y ,  t h e  power  o f  

t h e  b a t h y m e t r y  and t h e  power  o f  t h e  g e o i d .  These q u a n t i t i e s  w e re  t h e n  

a v e r a g e d  o v e r  a z i m u t h  t o  g e t  t h e  1- d i m e n s i o n a l  e q u i v a l e n t  v a r i a t i o n  i n  

a d m i t t a n c e  w i t h  i n v e r s e  w a v e l e n g t h .  The o r i g i n a l  d a t a  s e r i e s  was a 

64x64 e l e m e n t  g r i d  w i t h  each e l e m e n t  h a v i n g  l e n g t h  ^ 1 3 . 8 3  km. The 

N y q u i s t  s p a t i a l  f r e q u e n c y  w i l l  be 0 . 0 3 6 2  km”  ̂ and t h e  1 s t  h a r m o n i c  

w i l l  o c c u r  a t  0 .0 0 1 1 3  km V  How ever ,  d u r i n g  a z i m u t h a l  a v e r a g i n g  i t  i s  

assumed t h a t  IJ<^| = / (  k^^^+k^^^^ ) and t h i s  a l t e r s  t h e  N y q u i s t  f r e q u e n c y  

t o  0 . 0 5 1 2  km  ̂ (^M 9 .5 3  km) and t h e  1 s t  h a r m o n i c  t o  0 . 0 0 1 6 0  km ^

( ^ 6 2 5 . 8 6  km) .  A p p l i c a t i o n  o f  e q u a t i o n s  E 8 . 1 ,  E 8 .2  and E 8 .3  t o  t h e  

a v e r a g e d  c r o s s - p o w e r  s p e c t r u m  and pow er  s p e c t r a  o f  g e o i d  and 

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

shown i n  F i g u r e  8 . 1 2 .

The l o g ^ Q  a d m i t t a n c e ,  c o h e r e n c e  and phase  a r e  p l o t t e d  a g a i n s t  

-1
i n v e r s e  w a v e l e n g t h  (X ) .  The l o g ^ ^  a d m i t t a n c e  p l o t  shows a l i n e a r

-1 -1t r e n d  b e tw een  i n v e r s e  w a v e l e n g t h s  0 . 0 0 4  km t o  0 . 0 1 6  km . A t  i n v e r s e  

w a v e l e n g t h s  g r e a t e r  t h a n  0 . 0 1 6  km”  ̂ (X < 6 2 .5  km) t h e r e  does n o t  a p p e a r  

t o  be any s i m p l e  r e l a t i o n s h i p  b e tw e en  g e o i d  ano m a ly  and b a t h y m e t r y - 

T h i s  c o n c l u s i o n  i s  s u p p o r t e d  by e v i d e n c e  f r o m  t h e  p l o t s  o f  c o h e r e n c e  

and p h a s e .

The c o h e r e n c e  p l o t  ( F i g u r e  8 . 1 2 b )  shows h i g h  v a l u e s  ( > 0 . 7 )  f o r

- 1
i n v e r s e  w a v e l e n g t h s  l e s s  t h a n  0 . 0 0 8  km (A>125 km) .  T h i s  s u g g e s t s  

t h a t  a t  w a v e l e n g t h s  l e s s  t h a n  125 km l i t t l e  o f  t h e  pow er  i n  t h e  g e o i d  

can be a t t r i b u t e d  t o  t h e  pow er  i n  t h e  b a t h y m e t r y .  W a t t s  ( 1 9 7 9 )  f o u n d  a 

s i m i l a r  r e s u l t  when a n a l y s i n g  GE0S3 p r o f i l e s  o v e r  t h e  H a w a i i a n  r i d g e
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VARIATION OF O B S E R V E D  ADMITTANCE
WITH INVERSE W A V E L E N G T H
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F i g u r e  8 . 1 2  a ) P l o t  o f  Log^^ o b s e r v e d  a d m i t t a n c e  a g a i n s t  i n v e r s e  
w a v e l e n g t h .  b ) P l o t  o f  c o h e r e n c e  a g a i n s t  i n v e r s e  w a v e l e n g t h .  c ) P l o t  o f  
phase  a g a i n s t  i n v e r s e  w a v e l e n g t h .
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and s t a t e d  t h a t  c o h e r e n c e  d r o p p e d  c o n s i d e r a b l y  a t  w a v e l e n g t h s  l e s s  

t h a n  130 km. S i m i l a r l y  t h e  p l o t  o f  phase  a g a i n s t  i n v e r s e  w a v e l e n g t h  

( F i g u r e  8 , 1 2 c )  has  l o w  phase  a n g l e s  f o r  w a v e l e n g t h s  g r e a t e r  t h a n  125 

km. The p l o t s  i n  F i g u r e  8 . 1 2  a l l  s u g g e s t  t h a t  t h e  r e l a t i o n s h i p  be tw een  

g e o i d  h e i g h t s  and b a t h y m e t r y  may be r e l a t i v e l y  s i m p l e  f o r  i n v e r s e  

w a v e l e n g t h s  l e s s  t h a n  0 . 0 1 8  km"'*

The a v e r a g i n g  t h a t  has been a p p l i e d  so f a r  i s  o n l y  a z i m u t h a l

a v e r a g i n g  and a l o g a r i t h m i c a l l y  sp aced  b a n d w i d t h  a v e r a g e  can a l s o  be

a p p l i e d .  E s t i m a t e s  o f  a d m i t t a n c e  a r e  o b t a i n e d  a t  e q u a l  a r i t h m e t i c

i n t e r v a l s  o f  Ak .  w h e re  Ak = 0 . 00 1 60 km‘ \  and k =2nnAk,  w he re
n

n = 1 , 2 , 3 , 4 , 5  e t c .  T h i s  means t h e r e  i s  a s t r o n g  c o n c e n t r a t i o n  o f

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

Dorman & L e w i s  ( 1 9 7 2 )  p o i n t  o u t  t h a t  l o g a r i t h m i c a l l y  spaced e s t i m a t e s  

each c o n t r i b u t e  a p p r o x i m a t e l y  t h e  same amount  o f  i n f o r m a t i o n .  The 

a d m i t t a n c e  v a l u e s  d i s p l a y e d  i n  F i g u r e  8 . 1 2 a  w e re  f u r t h e r  a v e r a g e d  

a b o u t  wavenum bers  n = 1 , 2 , 3 . 5 , 9 , 1 5 , 2 3 , 3 0 .  A s i m i l a r  scheme was used by 

Banks & Swain  ( 1 9 7 8 )  and M c N u t t  ( 1 9 7 9 )  on g r i d d e d  d a t a .

F i g u r e  8 . 1 3  shows t h e  a z i m u t h a l  and l o g a r i t h m i c a l l y  b a n d w i d t h  

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

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

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

i n d i c a t e  s t a n d a r d  e r r o r  and a r e  c a l c u l a t e d  u s i n g  E 8 . 4 .  The g e o i d  

a d m i t t a n c e  v a l u e s  i n  F i g u r e  8 . 1 3  d i s p l a y  a s i m i l a r  v a r i a t i o n  t o  t h e  

g r a v i t y  a d m i t t a n c e  c a l c u l a t e d  i n  C h a p t e r  7.  The g e o i d  a d m i t t a n c e  has

l o w  v a l u e s  ( < 0 . 0 0 0 5  m/m) f o r  w a v e l e n g t h s  l e s s  t h a n  100 km. A t

i n t e r m e d i a t e  w a v e l e n g t h s  (400>A>100  k m ) t h e  a d m i t t a n c e  v a l u e s  i n c r e a s e  

t o  a maximum o f  >/*0.002 m/m. The a d m i t t a n c e  does  n o t  c o n t i n u e  t o  

i n c r e a s e ,  h o w e v e r ,  w i t h  i n c r e a s i n g  w a v e l e n g t h .
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8.7  INTERPRETATION

The b e h a v i o u r  e x h i b i t e d  by t h e  g e o i d  r e s p o n s e  i n  F i g u r e  8 .1 3  i s  

v e r y  s i m i l a r  t o  t h e  b e h a v i o u r  o f  t h e  g r a v i t y  r e s p o n s e  i n  C h a p t e r  7 

( see  F i g u r e  7 . 6 ) .  The t h i n  p l a t e  m o d e l  t h a t  was used s u c c e s s f u l l y  t o  

d e s c r i b e  t h e  g r a v i t y  r e s p o n s e ,  and w h i c h  i s  d e s c r i b e d  i n  C h a p t e r  "5, 

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

p l a t e  f l e x i n g  u n d e r  an a p p l i e d  l o a d  can be c a l c u l a t e d  f r o m : -

^ = * * / g  * 2 ï ï G ( Q ^ - Q ^ ) { e x p ( - l k ^ | d ^ ) - ( 1 f l k ^ |  ^ D / ( Q ^ - Q ^ ) g )

C ( ( 0 3 - Q t ) / ( Q ^ - Q ^ ) ) e x p ( - | k n | 2 ^  ) M ( Q ^ - Q 3 ) / ( Q ^ - 0 t ) )  

e x p ( - | k ^ l z ^ ) ] }  ( E 8 . 5 )

as d e r i v e d  i n  C h a p t e r  5,  E5.2.9 and E 5 . 3 0 .

w h e re  Z ' ( k ^ ) = t h e  r e s p o n s e  o f  t h e  m od e l  a t  wavenum ber  J<^

0 ^ = t h e  d e n s i t y  o f  sea w a t e r

Q ^= the  d e n s i t y  o f  t h e  t o p o g r a p h y  ( = d e n s i t y  o f  l a y e r  2)

Q^= " " " l a y e r  3

Q = '* " " t h e  u p p e r  m a n t l e
m

d ^ = d e p t h  o f  t h e  t o p o g r a p h y

z ^ = d e p t h  t o  t h e  l a y e r  2 / l a y e r  3 i n t e r f a c e

Zg:  " " " moho

g = n o r m a l  g r a v i t y

and w h e re  D = ET^^ /  l 2 ( 1-u^)

w i t h  u = P o i s s o n ' s  r a t i o

T = e f f e c t i v e  e l a s t i c  t h i c k n e s s  (EFT) 
e

T a b l e  8 .1  shows t h e  v a l u e s  o f  t h e  v a r i o u s  p a r a m e t e r s  assumed f o r  

t h e  m o d e l .  The o n l y  d i f f e r e n c e  b e tw e e n  t h i s  m od e l  and t h e  one used f o r  

t h e  g r a v i t y  i s  t h e  mean d e p t h  t o  t h e  t o p o g r a p h y .  I n  t h i s  case  t h e  m e a n  

d e p t h  was c a l c u l a t e d  t o  be 3 . 9 9  km f r o m  t h e  mean and t r e n d  removed
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VARIATION OF O B S E R V E D  ADMITTANCE WITH LOG10 INVERSE W A V E L E N G T H

E
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F i g u r e  8 . 1 3
w a v e l e n g t h  .

