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ABSTRACT

O il e x p l o r a t io n  i s  moving o f f s h o r e  to  the  i n v e s t i g a t i o n  of l a r g e l y  

unex p lo red  sed im en ta ry  b a s i n s .  A s tu d y  o f  the  t e c h n ic a l  and economic 

f e a s i b i l i t y  o f  th e  a p p l i c a t i o n  o f  s e a f lo o r  e l e c t r i c a l  sounding to  

o f f s h o r e  o i l  e x p l o r a t i o n  i n d i c a t e s  t h a t  b o th  d i r e c t  c u r r e n t  (DC) and 

e l e c t r o m a g n e t i c  (EM) methods can d e te rm ine  th e  th ic k n e s s  o f  the  

sed im en ta ry  l a y e r  o v e r ly in g  an e l e c t r i c a l l y  r e s i s t i v e  basem ent.  By 

a p p l i c a t i o n  o f  a p p r o p r ia te  boundary  c o n d i t io n s  to  M axw ell 's  and 

L a p l a c e ' s  equations*  th e  m a th em a tic a l  e x p re s s io n s  f o r  the  

e le c t ro m a g n e t i c  and e l e c t r o s t a t i c  f i e l d s ,  r e s p e c t iv e ly *  a re  developed  

and modeled to  d em o n s tra te  the  s e n s i t i v i t y  of the  methods to  sed im en ta ry  

l a y e r  t h i c k n e s s .

A DC system  c o n s i s t i n g  o f  6 d ip o l e - d ip o l e  a r r a y s  on a c a b le  w ith  

s o u r c e - r e c e iv e r  o f f s e t s  on th e  o rd e r  of 6 km i s  p roposed  and i t s  

r e s o l u t i o n  t e s t e d .  An o f f s e t  o f  2 .5  tim es th e  sedim ent th ic k n e s s  i s  

n e c e s s a ry  to  sense  the  u n d e r ly in g  basem ent.

In  o rd e r  to  d e t e c t  a change in  sedim ent th i c k n e s s  o f  100 m in  a 

t o t a l  th i c k n e s s  o f  1000 m* a 10% change in  m easured v o l t a g e s  on the  

o rd e r  o f  1 0 ' s  o f  jiV must be m easured . The m ajor o b s ta c l e  to  t h i s  

acc u racy  i s  th e  p re sen ce  of EM n o is e  caused  by i n t e r n a l  waves on the  

b o u n d a r ie s  betw een the  l a y e r s  o f  the  d e n s i t y  s t r a t i f i e d  ocean .  A sm all 

s c a l e  p ro to ty p e  which cou ld  be t e s t e d  in  an a re a  where the  sed im en ta ry  

l a y e r  was known to  be f a i r l y  t h i n  i s  su g g e s te d  in  o rd e r  to  de te rm ine  th e

i i i
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m agnitude of the  n o is e ,  as  w e l l  as o p e r a t in g  p a ra m e te rs  such as maximum 

towing speed, which w i l l  d e te rm in e  the  economic f . e a s i b i l i t y  o f  th e  

m ethod.
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INTRODUCTION

PURPOSE

The purpose  of t h i s  r e p o r t  i s  to  p r e s e n t  the  r e s u l t s  of a s tudy  o f  

th e  t e c h n ic a l  and econom ical f e a s i b i l i t y  o f  the  a p p l i c a t i o n  o f  s e a f lo o r  

e l e c t r i c a l  sounding to  o f f s h o r e  o i l  e x p l o r a t i o n .

PROBLEM

There a re  many f r o n t i e r  o f f s h o r e  s h e l f  a re a s  which o f f e r  the  

p o t e n t i a l  o f  g ia n t  o i l f i e l d s  such as C anada 's  H ib e r n ia .  E v a lu a t io n  of 

th e  p o t e n t i a l  o f  th e s e  a re a s  f o r  o i l  p r o d u c t io n  r e q u i r e s  knowledge o f

th e  p re se n c e  or  absence  o f  basement s t r u c t u r e  which would fa v o r  the

acc u m u la tio n  o f  h y d ro c a rb o n s .  T h is  knowledge may be o b ta in e d  by

d e te rm in in g  th e  t h i c k n e s s  o f  the  sed im en ta ry  l a y e r  o v e r ly in g  the

basem en t.