P l o t  o f  o b s e r v e d  a d m i t t a n c e  a g a i n s t  Log^^ i n v e r s e
The a d m i t t a n c e  d a t a  have  been a v e r a g e d  o v e r  a z i m u t h  and 

t h e n  b a n d w i d t h  a v e r a g e d .  The c u r v e s  i l l u s t r a t e  t h e  v a r i a t i o n  o f  
a d m i t t a n c e  w i t h  Log i n v e r s e  w a v e l e n g t h  f o r  t h e  t h i n  p l a t e  f l e x u r e  
mode l  f o r  e f f e c t i v e  e l a s t i c  t h i c k n e s s e s  o f  5km,  15km and 25km.
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f r o m  t h e  g r i d d e d  b a t h y m e t r y  d a t a  b e f o r e  e n t e r i n g  t h e  FFT.

T a b l e  0 .1  Summary o f  p a r a m e t e r s  used i n  m od e l  c a l c u l a t i o n s .  

P a r a m e t e r  V a l u e

d e n s i t y  o f  s e a w a t e r 1020 kg/m^

t o p o g r a p h y  ( = l a y e r  2) 2790 "

" l a y e r  3 2900

" m a n t l e 3400 "

^ t  ' d e p t h  o f  t o p o g r a p h y 3990 m

d e p t h  t o  I a y e r 2 / l a y e r 3  i n t e r f a c e 5990 m

" 2 ' " moho 1099C) m

g. a c c e l e r a t i o n  o f  g r a v i t y 9 .8 1 m/ s^

G, g r a v i t a t i o n a l  c o n s t a n t 0 .861r X 10

E, Y o u n g ' s m o d u lu s l o ' i N/m^

U, P o i s s o n ' s r a t i o 0 . 2 8

- 1 2

By r e p e a t e d  a p p l i c a t i o n  o f  e q u a t i o n  E8 .5  w i t h  d i f f e r e n t  v a l u e s  

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

v a r i a t i o n  o f  c a l c u l a t e d  r e s p o n s e  w i t h  w a v e l e n g t h  can be computed  f o r  a 

h o s t  o f  d i f f e r e n t  m o d e l s .  T h i s  a p p r o a c h  has been a p p l i e d  t o  g e o i d  

a n a l y s i s  b e f o r e  by D i x o n  e t  a l  ( 1 9 8 3 ) . who used a s i n g l e  l a y e r e d  mode l  

w i t h  a d e n s i t y  o f  2600 k g / m ^ ,  and by W a t t s  ( 1979)  . who used a two  

l a y e r e d  e l a s t i c  l i t h o s p h e r e  w i t h  d e n s i t i e s  o f  2800 kg /m^ and 2900 

kg /m^ f o r  t h e  t o p o g r a p h y  and l a y e r  3 r e s p e c t i v e l y .

Cazenave e t  a l  ( 1 9 8 0 )  a l s o  used a f l e x u r a l  m o d e l  t o  c a l c u l a t e  t h e  

e x p e c t e d  g e o i d  f o r  an assumed f l e x u r a l  r i g i d i t y .  The d e n s i t i e s  o f  t h e  

m ode l  used h e r e  a r e  t h e  same as t h o s e  used i n  t h e  g r a v i t y  s t u d y .  T h i s  

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

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

The v a r i a t i o n  o f  a d m i t t a n c e  w i t h  w a v e l e n g t h  f o r  t h e  t h i n  p l a t e
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m o d e l  a t  t h r e e  d i f f e r e n t  v a l u e s  o f  t h e  FFT a r e  shown as c u r v e s ,  a l o n g  

w i t h  t h e  o b s e r v e d  a d m i t t a n c e ,  i n  F i g u r e  8 . 1 3 .  The o b s e r v e d  a d m i t t a n c e  

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

m o d e l  a t  w a v e l e n g t h s  l e s s  t h a n  ^«70 km. The 4 e s t i m a t e s  o f  a d m i t t a n c e  

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

l o n g e r  t h a n  ^ 100  km. s u g g e s t  t h e  m os t  a p p r o p r i a t e  EFT f o r  t h e  t h i n  

p l a t e  m o d e l  i s  «/' 15 km.

The l o w  c o h e r e n c e  v a l u e s  i n  F i g u r e  8 . 1 2 b  and t h e  h i g h l y  v a r i a b l e  

phase  i n  F i g u r e  8 . 1 2 c ,  a t  w a v e l e n g t h s  s h o r t e r  t h a n  ^1 00  km, comb in ed  

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

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

w a v e l e n g t h  g e o i d  b e h a v i o u r .  Oka l  & Cazenave ( 1 9 8 5 )  exa m in e d  SFASAT 

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

o f  t h i s  d a t a  was 1 0 -5 0  km. Wh i t e  e t  a l  ( 1 9 8 3 ) . w h i l e  s t u d y i n g  

d e t e c t i o n  o f  seam ou nt  s i g n a t u r e s  u s i n g  SEASAT p a s s e s ,  n o t e d  t h a t  t h e  

SFASAT d a t a  has a n o i s e  f l o o r  a t  w a v e l e n g t h s  f r o m  «^13 km t o  *^50 km. 

From t h e s e  p r e v i o u s  w o r k s  i t  w o u l d  be e x p e c t e d  t h a t  t h e  min imum 

w a v e l e n g t h  c o n t a i n i n g  any i n f o r m a t i o n  on t h e  r e l a t i o n s h i p  b e tw e e n  

g e o i d  and b a t h y m e t r y  w o u l d  be ^«50 km and n o t  ^ 10 0  km as i s  e v i d e n t  

f r o m  t h e  p r e s e n t  s t u d y .  F i g u r e  8 . 1 4  shows a c o m p a r i s o n  o f  t h e  o b s e r v e d  

g e o i d  h e i g h t  v a r i a t i o n  f o r  2 p a s s e s  o f  t h e  SFASAT r a d a r  a l t i m e t e r  and 

t h e  g r i d d e d  g e o i d  h e i g h t  d a t a  u s i n g  a c o m b i n a t i o n  o f  SEASAT and GE0S3 

i n f o r m a t i o n .  The c o m p a r i s o n  f o r  RFV814 i s  v e r y  good  i n  t h a t  t h e  c u r v e s  

m a tc h  i n  t e r m s  o f  b o t h  a m p l i t u d e  and w a v e l e n g t h .  In  REV814, h o w e v e r ,  

t h e  r a d a r  a l t i m e t e r  has  n o t  r e c o r d e d  any g e o i d  h e i g h t s  c l o s e  t o  t h e  

i s l a n d  o f  San N i c o l a u .  REV247, t h e  l o w e r  s e t  o f  c u r v e s  i n  F i g u r e  8 . 1 4 ,  

show t h a t  t h e  g r i d d e d  g e o i d  d a t a ,  dashed  c u r v e ,  does n o t  m a tc h  t h e  

SEASAT d a t a ,  f u l l  c u r v e ,  o v e r  t h e  s h o r t  w a v e l e n g t h  (v'SO km) a nom a ly  i n  

t h e  v i c i n i t y  o f  t h e  i s l a n d  o f  S t .  l u z i a .  Rapp ( i n  p r e s s )  e s t i m a t e s  

t h a t  t h e  r e s o l u t i o n  l i m i t  o f  t h e  g r i d d e d  d a t a  s e t  i s  *^26 km b u t  a l s o
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COMPAR I S O N  OF GRIDDED GEOID HEIGHTS WITH SE A S A T  GEOID HEIGHTS
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F i g u r e  8 , 1 4  C o m p a r i s o n  o f  o b s e r v e d  SEASAT g e o i d  h e i g h t s  w i t h  t h e  
g r i d d e d  g e o i d  d a t a  s e t  f o r  two s a t e l l i t e  p a sses  o v e r  t h e  Cape V e r d e  
R i s e .  The o b s e r v e d  SFASAT d a t a  has a h i g h e r  f r e q u e n c y  d a t a  c u t o f f  t h a n  
t h e  g r i d d e d  g e o i d  d a t a  s e t .
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S t a t e s  t h a t  h i g h  f r e q u e n c y  s i g n a l s  may be l o s t  i f  t h e  a p p r o p r i a t e  d a t a  

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

s u g g e s t e d  h e r e  t h a t  t h e  i n t e r p o l a t i o n  i n  t h e  a re a  o f  t h e  Cape Ve rde  

I s l a n d s  has r e d u c e d  t h e  r e s o l u t i o n  o f  t h e  g r i d d e d  g e o i d  d a t a  s e t  t o  

>^75-100 km and t h i s  a c c o u n t s  f o r  t h e  p o o r  f i t  o f  t h e  o b s e r v e d  

a d m i t t a n c e  t o  t h e  m od e l  a d m i t t a n c e  i n  F i g u r e  0 . 1 3 ,  T h i s  l o w  pass  

f i l t e r i n g  doe s n o t  i n t e r f e r e ,  h o w e v e r ,  w i t h  t h e  waveband o f  b e tw een  

100 -3 0 0  km s u g g e s t e d  by R ib e  ( 1 9 8 2 )  t o  be d i a g n o s t i c  f o r  f l e x u r a l  

r i g i d i t y  s t u d i e s .  The d a t a  o b t a i n e d  i n  t h i s  s t u d y  a re  c o n s i d e r e d  

a d e q u a t e  t o  d i s t i n g u i s h  b e tw e e n  EET 's  o f  5 -4 0  km e x p e c t e d  f o r  o c e a n i c  

l i t h o s p h e r e  f r o m  p r e v i o u s  w o r k  by M cK enz ie  & Bowin  ( 1 9 7 6 ) . 

C oc h ra n  ( 1 9 7 9 ) . W a t t s  ( 1 978 1 and T a m s e t t  ( 1984 ) .

8 . 8  FORWARD MODELING

The r e s p o n s e  f u n c t i o n ,  o r  a d m i t t a n c e ,  t h a t  can be c a l c u l a t e d  

f r o m  m o d e l s ,  such as t h e  t h i n  p l a t e  f l e x u r e  m o d e l  used h e r e ,  i s  t h e  

s p a t i a l  f r e q u e n c y  r e p r e s e n t a t i o n  o f  a space  d om a in  f i l t e r  t h a t ,  when 

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

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

dom a in  a r e  g i v e n  i n  C h a p t e r  5 and w i l l  n o t  be r e p e a t e d  h e r e .  U s i n g  t h e  

c o n v o l u t i o n  t h e o r e m ,  K a n a s e w ic h  ( 1 9 7 5 ) . w h e re b y  m u l t i p l i c a t i o n  i n  t h e  

s p a t i a l  f r e q u e n c y  d om a in  i s  e q u i v a l e n t  t o  c o n v o l u t i o n  i n  t h e  space 

d o m a i n ,  t h e  e x p e c t e d  g e o i d  can be c a l c u l a t e d  f o r  a v a r i e t y  o f  

d i f f e r e n t  m o d e ls  r e l a t i v e l y  e a s i l y .  The c o m p le x  F o u r i e r  t r a n s f o r m  o f  

t h e  b a t h y m e t r i c  d a t a  (shown i n  F i g u r e  8 . 1 1 b )  can be m u l t i p l i e d  by t h e

2 - d i m e n s i o n a l  a d m i t t a n c e  f r o m  t h e  t h i n  p l a t e  m o d e l  ( E 8 . 5 )  f o r  a 

v a r i e t y  o f  d i f f e r e n t  EET’ s .  By t a k i n g  t h e  i n v e r s e  F o u r i e r  t r a n s f o r m  o f  

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

2 - d i m e n s i o n a l  g e o i d  w i l l  be o b t a i n e d .

The e x p e c t e d  g e o i d  can be co mpar ed  t o  t h e  o b s e r v e d  SEASAT g e o i d
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and t h i s  w i l l  c i r c u m v e n t  t h e  l o w  pass  f i l t e r i n g  p r o b l e m s  o f  t h e  

g r i d d e d  g e o i d  h e i g h t  d a t a .  A b e s t  f i t  can be c a l c u l a t e d  by t a k i n g  t h e  

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

s i m i l a r  t o  a m e th od  used by Cazenave & Dominh ( 1 9 8 4 ) . who exam in ed  

30 x 3 0 '  g r i d d e d  g e o i d  h e i g h t  d a t a  i n  t h e  S ou th  P a c i f i c .

8 . 9  SFASAT DATA

F i g u r e  8 . 1 5  shows a c h a r t  o f  t h e  a re a  o f  t h e  Cape Ve rde  R i s e  

w i t h  8 SEASAT s u b - s a t e l l i t e  t r a c k s  s u p e r i m p o s e d .  T r a c k s  w e re  s e l e c t e d  

t h a t  c r o s s e d ,  o r  pass ed  c l o s e  t o  t h e  Cape V e rd e  I s l a n d s .  A s i m i l a r  

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

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

i s o l a t e d  s a t e l l i t e  t r a c k s .

I t  was d e c i d e d  t o  use t h e  6FM10B 1 ° x 1 °  g r a v i m e t r i c  g e o i d  

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

p o i n t .  T h i s  was shown i n  F i g u r e  8 , 9  t o  be v e r y  s i m i l a r  t o  t h e  25x25 

p o i n t  mean s u b t r a c t e d  f r o m  t h e  g r i d d e d  d a t a  o v e r  t h e  Cape Ve rde  R i s e .  

T h i s  w i l l  m a i n t a i n  c o n s i s t e n c y  b e tw een  b o t h  a s p e c t s  o f  t h i s  

i n v e s t i g a t i o n .  The g e o i d  ano m a ly  t h a t  w i l l  be comp ared  w i t h  t h e  

e x p e c t e d  g e o i d  w i l l  be t h e  o b s e r v e d  SFASAT g e o i d  h e i g h t  m in u s  t h e  

GEM1GB 1 ° x 1 °  g r a v i m e t r i c  g e o i d .

The r e s o l u t i o n  o f  t h e  SEASAT d a t a  i s ,  f r o m  

O k a l  & C azena ve  ( 1 9 8 5 ) . 10 -30  cm f o r  g e o i d  h e i g h t s  and 1 0 -50  km f o r

w a v e l e n g t h s .  I t  w i l l  be u s e f u l  t o  see i f  t h e  c a l c u l a t e d  g e o i d  h e i g h t  

d a t a  have  a s i m i l a r  h o r i z o n t a l  r e s o l u t i o n  t o  t h e  o b s e r v e d .

8 . 1 0  CAl.CUt ATFO GFOIO

The t h i n  p l a t e  m o d e l  f r o m  C h a p t e r  5 w i l l  be u t i l i s e d  a g a i n  h e r e .  

E q u a t i o n  E 8 .5  can be used t o  c a l c u l a t e  t h e  2 - d i m e n s i o n a l  a d m i t t a n c e  o f  

t h i s  m o d e l .  The v a l u e s  o f  t h e  v a r i o u s  p a r a m e t e r s  a r e  g i v e n  i n  T a b l e
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SAT E L L IT E  TRACKS OVER THE CAPE VERDE ARCHIPELAGO
ra C A T C K  a w > T  SCALC I ,  ^OOOOOaO * r  LAT. O lU H  a l t  d a t a .

Figure 8.15 Chart of the area of the Cape Verde Rise with 8 
subsatellite SEASAT tracks superimposed. The tracks were chosen to 
cross, or pass close to, the Cape Verde Islands.
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8 . 1 .  An i s o m e t r i c  p l o t  o f  t h e  e x p e c t e d  g e o i d  v a r i a t i o n  f o r  an EFT o f  

15 km i s  g i v e n  i n  F i g u r e  8 . 1 6 .  A t o t a l  o f  18 m od e ls  w e re  c r e a t e d  f r o m  

an EFT o f  10 km t o  an EFT o f  27 km, i n c l u s i v e ,  a t  1 km i n t e r v a l s .  T h i s  

r a n g e  o f  v a l u e s  was ch osen  t o  b r a c k e t  t h e  e x p e c t e d  b e s t  f i t t i n g  m ode l  

o f  '/ '15 km f r o m  t h e  o b s e r v e d  a d m i t t a n c e  s t u d y  r e p o r t e d  e a r l i e r .

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

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

a l o n g  t h e  s u b - s a t e l l i t e  t r a c k .  The goo dn ess  o f  f i t  b e tw een  o b s e r v e d  

and c a l c u l a t e d  was o b t a i n e d  f r o m  t h e  s t a n d a r d  d e v i a t i o n  d e tw e e n  t h e  2 

c u r v e s .  The s t a n d a r d  d e v i a t i o n  i s  g i v e n  b y : -

o = / (  ( 1 / ( N - n  )F (X ^ _ Y  ) ? )

w h e re  X ^ = o b s e r v e d  g e o i d  h e i g h t  a f t e r  r e m o v a l  o f  

t h e  GEM10B g r a v i m e t r i c  g e o i d  r e g i o n a l

Y ^ ^ c a l c u l a t e d  g e o i d  h e i g h t  

N=number  o f  o b s e r v a t i o n s

I t  has  been n o t e d  by s e v e r a l  w o r k e r s .  H a rs h  & W i l l i a m s o n  (1 9 8 2 )  

and T a p l e v  e t  a l  ( 1 9 8 2 ) . t h a t  t h e  o b s e r v e d  SEASAT g e o i d  h e i g h t s  i n  t h e  

GDR f i l e  have  a t i m e  d e p e n d e n t  e r r o r  t h a t  can be a p p r o x i m a t e d  by an 

o f f s e t  and l i n e a r  t r e n d .  T h i s  has been i n t r o d u c e d ,  i t  i s  t h o u g h t ,  by 

r a d i a l  o r b i t  e r r o r  t e r m s  and as such t h e  w a v e l e n g t h  o f  t h i s  phenomenon 

i s  g r e a t e r  t h a n  5 0 0 0 - 1 0 0 0 0  km. Such e r r o r s  w e re  rem oved f r o m  t h e  

g r i d d e d  g e o i d  d a t a  s e t  by e x t e n s i v e  c r o s s - o v e r  a n a l y s e s .  P r i o r  t o  

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

g e o i d s ,  a t i m e  d e p e n d e n t  c o n s t a n t  o f f s e t  and s l o p e  was rem oved ,  by 

l e a s t  s q u a r e s ,  f r o m  t h e  o b s e r v e d  g e o i d  h e i g h t s .  Thus t h e  s t a n d a r d  

d e v i a t i o n  v a l u e s  a r e  n o t  b i a s e d  by any d i f f e r e n c e s  b e tw e en  r a d i a l  

o r b i t  e r r o r s  f r o m  t r a c k  t o  t r a c k .
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I S O M E T R I C  P L O T  (v i ewed from the s o u t h - we s t )  OF C A L C U L A T E D  GEOI D  
ASSUMI NG AN EET - 1 5  km FOR THE THI N PLATE MODEL

- 1 9 . 7 5
2 0 . 2 5

. 3 7 5  - 2 7 . 6 2 5

Figure 8.16 Isometric plot, viewed from the south-west, of the 
expected geoid height variation over the Cape Verde Rise assuming an 
effective elastic thickness of 15 km for the thin plate flexure model
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The d i f f e r e n c e s  b e tw e e n  o b s e r v e d  and c a l c u l a t e d  g e o i d s  a re  

i l l u s t r a t e d  i n  F i g u r e  8 .1 7  f o r  REV613 a g a i n s t  m o d e ls  w i t h  EET 's  o f  10. 

15 and 25 km. The s t a n d a r d  d e v i a t i o n s  f o r  each m o d e l  a re  shown b e s i d e  

t h e  r e l e v a n t  p r o f i l e .  I t  can be seen f r o m  t h i s  f i g u r e  t h a t  t h e  b e s t  

f i t  i s  f o r  a m od e l  w i t h  an EFT o f  a ro u n d  15 km. By u s i n g  m o d e ls  i n  

s t e p s  o f  o n l y  1 km i t  i s  hoped t o  d e t e r m i n e  t h e  b e s t  f i t t i n g  m od e ls  

f o r  each  o f  t h e  8 s u b - s a t e l l i t e  t r a c k s  shown i n  F i g u r e  8 . 1 5 .

F i g u r e  8 . 1 8  shows t h e  o b s e r v e d  g e o i d  h e i g h t  v a r i a t i o n  f o r  t h e  4 

d e s c e n d i n g  t r a c k s  RFVS 570,  613 ,  656 and 814 w i t h  t h e  b e s t  f i t t i n g  

m o d e l  c u r v e s .  F i g u r e  8 . 1 9  shows t h e  same as F i g u r e  8 . 1 8 ,  b u t  f o r  t h e  4 

a s c e n d i n g  t r a c k s ,  REVS 247 ,  534 ,  735 and 778 .  The s m a l l e r  i n s e t  g r a p h s  

f o r  each p r o f i l e  show t h e  v a r i a t i o n  o f  s t a n d a r d  d e v i a t i o n  w i t h  EET and 

t h e  m in imum on t h i s  g r a p h  c o r r e s p o n d s  t o  t h e  b e s t  f i t t i n g  m o d e l .  The 

w i d t h  o f  t h e  m in imum g i v e s  an i d e a  o f  how q u i c k l y  t h e  o b s e r v e d  and 

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

T a b l e  8 . 2  l i s t s  t h e  o r b i t  numbers  and t h e  c o r r e s p o n d i n g  b e s t  

f i t t i n g  FFT f o r  t h e  t h i n  p l a t e  m o d e l .  The v a l u e s  v a r y  f r o m  a l o w  o f  14 

km, f o r  REV613, t o  a h i g h  o f  22 km, f o r  REV534. The mean b e s t  f i t t i n g  

EFT f r o m  t h e  8 SFASAT s u b - s a t e l l i t e  p a s s e s  used h e r e  i s  1 8 .4  km w i t h  a 

s t a n d a r d  d e v i a t i o n  o f  2 . 6  km. T h i s  v a l u e  i s  somewhat  h i g h e r  t h a n  t h a t  

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

m o d e l  a d m i t t a n c e  f o r  an EET o f  15 km shown i n  F i g u r e  8 . 1 3 .  How ever ,  

t h e  f i t  o f  t h e  c a l c u l a t e d  t o  t h e  o b s e r v e d  g e o i d  i n  F i g u r e s  8 . 1 8  and 

8 . 1 9  i s  v e r y  good i n d e e d  and t h i s ,  c o m b in ed  w i t h  t h e  s m a l l  i n c r e m e n t a l  

s t e p  s i z e  i n  t h e  m o d e l s  used t o  p r o d u c e  F i g u r e s  8 . 1 8  and 8 . 1 9 ,  

su gg e ' s ts  t h a t  a v a l u e  o f  18+.3 km f o r  t h e  FFT i s  q u i t e  r e a l i s t i c .
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T a b l e  8 . 2  B e s t  f i t  m o d e ls  f o r  8 SFASAT s u b - s a t e l l i t e p a s s e s .