At p re sen t*  th e s e  a r e a s  a re  no t though t to  o f f e r  enough in c e n t iv e  

to  j u s t i f y  the  c o s t  of a s e ism ic  su rv ey ,  and t h e r e f o r e  cheaper b a s in  

s tudy  methods a re  employed such as m arine g r a v i t y  and a i rb o rn e  

m a g n e t ic s .  Due to  th e  r e s i s t i v i t y  c o n t r a s t  betw een the  ocean , the  

sed im en ts ,  and th e  basem ent,  e l e c t r i c a l  methods of sounding the  s e a f lo o r  

may be a p p l i e d  to  sense  changes i n  the  th ic k n e s s  of the  sed im en ta ry  

l a y e r .  T h i s ,  combined w ith  a b a th y m e tr ic  su rv ey ,  i s  s u f f i c i e n t  to  

i n d i c a t e  basement s t r u c t u r e .  I f  i t  p o s s e s s e s  s u f f i c i e n t  r e s o l u t i o n ,  a
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s e a f lo o r  e l e c t r i c a l  sounding system f o r  o f f s h o re  o i l  e x p l o r a t i o n  may 

o f f e r  a c o s t - e f f e c t i v e  a l t e r n a t i v e  to  th o se  h a s in  s tu d y  methods 

p r e s e n t l y  employed.

The problem , th e n ,  i s  to  d e s ig n  a s e a f lo o r  e l e c t r i c a l  sounding 

system  which can a d e q u a te ly  sense  changes i n  the  th ic k n e s s  o f  the  

se d im e n ta ry  s e a f l o o r  l a y e r  in  o f f s h o r e  s h e l f  a re a s  ( t y p i c a l  w a te r  d ep th ,  

60 m» t y p i c a l  sedim ent t h i c k n e s s ,  2000 mi d e s i r e d  r e s o l u t i o n ,  abou t 100 

m) and compete eco n o m ica lly  w ith  the  o th e r  a v a i l a b l e  b a s i n  s tudy  

m e th o d s .

SCOPE

The o b j e c t i v e  and th e o ry  o f  s e a f lo o r  e l e c t r i c a l  sounding a re  

d e s c r ib e d ,  and th e  a p p l i c a b i l i t y  o f  v a r io u s  methods i s  exam ined. The 

methods are  d e s c r ib e d  and e v a lu a te d  acc o rd in g  to  c r i t e r i a  such as 

t e c h n i c a l  c a p a b i l i t y  and economic c h a r a c t e r i s t i c s .  The r e s u l t s  of a 

f i e l d  t r i a l  o f  the  lo o p - lo o p  e le c t ro m a g n e t i c  (EM) method a re  p r e s e n te d ,  

w i th  m a th em a tica l  developm ent,  i n  Appendix A. The d e s ig n  of a DC 

s e a f lo o r  sounding system  i s  d e s c r ib e d ,  in c lu d in g  e s t im a te d  c o s t s .  The 

re sp o n se  of the  system to  v a ry in g  sedim ent t h i c k n e s s e s  i s  m odeled, and 

the  n e c e s s a ry  s e n s i t i v i t y  o f  th e  v o l t a g e  measurement d e te rm in e d .  The 

m a th em a tic a l  developm ent of the  d i r e c t  c u r r e n t  (DC) method i s  p r e s e n te d  

in  Appendix B, as  w e l l  as more d e t a i l e d  computer m odeling  d a ta  th a n  i s  

p r e s e n te d  in  the  body of  th e  r e p o r t .  An e s t im a te d  c o s t  breakdown 

com prises  Appendix C. The r e p o r t  conc ludes  w ith  a com parison  o f  the
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design*  in c lu d in g  economic c o n s id e r a t io n s *  w ith  the  more c o n v e n t io n a l  

b a s in  s tudy  m ethods.

OBJECTIVE OF SEAFLOOR ELECTRICAL SOUNDING

The o b j e c t i v e  of s e a f lo o r  e l e c t r i c a l  sounding i s  to  d e te rm ine  the  

t h i c k n e s s e s  and r e s i s t i v i t i e s  o f  th e  l a y e r s  which l i e  b en ea th  th e  

s e a f l o o r .  These p a ra m e te rs  d e f in e  th e  g e o e l e c t r i c  s t r u c t u r e .  Given an 

u n d e rs ta n d in g  of the  f a c t o r s  which in f lu e n c e  a l a y e r ' s  r e s i s t i v i t y *  the  

g e o e l e c t r i c  s t r u c t u r e  can be i n t e r p r e t e d  i n  te rm s of the  g e o lo g ic a l  

s t r u c t u r e  o f  the  s e a f l o o r .

The f a c t o r s  which in f lu e n c e  a l a y e r ' s  r e s i s t i v i t y  a re  i t s  degree  of 

s l u i d  s a tu r a t io n *  r e s i s t i v i t y  o f  the  pore  f l u i d ,  and te m p e ra tu re  ( K e l l e r  

and F r ish k n e c h t*  1966, pp . 8 -1 0 ) .  (The ocean i t s e l f  h as  a r e s i s t i v i t y  

o f  .35 ± .15 ohm-m, depending s t r o n g ly  on s a l i n i t y ,  te m p e ra tu re ,  and to  

a l e s s e r  degree  on p r e s s u r e ) .  G e n e ra l ly ,  th e  s e a f lo o r  c o n s i s t s  o f  a 

l a y e r  o f  w a t e r - s a t u r a t e d  sed im en ts  w i th  r e l a t i v e l y  low r e s i s t i v i t y  (1 to  

10 ohm-m, a c c o rd in g  to  K e l l e r  (1969)) o v e r ly in g  a p i l lo w  b a s a l t  l a y e r  

which in  t u r n  o v e r l i e s  a l a y e r  o f  b a s a l t  d ik e s .  I f  the p i l lo w  b a s a l t  i s  

f a i r l y  young* i t  w i l l  be porous (20-40%) and i t s  r e s i s t i v i t y  w i l l  be 

d e te rm in e d  l a r g e l y  by the co n d u c t iv e  seaw a te r  c i r c u l a t i n g  in  th e  ro c k .  

Then, v a lu e s  o f  r e s i s t i v i t y  on the  o rd e r  of 1 0 ' s of ohm-m a re  ex p ec ted  

(K e lle r*  1969 ) .  These r e s i s t i v i t y  v a lu e s  have been confirm ed  by 

g e o p h y s ic a l  lo g g in g  o f  h o le s  d r i l l e d  as p a r t  of the  Deep Sea D r i l l i n g  

P r o j e c t  (DSDP) ( K i r k p a t r i c k ,  1979# Becker e t  a l . ,  1 9 8 2 ) .  K i r k p a t r i c k
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a l s o  r e p o r t s  t h a t  low te m p e ra tu re  a l t e r a t i o n  o f  the  p i l lo w  b a s a l t  l a y e r  

f i l l s  th e  pore  spaces  w ith  low te m p e ra tu re  m in e ra l s  such as ca rbona tes*  

c lay* and l i t h i f i e d  n a n o f o s s i l  ooze . He e s t im a te s  t h i s  ce m e n ta t io n  to  

be com pleted  i n  abou t 30-60 m i l l i o n  y e a r s .  The p o r o s i t y  o f  the  p i l lo w  

b a s a l t  l a y e r  i s  th e n  from 0-15%* and has  a r e s i s t i v i t y  from 100r s to  

1000 r s o f  ohms. Most b a s in  a r e a s  of i n t e r e s t  w i l l  be f a i r l y  m ature 

(h av in g  l a r g e  th i c k n e s s e s  of sed im en ts)  and so a l a r g e  r e s i s t i v i t y  

c o n t r a s t  i s  ex p e c te d  a t  the  base  of the  sed im en ts .