RFVOlUTION 

NUMBER 

247 

534 

570 

613 

656 

735 

778 

814

BEST F I T 

MOD F l ( k m) 

18 

22

19 

14 

21 

18

20  

16

STANDARD 

DFVIATIONIm 

0 .3171  

0 .2 9 0 2  

0 .3 0 5 0  

0 .3 2 2 8  

0 . 3 3 4 0  

0 . 3 5 5 2  

0 . 3 1 4 6  

0 . 2 1 2 3

8 .1 1  DISCUSSION

The s t u d y  o f  t h e  r e l a t i o n s h i p  b e tw e en  g r i d d e d  g e o i d  anoma ly  

h e i g h t s  and g r i d d e d  b a t h y m e t r y ,  when e x a m in e d  i n  t h e  s p a t i a l  f r e q u e n c y  

d om a in  s u g g e s t s  t h a t  t h e  e f f e c t i v e  e l a s t i c  t h i c k n e s s  o f  t h e  

l i t h o s p h e r e  o f  t h e  Cape V e rd e  R i s e  i s  ‘«IS km. O n l y  3 m o d e l  c u r v e s  w e re  

p r o d u c e d  f o r  c o m p a r i s o n  w i t h  t h e  o b s e r v e d  a d m i t t a n c e ;  a t  5,  15 and 25 

km. U s in g  a s m a l l e r  i n c r e m e n t  (1 km) f o r  t h e  m o d e l s  and c o m p a r i n g  t h e  

c a l c u l a t e d ,  o r  e x p e c t e d ,  g e o i d  w i t h  t h a t  o b s e r v e d  a l o n g  8 s e p a r a t e  

SEASAT s u b - s a t e l l i t e  p r o f i l e s ,  a v a l u e  o f  18+.3 km can be deduced  f o r  

t h e  EET. The r e s u l t s  f r o m  t h e  i n v e r s i o n  and f o r w a r d  m o d e l i n g  a r e  n o t  

i n c o m p a t i b l e  b u t  do r e f l e c t  d i f f e r e n c e s  i n  t h e  2 m e th od s  used  i n  t h i s  

s t u d y .

As was p o i n t e d  o u t  i n  C h a p t e r  5,  c e r t a i n  s i m p l i f y i n g  a s s u m p t i o n s  

have  been made i n  u s i n g  t h e  t h i n  p l a t e  m o d e l .  The n e t t  r e s u l t  o f  t h e s e  

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

be c o n s i d e r e d  t o  be a maximum (Wa t t s  & R ib e  ( 1984 ) ) .

The v a l u e  o f  t h e  EET f o r  t h e  Cape V e r d e  R i s e  o b t a i n e d  h e r e  f r o m
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E E T = 10 km

( 0 . 4 0 0 )

3 .CL

R E V 6 1 3EET = 1 5  km

."2 1 . 0
o
0
^  0.0

E E T = 2 5  km

( 0 . 5 3 8 )

0  1

1

2

3

4

1—

0 2 0 0  4 0 0
Distance (km)

6 0 0

F i g u r e  8 . 1 7  V a r i a t i o n  o f  o b s e r v e d  and c a l c u l a t e d  g e o i d  h e i g h t s  f o r  
t h r e e  d i f f e r e n t  e f f e c t i v e  e l a s t i c  t h i c k n e s s  m o d e l s .  The c a l c u l a t e d  
d a t a  a r e  compared  w i t h  t h e  o b s e r v e d  d a t a  f o r  REV613. The c u r v e s  a r e .  
f r o m  t o p  t o  b o t t o m ,  10km, 15km, and 25km. The s t a n d a r d  d e v i a t i o n  f o r  
each m o d e l  i s  shown,  i n  b r a c k e t s ,  b e s i d e  t h e  c u r v e s .  The o b s e r v e d  d a t a  
a r e  shown as a d as h ed  l i n e  w i t h  t h e  c a l c u l a t e d  d a t a  shown as a f u l l  
l i n e .  The b e s t  f i t  o c c u r s  a r o u n d  t h e  15 km m o d e l .
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R E V 8 1 4

•o 0 . 4

North
1 0  1 3  1 6  1 9 2 2  2 5  

E E T  ( k m )

0 . 8

R E V 6 5 6

North (/)

E E T  ( k m )

R E V 6 1 3

North

E E T  ( k m )

3 . 0 ,

R E V 5 7 0

2
Ô
0)
O North

1 0  1 3  1 6  1 9  2 2  2 5  
E E T  ( k m )f 4 0 0

D i s t a n c e  ( k m )
6 0 0

F i g u r e  8 . 1 8  O b s e r v e d  g e o i d  h e i g h t  v a r i a t i o n  f r o m  t h e  SEASAT GDR f i l e  
( d a s h e d  l i n e s )  f o r  d e s c e n d i n g  t r a c k s  REVS 5 7 0 ,  6 1 3 ,  656 and 8 1 4 .  The 
f u l l  l i n e s  a r e  t h e  b e s t  f i t t i n g  m o d e l  g e o i d  h e i g h t s  ( s e e  T a b l e  8 . 2 ) .  
The i n s e t  box  i n  e a c h  c a s e  shows t h e  v a r i a t i o n  o f  s t a n d a r d  d e v i a t i o n  
a g a i n s t  EET. The m in im u m  f o r  t h e  c u r v e  i n d i c a t e s  t h e  b e s t  f i t t i n g  
m o d e l .



E

R E V 7 7 8
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North
CO
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E E T  ( k m )
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I

R E V 2 4 7

North

/

3 .0 ,
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R E V 5 3 4

NorthPo.o
4 0 0  :

D i s t a n c e  ( k m)

F i g u r e  8 . 1 9  As f o r  F i g u r e  8 . 1 8  b u t  i n  t h i s  c a s e  s h o w i n g  t h e  c o m p a r i s o n  
o f  o b s e r v e d  g e o i d  h e i g h t s  t o  b e s t  f i t t i n g  m o d e l  g e o i d  h e i g h t s  f o r  
a s c e n d i n g  REVS 2 4 7 .  5 3 4 .  735 and 7 7 8 .
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t h e  g e o i d / b a t h y m e t r y  r e l a t i o n s h i p  can be comp ared  w i t h  2 o t h e r  

i n d e p e n d e n t  e s t i m a t e s .  M c N u t t  ( 1 9 8 4 )  used t h e  u p l i f t  o f  t h e  i s l a n d  o f  

Fogo t o  e s t i m a t e  a v a l u e  o f  t h e  e f f e c t i v e  e l a s t i c  t h i c k n e s s  b e tw een  7 

km and 12 km. Young & H i l l  ( 1 9 8 6 )  c a l c u l a t e d  a v a l u e  o f  15+3 km by 

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

l a t t e r  s t u d y  i s  r e p o r t e d  i n  C h a p t e r  7 and a c r i t i c i s m  o f  t h e  method o f  

a n a l y s i s  was t h a t  i t  d i d  n o t  a c c o u n t  f o r  t h e  2 - d i m e n s i o n a l  n a t u r e  o f  

t h e  b a t h y m e t r y  o f  t h e  Cape V e r d e  A r c h i p e l a g o .  The p r e s e n t  s t u d y ,  

h o w e v e r .  by u s i n g  g r i d d e d ,  2 - d i m e n s i o n a l  g e o i d  and b a t h y m e t r y  

i n f o r m a t i o n  has t a k e n  i n t o  a c c o u n t  t h e  2 - d i m e n s i o n a l  n a t u r e  o f  t h e  

i s l a n d s .  The r e s u l t i n g  v a l u e  o f  18+3 km i s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  

f r o m  t h e  p r e v i o u s  s t u d i e s .

A g l o b a l  c o m p i l a t i o n  o f  F E T 's  p l o t t e d  a g a i n s t  t h e  age o f  t h e  

c r u s t  a t  t h e  t i m e  o f  l o a d i n g ,  by W a t t s e t  a l  ( 1 9 8 0 ) . s u g g e s t e d  t h a t  

t h e  EET v a r i a t i o n  f o l l o w e d  a p a t t e r n  s i m i l a r  t o  t h e  SOO^c t o  600°C 

i s o t h e r m s  o f  t h e  c o o l i n g  p l a t e  m o d e l  ( P a rs on s  & S c l a t e r  ( 1 9 7 7 ) ) .  T h i s  

v a r i a t i o n  i n  EET a g a i n s t  age a t  t i m e  o f  l o a d i n g  has been m o d i f i e d  by 

M c N u t t  ( 1 9 8 4 )  and c o n s t r a i n s  t h e  e x p e c t e d  v a r i a t i o n  t o  be c l o s e r  t o  

t h e  5 5 0 ° c  t o  6 0 0 ° c  i s o t h e r m s .  Menar d  & M c N u t t  ( 1 9 8 4 )  use t h e  

a n o m a l o u s l y  l o w  EET 's  o f  o c e a n i c  s w e l l s  t o  s u g g e s t  t h a t  r e h e a t i n g  has 

a l t e r e d  t h e  EET o f  t h e  l i t h o s p h e r e  o f  t h e  s w e l l  t o  a v a l u e  more 

a p p r o p r i a t e  f o r  y o u n g e r  c r u s t .  F i g u r e  8 . 2 0  shows a p l o t  o f  e f f e c t i v e  

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

shaded box shows t h e  r e s u l t s  f r o m  t h e  p r e s e n t  s t u d y  and c i r c l e s  show 

t h e  r e s u l t s  f r o m  M c N u t t  ( 1984 ) . The open c i r c l e s  r e p r e s e n t  r e s u l t s  

f r o m  f l e x u r e  s t u d i e s  a t  t h e  o u t e r  r i s e  o f  t r e n c h e s .  The c u r v e s  a r e  t h e  

55G*^C and 600°C i s o t h e r m s  f r o m  t h e  c o o l i n g  p l a t e  m o d e l  o f  

P a r s o n s  & S c l a t e r  ( 1 9 7 7 ) .