BASIC THEORY OF GEOELECTRIC SOUNDING

The e a r th  can be th ough t of as  a f i l t e r  which a c t s  on an in p u t  

s i g n a l .  A n a ly s is  o f  the  m easured o u tp u t  and th e  known in p u t  y i e l d s  

in fo rm a t io n  abou t th e  f i l t e r  c h a r a c t e r i s t i c s  of the  e a r t h .

J u s t  as  s e ism ic  methods y i e l d  in fo rm a t io n  about th e  s p a t i a l  

d i s t r i b u t i o n  o f  a c o u s t i c  impedance r e f l e c t i o n s *  e l e c t r i c a l  methods y i e l d  

th e  g e o e l e c t r i c  s t r u c t u r e  of the  e a r t h .

E l e c t r i c a l  t e c h n iq u e s  c o n s i s t  o f  m easu ring  an e l e c t r i c  a n d /o r  

m agne tic  f i e l d  and* from a knowledge of th'e p r im ary  f ie ld *  d ev e lo p in g  a 

g e o l o g i c a l l y  re a s o n a b le  model of a g e o e l e c t r i c  s t r u c t u r e  which cou ld  

have produced  the  m easured f i e l d .

For o f f s h o re  o i l  e x p lo ra t io n *  the  d e t a i l s  o f  th e  in v e r s io n  o f  th e  

m easured  f i e l d  to  a g e o e l e c t r i c  s t r u c t u r e  a re  i n s i g n i f i c a n t .  I t  i s  

s u f f i c i e n t  t h a t  th e r e  be a m easu rab le  dependence of the  o b se rved  f i e l d
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on the  th ic k n e s s  of the  sed im en ta ry  l a y e r .

E le c t ro m a g n e t ic  Methods

With EM methods* a f i e l d  ( e i t h e r  a r t i f i c i a l  or n a t u r a l )  i s  measured 

and* g iv en  an u n d e r s ta n d in g  of the  p r im ary  f ie ld *  can be i n t e r p r e t e d  in  

term s o f  a g e o e l e c t r i c  s t r u c t u r e  which would produce such a f i e l d .  

N a tu ra l  s o u rc e s  of p r im ary  EM f i e l d s  a v a i l a b l e  in  the  m arine  environm ent 

in c lu d e  io n o s p h e r ic  and m a g n e to sp h e r ic  c u r r e n t  s h e e t s  and th o se  f i e l d s  

g e n e ra te d  by the  m otion  o f  the  co n d u c t iv e  seaw ate r  th rough  the  e a r t h ' s  

m agne tic  f i e ld *  w h ile  a v a i l a b l e  a r t i f i c i a l  so u rces  u s u a l l y  c o n s i s t  o f  

e i t h e r  an e l e c t r i c  or m agne tic  d ip o le  (p roduced  by c u r r e n t  o s c i l l a t i n g  

i n  a s t r a i g h t  w ire  o r  lo o p ,  r e s p e c t i v e l y ) .

EM energy  can be th o u g h t of as be ing  t r a n s m i t t e d *  and th e n  

r e f l e c t i n g  and r e f r a c t i n g  from i n t e r f a c e s  in  the  e a r th  betw een rock  

ty p e s  of v a ry in g  r e s i s t i v i t i e s .  P h y s i c a l ly ,  an EM wave i s  a t r a n s v e r s e  

wave, c o n s i s t i n g  of an e l e c t r i c  f i e l d  and a m agne tic  f i e l d  o s c i l l a t i n g  

a t  r i g h t  an g le s  to  each o th e r  and the  d i r e c t i o n  o f  p r o p a g a t io n .  As the  

wave p a s s e s  th rough  a medium, th e  e l e c t r i c  f i e l d  e x e r t s  a fo rc e  on the  

e l e c t r o n s  and p ro to n s  o f  the  atoms as w e ll  as on the  f r e e  charges  which 

may e x i s t*  such as io n s  in  the  p o re  f l u i d  of a ro c k .