The age o f  t h e  l i t h o s p h e r e  o f  t h e  Cape V e rd e  R i s e  v a r i e s  f r o m  

105 Ma t o  140 Ma i n  t h e  v i c i n i t y  o f  t h e  Cape V e r d e  I s l a n d s ,  f r o m
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A G E  OF L I T H O S P H E R E  AT TIME OF LOADING (Ma)
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Figure 8.20 Variation of EET against age of lithosphere at the time of 
loading. This is modified from McNutt (1984) to include the results 
from this study. The shaded box indicates the results from the present 
geoid analysis, the filled circles are results from previous ocean 
island and seamount studies and the open circles are results from 
flexure studies at the outer rise of trenches. The curves are 
isotherms from the cooling plate model of Parsons & Sclater (1977).
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Ha.y e s—&—B ^ b i n o w i t z —(_1_975 ) and C h a p t e r  3, and e x t e n s i v e  v o l c a n i s m  d i d  

n o t  s t a r t  u n t i l  20 Ma ago,  M i t c h e l l  e t  a l  ( 1 9 6 3 1 . The age a t  t h e  t i m e

o f  l o a d i n g  m us t  be a ro u n d  8 5 - 1 3 5  Ma. From F i g u r e  8 . 2 0  t h e  e x p e c t e d  EET

s h o u l d  be 3 0 - 4 0  km. The above  v a l u e  f o r  t h e  o b s e r v e d  EET o f  18+3 km

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

T h i s  r e s u l t  a g r e e s  w i t h  t h o s e  o f  Young & H i l l  ( 1986 1 and 

M c N u t t  ( 1 9 8 4 )  t h a t  t h e  l i t h o s p h e r e  o f  t h e  Cape Ve rd e  R i s e  has 

u n d e r g o n e  t h e r m a l  r e j u v e n a t i o n  and now has an e f f e c t i v e  e l a s t i c  

t h i c k n e s s  more a p p r o p r i a t e  t o  y o u n g e r  (25 Ma?) o c e a n i c  c r u s t .

8 . 1 2  CONCLUSIONS

1) G r i d d e d  g e o i d  h e i g h t  v a l u e s  can be c o m b in ed  w i t h  g r i d d e d  

b a t h y m e t r y  v a l u e s  i n  t h e  s p a t i a l  f r e q u e n c y  dom a in  t o  e s t i m a t e  t h e  

o b s e r v e d  a d m i t t a n c e  o f  t h e  Cape V e rd e  R i s e .  C o m p a r i s o n  o f  t h i s  

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

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

V e rd e  R i s e  i s  % 15 km.

2) F o r w a r d  m o d e l i n g  u s i n g  t h e  g r i d d e d  b a t h y m e t r y  t o  p r e d i c t  t h e  

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

c o m p a r i s o n  w i t h  SEASAT s u b - s a t e l l i t e  p a s s e s ,  t h a t  t h e  e f f e c t i v e  

e l a s t i c  t h i c k n e s s  i s  18±3 km. The d i f f e r e n c e  b e tw e en  t h i s  and t h e  

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

p r o b a b l y  r e f l e c t s  d i f f e r e n c e s  i n  t h e  2 m e th od s  o f  a n a l y s i s .

3) The v a l u e s  f o r  t h e  EET f r o m  t h i s  s t u d y  a g r e e  w e l l  w i t h  v a l u e s  

f r o m  Young & H i l l  ( 1 9 8 6 ) . who used 1- d i m e n s i o n a l  a n a l y s i s  o f  

g r a v i t y / b a t h y m e t r y  p r o f i l e s  t o  e s t i m a t e  t h e  EET as 15_+3 km.

4) The v a l u e  o f  t h e  EET f o r  t h e  l i t h o s p h e r e  o f  t h e  Cape Ve rd e  

R i s e  i s  l e s s  t h a n  t h a t  p r e d i c t e d  by a g l o b a l  c o m p i l a t i o n  o f  EET 's  

a g a i n s t  age a t  t i m e  o f  l o a d i n g .  T h i s  i s  c o n s i d e r e d  t o  be e v i d e n c e  o f  

t h e r m a l  r e j u v e n a t i o n  p o s s i b l y  due  t o  a h o t - s p o t  b e n e a t h  t h e  Cape Ve rde  

R i s e .

VIII-39



CHAPTER 9 (SUMMARY OF CONCLUSIONS)

9.1  INTRODUCTION

The p u r p o s e  o f  t h i s  s t u d y  has been t o  c o n d u c t  a g e o p h y s i c a l  

i n v e s t i g a t i o n  o f  t h e  l i t h o s p h e r e  o f  t h e  Cape Ve rde  R i s e .  The Cape 

Ve rde  R i s e  i s  c o n s i d e r e d  t o  be t h e  r e s u l t  o f  Hot  S p o t '  a c t i v i t y .  The 

t e c h n i q u e s  em p lo y e d  i n  t h i s  w o r k  have been t o t a l  f i e l d  m a g n e t i c  

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

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

M ea s u re m e n ts  o f  t h e s e  q u a n t i t i e s  o v e r  t h e  r i s e  can be compared 

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

s i m i l a r  m e a s u r e m e n ts  i n  a r e a s  n o t  t h o u g h t  t o  be a f f e c t e d  by Hot  S p o t '  

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

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

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

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

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

t h e  r i s e  and can be comp ared  w i t h  p r o p o s e d  u p l i f t  h i s t o r i e s .  V e l o c i t y  

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

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

f e a t u r e s  on t h e  Cape V e rd e  R i s e .

9 . 2  MAIN RESULTS OF THIS STUDY

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

m a g n e t i c  a n o m a l i e s  i n  and a r o u n d  t h e  Cape V e r d e  A r c h i p e l a g o  and 

compared  t h e s e  w i t h  a M e s o z o i c  sea f l o o r  s p r e a d i n g  r e v e r s a l  m o d e l .  

S e a f l o o r  s p r e a d i n g  m a g n e t i c  a n o m a l i e s  have  been i d e n t i f i e d  w i t h i n  t h e  

a r c h i p e l a g o ;  a r e s u l t  t h a t  was n o t  p r e v i o u s l y  known.  The p r e v i o u s  w o r k  

i n  t h i s  a re a  by Haves & R a b i n o w i t z  ( 1 9 7 5 )  has been r e f i n e d  t o  show 

t h a t  a t o t a l  o f  4 f r a c t u r e  zone t r a c e s  a r e  p r e s e n t  a r o u n d  t h e  Cape 

V e r d e  A r c h i p e l a g o .  O f f s e t s  a l o n g  t h e s e  f r a c t u r e  zo ne s  v a r y  f r o m  z e r o
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t o  ‘/’ 30 km a t  t h e  y o u n g e s t  end o f  t h e  ' M' s e q u e n c e .  C o m p a r i s o n  o f  t h e  

p r e s e n t  s t u d y  w i t h  w o r k  i n  t h e  W e s te rn  N o r t h  A t l a n t i c  shows t h a t  t h e  

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

M i d - A t l a n t i c  R idg e  was s p r e a d i n g  s y m m e t r i c a l l y  f r o m  105 t o  145 Ma. The 

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

f r a c t u r e  zone t r a c e s  b u t  t h e  p o s i t i o n  o f  t h e  n o r t h e r n  f r a c t u r e  zone 

c o u l d  be a l t e r e d ,  w i t h i n  t h e  c o n s t r a i n t s  o f  t h e  a v a i l a b l e  d a t a ,  t o  

pass  t h r o u g h  t h e  n o r t h e r n  l i m b  o f  t h e  a r c h i p e l a g o .

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

s t r a t i g r a p h y  o v e r  t h e  Cape V e r d e  R i s e .  The u n i t s  o u t l i n e d  w e r e ,  ( i )  

t h e  d i f f r a c t i o n  h y p e r b o l a e  f r o m  t h e  v o l c a n i c  b a s e m e n t ,  ( i i )  a s e r i e s  

o f  h o r i z o n t a l  r e f l e c t o r s  c o m p r i s i n g  p r e - v o l c a n i s m  m a r i n e  s e d i m e n t s ,  

( i i i )  a u n i t  o f  s c a t t e r i n g  r e f l e c t o r s  a t t r i b u t e d  t o  v o l c a n i c l a s t i c  

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

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

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

and see r e f l e c t o r s  i n d i c a t i v e  o f  v o l c a n i c  basemen t  when <50 km away 

f r o m  t h e  i s l a n d s .  Thus,  t h e  d e p t h  o f  l a y e r  2 c o u l d  n o t  be c o n t i n u o u s l y  

mapped. H oweve r ,  t h e  d e p t h  t o  l a y e r  2 c o u l d  be o b s e r v e d  and measured  

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

'/'2 km l e s s  t h a n  t h a t  e x p e c t e d  f r o m  t h e  v a r i a t i o n  o f  o c e a n i c  d e p t h  w i t h  

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

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

t h a t  a l l  s w e l l s  a r e  a t  a d e p t h  e q u i v a l e n t  t o  25 Ma c r u s t .  T h i s  f i g u r e  

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

The s e i s m i c  r e f r a c t i o n  e x p e r i m e n t s  d i d  n o t  c o n t r a d i c t  t h e  

r e f l e c t i o n  i n t e r p r e t a t i o n  w i t h  v o l c a n i c  b asem en t  h a v i n g  h i g h  

v e l o c i t i e s  ( 4 . 0  t o  5 . 0  k m / s ) ,  l i t h i f i e d  M e s o z o i c  s e d i m e n t s  h a v i n g  

v e l o c i t i e s  i n  t h e  r a n g e  2 . 0  t o  3 . 5  km/s  and p e l a g i c  s e d i m e n t s  h a v i n g

v e l o c i t i e s  l e s s  t h a n  ^ 2 . 0  k m / s .
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The r e l a t i o n s h i p  b e tw e en  f r e e  a i r  g r a v i t y  and b a t h y m e t r y  has 

been ex am in e d  u s i n g  l i n e a r  t r a n s f e r  f u n c t i o n  t e c h n i q u e s  and t h e  

r e s u l t s  comp ared  w i t h  a t h i n  p l a t e  f l e x u r e  m o d e l .  The m ode l  has a 

v a r i a b l e  r i g i d i t y  w h i c h  i s  e x p r e s s e d  as an e f f e c t i v e  e l a s t i c  t h i c k n e s s  

(EET) w he re  h i g h  v a l u e s  (>^40 km) r e p r e s e n t  r i g i d  c r u s t  and l o w  v a l u e s  

('^S km) r e p r e s e n t  r e l a t i v e l y  s o f t  c r u s t .  The o b s e r v e d  v a r i a t i o n  o f  

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

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

Ve rde  R i s e  i s  15 _+3 km. A g l o b a l  c o m p i l a t i o n  o f  EET a g a i n s t  age o f  t h e  

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

f o r  l i t h o s p h e r e  l o a d e d  a t  80 t o  120 Ma i s  *^30 ^ 1 0  km. The v a r i a t i o n  o f  

EET w i t h  age i s  s i m i l a r  t o  t h e  v a r i a t i o n  o f  t h e  500°  gg^o i s o t h e r m s

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

b e tw e e n  t h e  v a r i a t i o n  o f  EFT. an o b s e r v a b l e  q u a n t i t y ,  and t h e  t h e r m a l  

p r o p e r t i e s  o f  t h e  l i t h o s p h e r e .  The re d u c e d  v a l u e  o f  EET f o r  t h e  Cape 

V e rd e  R i s e  i s  c o n s i d e r e d  t o  be e v i d e n c e  f o r  t h e r m a l  r e j u v e n a t i o n .  The 

l i t h o s p h e r e  o f  t h e  Cape V e rd e  R i s e  now has a t h e r m a l  age e q u i v a l e n t  t o  

25 Ma c r u s t .  T h i s  i s  o b s e r v e d  as b o t h  a r e d u c t i o n  i n  t h e  EFT and as a 

d e p t h  a n o m a ly .

The r e l a t i o n s h i p  b e tw e e n  g e o i d  h e i g h t  and b a t h y m e t r y  can a l s o

be e x am in e d  i n  a s i m i l a r  manner  t o  t h e  g r a v i t y .  The a d v a n t a g e  o f  u s i n g

t h e  g e o i d  i s  t h a t  t h e  d a t a  c o v e r a g e  i s  2 - d i m e n s i o n a l ,  w h e re a s  t h e

g r a v i t y  a l o n g  s h i p ' s  t r a c k s  i s  o n l y  1- d i m e n s i o n a l .  The same t h i n  p l a t e

f l e x u r e  m o d e l  i s  used h e r e  as was u t i l i s e d  f o r  t h e  g r a v i t y  s t u d y .  The

s i m p l e  r e l a t i o n s h i p  b e tw e e n  g e o i d  a n o m a l i e s  and g r a v i t y  a n o m a l i e s  i s

o u t l i n e d  i n  C h a p t e r  5 .  The o b s e r v e d  g e o i d  a d m i t t a n c e  compar es  w e l l  

w i t h  a t h i n  p l a t e  f l e x u r e  m o d e l  h a v i n g  an EFT o f  ‘^15 km. The f r e q u e n c y

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

i n d i v i d u a l  s u b - s a t e l l i t e  p r o f i l e s .  A f o r w a r d  m o d e l i n g  p r o c e s s  i s  

a c c o m p l i s h e d  by p r e d i c t i n g  t h e  g e o i d  h e i g h t  anoma ly  due t o  t h e
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b a t h y m e t r y  and a s s u m in g  v a l u e s  f o r  t h e  EFT. The p r e d i c t e d ,  o r  

c a l c u l a t e d ,  a n o m a ly  i s  comp ared  w i t h  t h e  o b s e r v e d  a nom a ly  u n t i l  a b e s t  

f i t  i s  f o u n d .  The r e s u l t  f o r  t h e  Cape Ve rde  A r c h i p e l a g o  i s  a b e s t  

f i t t i n g  m o d e l  w i t h  an EET o f  18^3 km. T h i s  r e s u l t  i s  c o m p a r a b l e  w i t h  

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

o f  t h e  Cape Ve rd e  R i s e  has been t h e r m a l l y  r e j u v e n a t e d .

9 . 3  L IMITAT IONS OF THIS STUDY

The s t u d y  u n d e r t a k e n  h e r e  has had s e v e r a l  l i m i t i n g  f a c t o r s .  The 

m a g n e t i c  a nom a ly  t r a c k  c o v e r a g e  s t i l l  c o n t a i n s  l a r g e  g a p s .  In  

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

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

t h e  p o s i t i o n  o f  t h e  n o r t h e r n  f r a c t u r e  zo n e .

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

s e d i m e n t s  when c l o s e  t o  t h e  i s l a n d s .  T h i s  means t h a t  no d i r e c t  

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

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

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

been d i s t r i b u t e d  more u n i f o r m l y  a ro u n d  t h e  a r c h i p e l a g o .

The g r a v i t y  p r o f i l e s  ex am in e d  a l o n g  s h i p ' s  t r a c k s  had t o  be 

t r u n c a t e d  and r e f l e c t e d  a b o u t  t h e i r  maximum b a t h y m e t r i c  v a l u e s  t o  be 

p r o c e s s e d  u s i n g  F o u r i e r  a n a l y s i s .  A l a r g e r  number  o f  s u i t a b l e  f r e e  a i r  

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

9 . 4  DISCUSSION

T h i s  e x a m i n a t i o n  o f  t h e  l i t h o s p h e r e  o f  t h e  Cape Ve rd e  R i s e  has 

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

may p r o v i d e  e v i d e n c e  f o r  Ho t  S p o t ’ a c t i v i t y .  The m a in  l i n k  b e tw een  

t h e  m e a s u r e m e n t  o f  EET and t h e  t h e r m a l  p r o p e r t i e s  o f  t h e  l i t h o s p h e r e  

a r e  t h e  g l o b a l  c o m p i l a t i o n s  o f  W a t t s  e t  a l  ( 1 980 ) and M c N u t t—(1984 ) .

I X - 4



These i n  t u r n  a r e  based on t h e  a s s u m p t i o n  o f  a s i m p l e  c o o l i n g  p l a t e  

mode l  by P a r s o n s  & S c l a t e r  ( 1 9 7 7 ) . The r e s u l t s  f r o m  t h i s  s t u d y  can be 

compared w i t h  s i m i l a r  s t u d i e s  u n d e r t a k e n  a r o u n d  H a w a i i ,  i n  t h e  

P a c i f i c .

The o b v i o u s  p h y s i c a l  p a r a m e t e r  t h a t  has n o t  been m easu red  i s  t h e  

h e a t  f l o w .  A r e c e n t  s t u d y  by C o u r t n e v  & W h i t e  ( 1986 ) u n d e r t o o k  

m ea su rem e n ts  o f  h e a t  f l o w  a c r o s s  t h e  Cape Ve rd e  R i s e  a l o n g  a s o u t h  t o  

n o r t h  i s o c h r o n .  T h e i r  r e s u l t s  s u g g e s t  a h e a t  f l o w  ano m a ly  e x i s t s  w h i c h  

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

The v a l u e  o f  t h e  h e a t  f l o w  i s  o n l y  62+4 raW/m? « h e r e a s  n o r m a l  h e a t  f l o w  

v a l u e s  f o r  c r u s t  o f  t h i s  age (125 Ma) a r e  t y p i c a l l y  *^46 mW/m^ 

( P a rs o n s  & S c l a t e r  ( 1 9 7 7 ) ) .  The e x p e c t e d  h e a t  f l o w  f o r  25 Ma c r u s t  i s

'^120 mW/m^ C o u r t n e v  & W h i t e  ( 1 9 8 6 )  m o d e l l e d  t h e i r  h e a t  f l o w  r e s u l t s  

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

h e a t  f l o w  b u t  good f i t s  f o r  b o t h  t h e  p r e d i c t e d  g e o i d  h e i g h t  anoma ly  

and t h e  d e p t h  a n o m a l y .  The d i f f e r e n c e  b e tw e en  t h e  o b s e r v e d  h e a t  f l o w  

anoma ly  and t h a t  e x p e c t e d  f o r  c r u s t  r e h e a t e d  t o  have t h e  e q u i v a l e n t  

t h e r m a l  s t r u c t u r e  o f  25 Ma c r u s t  can be e x p l a i n e d  i n  t e r m s  o f  t h e  

h e a t i n g  m e c h a n i s m .  C r u s t  c r e a t e d  a t  a Mid  Ocean R id g e  i s  h e a t e d  

t h r o u g h o u t ,  c o o l s  f r o m  t h e  t o p  down and t h e r e f o r e  w i l l  be a s s o c i a t e d  

w i t h  a p a r t i c u l a r  h e a t  f l o w  a nom a ly  as shown by 

P a r s o n s  & S c l a t e r  ( 1 9 7 7 ) . The r e h e a t i n g  m echan ism  p r o p o s e d  i n  t h i s  

t h e s i s  i n v o l v e s  h e a t i n g  f r o m  b e l o w  and t h e  e x t e n t  t o  w h i c h  t h e  t h e r m a l  

anom a ly  p e r t u r b â t e s  t h r o u g h  t h e  c r u s t  d e t e r m i n e s  w h e t h e r  a d e p t h  

anoma ly  ( H a w a i i )  o r  a d e p t h  a n o m a ly  p l u s  a r e d u c t i o n  i n  e f f e c t i v e  

e l a s t i c  t h i c k n e s s  (Cape V e r d e  A r c h i p e l a g o )  i s  o b s e r v e d .  The h e a t  f l o w  

ano m a ly  a s s o c i a t e d  w i t h  t h i s  t y p e  o f  r e h e a t i n g  i s  u n l i k e l y  t o  be as  

l a r g e  as when t h e  w h o l e  o f  t h e  c r u s t  i s  i n v o l v e d .

The m o d e l  p r e f e r r e d  by C o u r t n e v  & W h i t e  ( 1 9 8 7 )  i s  one w h e re  t h e  

u p l i f t  o f  t h e  r i s e  i s  c aused  by d y n a m i c  u p w e l l i n g  o f  a m a n t l e  p l u m e
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and t h i s  r e s u l t s  i n  a b e t t e r  f i t  t o  t h e  o b s e r v e d  h e a t  f l o w .  H ow e v e r ,  

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

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

t h e  w o r k  p r e s e n t e d  i n  t h i s  t h e s i s ,  t h a t  t h e  Cape V e r d e  R i s e  i s  t h e  

r e s u l t  o f  t h e r m a l  r e j u v e n a t i o n  and t h a t  i t  now has a t h e r m a l  age  

e q u i v a l e n t  t o  25 Ma, does  n o t  t r y  and p r e d i c t  t h e  h e a t  f l o w  a n o m a l y .  