A d i s t i n c t i o n  i s  made between th e  r e s u l t a n t  c u r r e n t s ,  t h a t  due to  

th e  bound cha rges  b e in g  known as the  d isp la cem e n t  c u r r e n t  and t h a t  o f  

th e  f r e e  charges  th e  co n d u c t io n  c u r r e n t .

The d isp la c e m e n t  c u r r e n t  i s  m a in ly  a r e s u l t  o f  the  m otion  of th e
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a tom s ' e l e c t r o n s .  Because o f  t h e i r  much h ig h e r  charge /m ass  r a t i o ,  they  

re sp o n d  more e a s i l y  to  the  f o r c e  and o s c i l l a t e  more i n  phase w ith  th e  

e l e c t r i c  f i e l d  and w i th  g r e a t e r  am p li tude  th an  the  n u c le a r  p r o to n s .  The 

more t i g h t l y  bound e l e c t r o n s  o f  the  in n e r  s h e l l s  respond  to  a l e s s e r  

deg ree  th a n  th o se  o f  the  o u te r  s h e l l s .

For the  f r e q u e n c ie s  used  in  EH e x p l o r a t io n ,  how ever, th e se  

d isp la c e m e n t  c u r r e n t s  a re  dw arfed by the  co n d u c tio n  c u r r e n t s  o f  th e  

f r e e  c h a rg e s ,  induced  by th e  m agne tic  f i e l d  o f  the  EM wave. The 

co n d u c t io n  c u r r e n t s  a re  the  sou rce  o f  in fo rm a t io n  about the  c o n d u c t iv i t y  

o f  the medium.

Both c u r r e n t s  produce an EM f i e l d  o f  t h e i r  own, o f  d i f f e r e n t  

am p li tu d e  and r e t a r d e d  in  phase w ith  r e s p e c t  to  the  in c id e n t  f i e l d ,  b u t  

o f  th e  same f re q u e n c y .  T h is  secondary  EM f i e l d  i n t e r f e r e s  

c o n s t r u c t i v e l y  o r  d e s t r u c t i v e l y  w ith  the  in c id e n t  f i e l d .  The p a r t  due 

to  th e  d isp la c e m e n t  c u r r e n t s  causes  the  f a m i l i a r  e f f e c t s  of r e f l e c t i o n  

and r e f r a c t i o n  ( th e  domain of  o p t i c s ,  and a f u n c t io n  of the  e l e c t r i c  

p e r m i t t i v i t y  o f  the  medium), w h i le  the  secondary  f i e l d  due to  th e  

co n d u c t io n  c u r r e n t s  i s  used to  advan tage  in  EM methods of g eo p h y s ic s .

In  Appendix A, m a them a tica l  e x p re s s io n s  d e s c r ib in g  the  f i e l d  due to  

a v e r t i c a l  m agne tic  d ip o le  sou rce  on th e  f l o o r  of the  ocean a re  

developed  by a p p l i c a t i o n  o f  a p p r o p r ia t e  boundary  c o n d i t io n s  to  the  

s o l u t i o n  o f  M axw ell 's  e q u a t io n s .  The r e s u l t s  o f  a f i e l d  t r i a l  

(perfo rm ed  by Dr s .  K e l l e r  and Ib rah im  on the  f l o o r  o f  Monterey Bay) 

which appear to  su p p o r t  the  m a th em a tic a l  development a re  a l s o  p r e s e n te d .
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D ir e c t  C u rren t  Method

In  d i r e c t  c u r r e n t  methods* c u r r e n t  i s  in t ro d u c e d  in t o  the  e a r th  by 

a p a i r  o f  e l e c t r o d e s .  Charge f low s in t o  th e  e a r th  and accum ula tes  a t  

r e s i s t i v i t y  i n t e r f a c e s .  The e l e c t r i c  f i e l d  o f  th e se  charge  

acc u m u la tio n s  i s  superim posed  upon th e  f i e l d  of  the  charge a cc u m u la tio n

on the  s u r f a c e s  o f  th e  c u r r e n t  e l e c t r o d e s *  and a measurement o f  the

e l e c t r i c  f i e l d  th u s  r e p r e s e n t s  a sum of the  g r a d ie n t  of two p o t e n t i a l s :  

a "norm al1* p o t e n t i a l  and a " d i s tu r b in g "  p o t e n t i a l .