M c K e n z i e  ( 1 9 6 4 )  s u g g e s t s  t h a t  t h e  e n e r g y  r e q u i r e d  t o  m e l t  m a t e r i a l  i n  

t h e  l i t h o s p h e r e  w i l l  r e s t r i c t  t h e  h e a t  f l o w  an om aly  m e a s u re d  a t  t h e

s u r f a c e  t o  20 mW/m2 r g g a p d i g g g  Qf  t h e  h e a t i n g  m e c h a n is m .  Work on t h e  

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

been c a r r i e d  o u t  by P a r s o n s  & D a l v  ( 1 9 8 3 ) . who s t a t e  t h a t  c o m p a r i s o n  

o f  o b s e r v a t i o n s  w i t h  m o d e ls  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  mode o f  

h e a t i n g .  The t h i n  p l a t e  f l e x u r e  m o d e l  used f o r  m o d e l l i n g  t h e  g r a v i t y  

and g e o i d  a n o m a l i e s  o v e r  t h e  Cape V e r d e  R i s e  c a n n o t  r u l e  o u t  t h e  

p o s s i b i l i t y  t h a t  a s m a l l  com pon ent  o f  d y n a m i c  s u p p o r t  e x i s t s .  The  

p r e s e n t  s t u d y  has been l i m i t e d  t o  t h e  l i t h o s p h e r e  o f  t h e  r i s e  i t s e l f  

and has n o t  t r i e d  t o  c o n s t r a i n  t h e  me chan is m  o f  s u p p o r t  o f  t h e  r i s e  as 

a w h o l e .

The g l o b a l  c o m p i l a t i o n s  o f  EET a g a i n s t  age  o f  t h e  c r u s t  a t  t h e  

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

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

and g e o i d  d a t a ,  u p l i f t  o f  a t o l l s  on t h e  p e r i f e r a l  b u l g e  o f  t h e  f l e x u r e  

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

t h a t  a l l  t h e s e  t e c h n i q u e s  a r e  m e a s u r i n g  t h e  same q u a n t i t y  o f  t h e  

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

W a t t s  e t  a l  ( 1 9 8 0 )  has been u p d a t e d  and c o r r e c t e d  by M c N u t t  ( 1 9 8 4 ) .

The l a t t e r  s t u d y  assumed t h a t  t h e  m i s f i t  b e t w e e n  o b s e r v e d  E E T 's  and 

t h o s e  e x p e c t e d  f r o m  t h e  c o o l i n g  p l a t e  m o de l  was due t o  t h e r m a l  

r e j u v e n a t i o n  and s u g g e s t e d  t h a t  t h e  EET was an i n d i c a t o r  o f  t h e  d e p t h  

t o  t h e  5 5 0 °  i s o t h e r m .  The  t h e r m a l  age  o f  t h e  l i t h o s p h e r e  can be
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e s t i m a t e d  f r o m  t h e  s i z e  o f  i t s  d e p t h  a n om a ly  ( Croua h ( 1 9 7 8 ) ) and when  

t h e  o b s e r v e d  E E T 's  a r e  p l o t t e d  a g a i n s t  t h e  c o r r e c t e d  t h e r m a l  age o f  

t h e  l i t h o s p h e r e  t h e n  a much b e t t e r  f i t  i s  o b t a i n e d  f o r  a l l  t h e  d a t a  

p o i n t s  .

C o m p a r is o n  o f  t h i s  s t u d y  o f  t h e  Cape V e r d e  R i s e  w i t h  s i m i l a r  

w o r k  o v e r  t h e  H a w a i i a n  R i d g e  s u g g e s t s  t h e r e  may e x i s t  i m p o r t a n t ,  

d i f f e r e n c e s  b e t w e e n  t h e  r e h e a t i n g  mec ha nis ms  o f  t h e s e  two ' H o t  S p o t s ' .  

The Cape V e r d e  R i s e  i s  c h a r a c t e r i s e d  by b o t h  a r e d u c t i o n  i n  t h e  

o b s e r v e d  EFT and by a l a r g e  (*«2 km) d e p t h  a n o m a l y .  The H a w a i i a n  r i d g e  

has a d e p t h  an om aly  b u t  n o t  a s i g n i f i c a n t  r e d u c t i o n  i n  t h e  o b s e r v e d  

EET. D e t r i c k  e t  a l  ( 1 9 8 1 )  e x p l a i n  t h e  d e p t h  an om al y  o v e r  t h e  H a w a i i a n  

R i d g e  i n  t e r m s  o f  r e h e a t i n g  a t  a d e p t h  b e l o w  t h e  55Q0 i s o t h e r m .  T h i s

p r o d u c e s  u p l i f t ,  b u t  s i n c e  t h e  5 5 0 °  i s o t h e r m  i s  n o t  r a i s e d  above  t h a t  

n o r m a l  f o r  l i t h o s p h e r e  o f  t h a t  age  t h e n  no r e d u c t i o n  o f  t h e  EET c a n  

o c c u r .  The  Cape V e r d e  R i s e  has  had b o t h  h e a t i n g  o f  t h e  l o w e r  

l i t h o s p h e r e ,  t o  p r o d u c e  t h e  d e p t h  a n o m a l y ,  and r a i s i n g  o f  t h e  550P

i s o t h e r m  t o  c a u s e  a r e d u c t i o n  i n  t h e  EET. T h i s  h y p o t h e s i s  i s  not.

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

d i f f e r e n c e  b e t w e e n  t h e  two e x p r e s s i o n s  o f  t h e r m a l  r e j u v e n a t i o n  can b e

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

' H o t  S p o t '  r e f e r e n c e  f r a m e .  M i n s t e r  & J o r d a n  ( 1 9 7 8 )  h ave  shown t h a t

t h e  Cape V e r d e  R i s e  i s  m o v in g  s l o w l y  (<1 c m / y r )  o v e r  i t s  m a n t l e  h e a t

s o u r c e  and t h i s  s u g g e s t s  t h a t  t h e  h e a t  a n o m a ly  has had t i m e  t o

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

o b s e r v e d  EET.  H a w a i i ,  h o w e v e r ,  i s  m o v i n g ,  w i t h  t h e  P a c i f i c  p l a t e ,  a t

»^10 c m / y r  o v e r  i t s  h e a t  s o u r c e  and t h u s  t h e  h e a t  an om aly  has n o t  had  

t i m e  t o  r a i s e  t h e  5 5 0 °  i s o t h e r m ,  t h e r e f o r e  no s i g n i f i c a n t  r e d u c t i o n  o f

t h e  EET i s  o b s e r v e d .
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9 . 5  SUGGESTIONS FOR FURTHER WORK

Based on t h e  p r e s e n t  s t u d y  i t  i s  s u g g e s t e d  t h a t  f u r t h e r  wo rk  be 

u n d e r t a k e n  i n  3 a r e a s .

1) M a g n e t i c  an om aly  p r o f i l e  d a t a  s h o u l d  be c o l l e c t e d  t o  t h e  

n o r t h  o f  t h e  i s l a n d s  o f  San A n t a o ,  San V i c e n t e ,  San L u z i a  and San 

N i c o l a u .  T h i s  w i l l  b e t t e r  d e f i n e  t h e  n o r t h e r n  f r a c t u r e  zo ne t r a c e  

i d e n t i f i e d  by t h i s  s t u d y .  In  a d d i t i o n ,  d a t a  s h o u l d  a l s o  be c o l l e c t e d  

t o  t h e  e a s t  o f  t h e  M a i o / B o a V i s t a  r i d g e  w h e r e  t h e r e  t h e r e  a r e  s e v e r a l  

u n s u r v e y e d  a r e a s .  D i r e c t  o b s e r v a t i o n  o f  t o p o g r a p h i c  f e a t u r e s  on 

o c e a n i c  l a y e r  ? c o u l d  a l s o  be a t t e m p t e d  u s i n g  s e i s m i c  r e f l e c t i o n  

p r o f i l e s  o r i e n t a t e d  r o u g h l y  n o r t h - s o u t h .  A s u f f i c i e n t l y  p o w e r f u l  

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

n e a r  t h e  i s l a n d s .

2 )  S e i s m i c  r e f l e c t i o n  p r o f i l e s  s h o u l d  be c o l l e c t e d  a p p r o a c h i n g  

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

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

t r o u g h  can be used t o  f u r t h e r  c o n s t r a i n  t h e  EET most a p p r o p r i a t e  f o r  

t h e  Cape V e r d e  R i s e .  The  s e i s m i c  s t r a t i g r a p h y  o f  t h e  m a t e r i a l  

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

r i s e .  T h i s  t y p e  o f  w o rk  has been used by B r i n k  & W a t t s  ( 1 9 8 5 )  t o  

i n v e s t i g a t e  H a w a i i .

3 )  F u r t h e r  m o d e l i n g  o f  t h e  t h e r m a l  s t r u c t u r e  o f  t h e  r i s e  c o u l d

be c a r r i e d  o u t  t o  t r y  and d e f i n e  t h e  n a t u r e  o f  t h e  m a n t l e  Hot  S p o t * .

The t y p e  o f  q u e s t i o n s  t h a t  can be a d d r e s s e d  a r e  t h e  t i m e  d e l a y  b e t w e e n

i n p u t  o f  a h e a t i n g  e v e n t  a t  t h e  b a s e  o f  t h e  l i t h o s p h e r e  and

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

t h e  s u r f a c e ,  t h e  e f f e c t s  o f  i n j e c t i n g  m o l t e n  m a t e r i a l  a t  h i g h  l e v e l s  

i n  t h e  l i t h o s p h e r e  and t h e  b u f f e r i n g  e f f e c t  o f  m e l t i n g  on any

s u b s e q u e n t  h e a t  f l o w  a n o m a l i e s .
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APPENDIX I  ( D I G I T I S A T I O N )

A.1  INTRODUCTION

To d i s p l a y  sonobuoy w i d e  a n g l e  r e f l e c t i o n / r e f r a c t i o n  s e i s m i c  

d a t a  as ' w i g g l y '  t r a c e  p l o t s ,  u s i n g  h a r d w a r e  a v a i l a b l e  a t  L e i c e s t e r  

U n i v e r s i t y ,  i t  i s  n e c e s s a r y  t o  have  t h e  d a t a  i n  d i g i t a l  f o r m .  The d a t a  

w e r e  o r i g i n a l l y  r e c o r d e d  as c o n t i n u o u s  a n a l o g u e  s i g n a l s  on m a g n e t i c  

t a p e  a l o n g  w i t h  t h e  shot"  i n s t a n t .  A n a l o g u e  t o  d i g i t a l  c o n v e r s i o n  was 

c a r r i e d  o u t  a t  L e i c e s t e r  u s i n g  a f a c i l i t y  a t t a c h e d  t o  t h e  CDC C ybe r  73 

m a i n f r a m e  c o m p u t e r .

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

d a t a  r e q u i r e s  an e f f i c i e n t  s t o r a g e  s y s te m  and s u i t a b l e  s o f t w a r e  f o r  

e a s y  a c c e s s  t o  s p e c i f i c  p a r t s  o f  t h e  w h o l e  d a t a  s e t .  The SDPS s y s te m  

was c r e a t e d  t o  h a n d l e  d i g i t a l  e a r t h q u a k e  s e i s m i c  d a t a  and s o f t w a r e  had 

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

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

r e q u i r e m e n t  i s  t h a t  t h e  d i g i t i s e d  sonobuoy s e i s m i c  s i g n a l  be s p l i t  

i n t o  a number o f  s e p a r a t e  c h a n n e l s  f o r  each s h o t '  u s i n g  t h e  ‘ s h o t ’ 

i n s t a n t ,  o r  k e y p u l s e ,  r e c o r d e d  on m a g n e t i c  t a p e  a l o n g s i d e  t h e  sonobuoy  

s i g n a l .