In  the  case  i n  which the  c u r r e n t  e l e c t r o d e s  a re  immersed in  the  

ocean* the  normal p o t e n t i a l  i s  th e  p o t e n t i a l  of the  e l e c t r o d e s  assuming 

th e  ocean to  be a uniform  h a l f - s p a c e *  w ith  no s e a f l o o r .  (Thus* the  

normal p o t e n t i a l  i s  th e  p o t e n t i a l  due to  the  charge  a cc u m u la tio n  on th e

s u r f a c e s  of the  e l e c t r o d e s  and the  charge which accum ula tes  on th e

o c e a n / a i r  i n t e r f a c e ) .

The d i s t u r b i n g  p o t e n t i a l  i s  the  p o t e n t i a l  o f  the  charge  

acc u m u la t io n s  which a r i s e  on a d d i t i o n a l  r e s i s t i v i t y  i n t e r f a c e s  

(ocean /sed im en t*  sed im en t/basem en t)  and th u s  i s  the  p o t e n t i a l  which 

y i e l d s  in fo rm a t io n  abou t the  g e o e l e c t r i c  s t r u c t u r e  of the  s e a f l o o r .  

M athem atica l e x p re s s io n s  d e s c r ib in g  the  p o t e n t i a l  due to  a c u r r e n t  

source  a re  o b ta in e d  th rough  th e  a p p l i c a t i o n  of a p p r o p r ia te  boundary 

c o n d i t io n s  to  the  s o l u t i o n  of L a p l a c e ' s  equation*  and a re  developed  f o r  

the case  o f  a c u r r e n t  a r r a y  immersed i n  th e  ocean o ve r  a 2 - l a y e r  

s e a f lo o r  in  Appendix B.
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EVALUATION OF NATURAL SOURCE METHODS

For a number of re a so n s  e x p la in e d  in  t h i s  s e c t i o n ,  n a t u r a l  source  

EM methods a re  u n s u i t a b l e  f o r  o f f s h o r e  o i l  e x p l o r a t i o n .

Of the  n a t u r a l  EM f i e l d s  a v a i l a b l e  on the  s e a f l o o r ,  th o se  of cosmic 

o r i g i n  have en joyed  the  most a p p l i c a t i o n  in  th e  f i e l d  o f  s e a f lo o r  

e l e c t r i c a l  sounding (Cox e t  a l . ,  1970» F i l l o u x ,  1977, 1980, 1981f Law 

and G reenhouse, 1981 1 Chave e t  a l . ,  1981).  The huge c u r r e n t  s h e e t s  

formed by the  i n t e r a c t i o n  o f  the  s o l a r  wind (a  plasma moving a t  speeds 

o f  400 km/sec) w i th  the  geom agnetic  f i e l d  g e n e ra te  an EM f i e l d  which 

in d u ces  c u r r e n t s  i n  th e  e a r t h ,  known as t e l l u r i c  c u r r e n t s .  The 

m agnitude of the  induced  c u r r e n t  d e n s i t y  i s  in  d i r e c t  p r o p o r t i o n  to  th e  

c o n d u c t iv i t y  o f  th e  s e a f lo o r  (Ohm's Law), and so by s im u l ta n e o u s ly  

m easuring  th e  v a r i a t i o n s  in  th e  e l e c t r i c  f i e l d  caused  by th e se  c u r r e n t s  

and th e  m agne tic  f i e l d s  which induce them, th e  impedance of th e  s e a f lo o r  

can be deduced . In  p r a c t i c e  t h i s  c o n s i s t s  of m easuring  th e  r a t i o  o f  th e  

h o r i z o n t a l  e l e c t r i c  f i e l d  to  th e  p e r p e n d ic u la r  h o r i z o n t a l  m agnetic  

f i e l d ,  and i s  known as the  m a g n e to t e l l u r i c  (MT) method (Tikhonov, 1950; 

C agn ia rd , 1 9 5 3 ) .