A . 2 ANALOGUE S E I S M IC  DATA

The so nob uoy  w i d e  a n g l e  r e f l e c t i o n / r e f r a c t i o n  s e i s m i c  d a t a  

d i g i t i s e d  a t  L e i c e s t e r  was r e c o r d e d  on a n a l o g u e  m a g n e t i c  t a p e  d u r i n g  a 

c r u i s e  t o  t h e  Cape V e r d e  A r c h i p e l a g o  o n b o a r d  t h e  RRS S h a c k l e t o n .  The  

s i g n a l  f r o m  t h e  h y d r o p h o n e  suspe nded  b e n e a t h  t h e  sonobuoy was 

f r e q u e n c y  m o d u l a t e d  and t r a n s m i t t e d  back  t o  t h e  s h i p  by a r a d i o  l i n k .

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

m a g n e t i c  t a p e  r e c o r d i n g  a t  e i t h e r  1 5 / 1 6  t h s ,  o r  1 5 / 8  t h s  i n c h s / s e c o n d . 

A l s o  r e c o r d e d  w e r e  t h e  s h o t  i n s t a n t ;  u s u a l l y  a 5 v o l t  TTL p u l s e  o f  

a r o u n d  20 ms d u r a t i o n ,  an e v e n t  m a r k ;  a c t i n g  as a c r u d e  t i m e  code an d ,
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F i g u r e  A . 1  A n a l o g u e  p l a y b a c k s  o f  sonobuoy d a t a  t o  show n o i s e  on t h e  
" k e y p u l s e "  c h a n n e l ,  a )  Speed up f a c t o r  o f  o n l y  x 8 .  C h a n n e l  01 i s  t h e  
k e y p u l s e  w i t h  a c t u a l  p o s i t i o n s  o f  t r u e  p u l s e s  s h a d e d .  The o t h e r  s q u a r e  
waves on t h i s  c h a n n e l  a r e  due  t o  n o i s e .  C h a n n e l s  0 2 ,  03 and 04 
r e p r e s e n t  t h e  e v e n t  m a r k ,  so nob uoy  s e i s m i c  d a t a  and c o n t i n u o u s  
r e f l e c t i o n  d a t a  r e s p e c t i v e l y ,  b)  Speed up f a c t o r  o f  x 16 g i v e s  a b e t t e r  
" k e y p u l s e "  s i g n a l  bu tmay r e q u i r e  d i g i t i s i n g  a t  a l o w e r  f r e q u e n c y ,  o r  
a r e d u c t i o n  i n  t h e  number o f  c h a n n e l s  d i g i t i s e d .
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f i n a l l y .  t h e  c o n c u r r e n t  c o n t i n u o u s  r e f l e c t i o n  p r o f i l e .  A m a j o r  

p r o b l e m ,  fo und  on p l a y b a c k  o f  t h e  m a g n e t i c  t a p e s ,  was t h e  n o i s e  on t h e  

s h o t  i n s t a n t ,  o r  k e y p u l s e .  c h a n n e l .  F i g u r e  A . 1 a  shows a s e c t i o n  o f  

a n a l o g u e  p l a y b a c k  o f  a l l  4 c h a n n e l s .  The t o p  t r a c e  i s  t h e  k e y p u l s e  and 

i t  can be seen t h a t  t h e  a c t u a l  k e y p u l s e s .  shown sh a de d ,  a r e  s u r r o u n d e d  

by n o i s e  o f  s i m i l a r  a m p l i t u d e  and v a r i a b l e  d u r a t i o n .  F i g u r e  A . 1 b  i s  

t h e  same r e c o r d ,  b u t  r e p l a y e d  a t  t w i c e  t h e  s p e e d .  The k e y p u l s e s  can be 

seen much more  c l e a r l y  s i m p l y  by i n c r e a s i n g  t h e  p l a y b a c k  s p e e d .  

H ow e v e r .  t h e r e  i s  a l i m i t  t o  t h e  maximum r e p l a y  speed impos ed  by t h e  

maximum c a p a b i l i t y  o f  t h e  d i g i t i s e r .

A . 3 D I G I T I S A T I O N

The u p p e r  l i m i t  f o r  t h e  d i g i t i s a t i o n  r a t e  i s  s e t  a t  5000  Hz.  

T h i s  a p p l i e s  f o r  a l l  t h e  c h a n n e l s ;  i f  2 c h a n n e l s  a r e  d i g i t i s e d  th e n  

t h e  maximum r a t e  w i l l  be 2500  Hz f o r  ea ch  c h a n n e l .  S e i s m i c  d a t a  

c o n t a i n s  u s e f u l  i n f o r m a t i o n  a t  f r e q u e n c i e s  b e tw e e n  5 & 125 Hz .  The 

u p p e r  l i m i t  r e q u i r e s  a s am ple  i n t e r v a l  o f  4 ms t o  e n s u r e  t h a t  a l i a s i n g  

does n o t  o c c u r .  T a b l e  A .1  sum m ar ises  t h e  speed up f a c t o r s ,  sampl e  

r a t e s  and number o f  c h a n n e l s  f o r  t h e  5 sonobuoys a n a l y s e d  i n  C h a p t e r  

4. The f i r i n g  r a t e  f o r  t h e s e  sonobuoys was 15 s e c o n d s .  F o r  sonobuoy 09 

t h e  s a m p l i n g  r a t e  and number o f  c h a n n e l s  was h a l v e d  and t h e  speed up 

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

T a b l e  A .1  D e t a i l s  o f  d i g i t i s a t i o n  p a r a m e t e r s  f o r  sonobuoys r e p o r t e d  i n  
C h a p t e r  4 .

SONOBUOY SAM PlF SPEFD-UP NUMBER OF FIL TFR
NUMBER RATE FACTOR CHANNELS Lo H i

06 0 . 004 X 4 4 8  125
07 0 . 0 0 8 X 16 2 5 6 2 . 5
09 0 . 008 X 16 2 5 6 2 . 5
16 0 . 0 0 4 X 8 2 5 125
17 0 . 0 0 4 X 8 2 5 125

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

maximum o f  4 0 9 6 0 0  s a m p l e s / c h a n n e l  o f  d a t a  sampl ed  a t  e i t h e r  4 o r  8 ms.
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A.4 SDPS SYSTEM

Digitisation of seismic data generates very large volumes of

data and a method storage and display is required that is both quick

and easily accessable. The system at Leicester University is called

the Seismic Data Processing System (SDPS). SDPS is based on the series

of indices whereby a particular subset of data can be accessed 

directly without reading through the whole data set. A master index

totalling 403 locations has locations 1 & ? reserved for information

pertinent to the whole data set and locations 3 to 403 each have a

subindex of 109 locations. The subindex has locations 1 to 8 reserved

for information about that particular subset of data and locations 9

to 109 can each contain 4095 data samples. Each master index location

can therefore store 409600 samples and there are 400 such locations

a vailable.

The digitised sonobuoy file contains a maximum of 409600 samples 

in master index locations 3 (the keypulse), 4 (the sonobuoy data), 5 ( 

the concurrent reflection profile) and 6 (the event mark). Software is 

required to split up the sonobuoy seismic data into a single shot 

record per master index location up to a maximum of 400 shots per 

sonobuoy file. Figure A.2 is a flo-diagram showing the processing 

sequence to get from analogue magnetic tape records to a wiggly' 

trace plot.

A. 5 FORTRAN PROGRAM FCSNDG

Program FCSNDG was written in Fortran 77 to split up a digitised 

sonobuoy file, using the keypulse channel, and put each shot record 

onto a separate master index location. The program finds the location 

of the first lo-hi edge of the keypulse and writes the next 'n ' number 

of samples from the sonobuoy data channel into the master index of a 

new file, starting at index location 3. The distance between keypulses
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FLO-DIAGRAM FOR PROCESSING SONOBUOY DATA

ORIGINAL SIGNAL ON MAGNETIC TAPE 
i 
I

[AR11 DIGITIZER] 
i

FILE ARSB***
1
i

[POST PROCESSOR]
I

FILE DS8***
1 
1

HEADER INFORMATION [DEMULTIPLEXER]
1

FILE HSB***
i
i

CONTROL PARAMETERS -» {PROGRAM FCSNDG]
1

FILE RSB*** containing typically 90-100 
I shots
i

[MERGE WITH OTHER]
[FILES OF SAME SONOBUOY] 

i
FILE SNB*** containing up to 400 shots 

;
1

[DISPLAY PROGRAMS TO]
[GIVE FINAL GRAPHICAL OUTPUT]

Figure A.2 Flo-diagram for the processing sequence to get from an 
analogue magnetic tape to the final wiggly trace plot.

A-5



should not vary and the program can jump to where the next keypulse is 

expected before starting its search. The program will keep a record of 

the average distance between keypulses and also the average length of 

each keypulse. This information is used to check that a keypulse has 

actually been identified.

The program input is listed below and the program is usually run 

in 'batch' mode. Figures A.3. A.4, A.5 and A.6 show the w i g g l y ' trace

records corresponding to Sonobuoys 06, 09, 16 and 17.

1st READ STATEMENT, FORMATTED (A6,2(A10))

NFIlE= subfile name of the file being accessed. This will be the 

same as the demultiplexed filename.

NSHPT= 10 alphanumeric characters describing the shotpoint

NRCPT= " " " " recordpoint

2nd RFAD STATEMENT, FREE FORMAT

SHTDST= distance in k.m. between successive shots. All the data

at this juncture are assumed to have been collected at a

constant 5 knts.

PERCNT= percentage error allowed for in the KeyPulse length 

before the average KeyPulse spacing is used.

3rd READ STATEMENT. FREE FORMAT

KEYSIZ= size of the KeyPulse in volts. An estimate of this can be 

obtained from the jet-pen records or from the 

demultiplexing program output.

KEYl0N= length of the Keypulse in number of samples. This is
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necessary only to trap the first KeyPulse as afterwards 

the average KeyPulse length is used.

KFYSPC= time in seconds between KeyPulses. This is simply the 

firing rate of the seismic source.

NF= number of data samples required after the KeyPulse.

SINT= sample interval in seconds.

KEYNUM= number of cycles the program is required to perform. This

is useful if not all the data is wanted.

KFYST= start number for the shot point number header 

information.

ICHA= channel number from which data is to be read. The

KeyPulse channel is number 0 and the first data channel

is 1 .

DSTST= the starting distance for the shot-receiver header 

information. This increases by SHTOT every time the 

program cycles.

KFYGFS= the number of samples skipped before starting to look for 

the first KeyPulse. This is necessary to start the 

program in periods of noise.
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