The u su a l  l i m i t a t i o n  o f  t h i s  m ethod, and th e  one t h a t  s t im u la t e d  

the  development of a r t i f i c i a l  so u rces  fo r  th e  s e a f l o o r ,  i s  th e  band- 

l i m i t e d  n a tu re  o f  th e  EM en e rg y .  EM energy i s  a t t e n u a t e d  as  i t  t r a v e l s  

th rough  a medium in  d i r e c t  p r o p o r t i o n  to  i t s  f req u en cy  and to  th e  

medium's c o n d u c t i v i t y .  I t  i s  a t t e n u a t e d  by a f a c t o r  o f  e~x in  a
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d i s t a n c e  known as the  s k in  d e p th :

8 = J —
1  CT|i<i>

8 = s k in  d e p th ,  in  m e te rs

<r = c o n d u c t iv i t y ,  i n  S iem ens /m e te r

p = m agne tic  p e r m e a b i l i t y ,  tak en  as th e  v a lu e  in  f r e e  

Up = 4n x 10” 7 h e n r i e s / m e t e r  

b> = 2nf = a n g u la r  f re q u e n c y ,  i n  r a d ia n s / s e c o n d  

f  = f req u en cy  o f  EM en e rg y ,  i n  H ertz

(1)

space ,



ER-2929 10

A g e n e ra l  r u l e  of thumb i s  t h a t  the  dep th  o f  i n v e s t i g a t i o n  of a 

p a r t i c u l a r  f re q u e n c y  i s  about th e  same as i t s  s k in  d e p th .  To 

i n v e s t i g a t e  a 2 km t h i c k  se d im e n ta ry  b a s in  o f  r e s i s t i v i t y  2 ohm-m, the  

a p p r o p r ia t e  f re q u e n c y  would be about 10” 1 Hz. EM energy  o f  cosmic 

o r i g i n  o f  t h i s  f req u en cy  range i s  n o t  s i g n i f i c a n t l y  a t t e n u a t e d  by a 60 m 

t h i c k  ocean l a y e r .  However, i t  i s  u n f o r tu n a t e ly  swamped by EM energy  

g e n e ra te d  by th e  i n t e r a c t i o n  o f  s u r f a c e  wind w aves, e s p e c i a l l y  i n  

sh a llo w  se a s  (Chave and Cox, 1 9 8 2 ) .  T h is  i n v a l i d a t e s  any assum ption  of 

a p la n e  wave p r im ary  f i e l d  o f  cosmic o r i g i n ,  and the  u n p r e d i c t a b i l i t y  o f  

th e  n o is e  makes i t  im p o ss ib le  to  remove.

As seaw a te r  moves th rough  th e  geom agnetic  f i e l d ,  a f o r c e  i s  e x e r t e d  

on the  cha rges  in  th e  w a te r .  The m a th em a tica l  e x p re s s io n  f o r  the  fo rc e  

on a charged  p a r t i c l e  moving in  a m agne tic  f i e l d  i s

F = q(VxB) (2)

F = f o r c e  on charged  p a r t i c l e  due to  m agnetic  f i e l d ,  in  

Newtons

q = e l e c t r i c  charge o f  p a r t i c l e ,  i n  Coulombs 

V = v e l o c i t y  o f  p a r t i c l e ,  i n  m e te r s /s e c o n d  

B = m agnetic  in d u c t io n ,  i n  W ebers/m eter

Ions  o f  o p p o s i te  charge a re  fo r c e d  in  o p p o s i te  d i r e c t i o n s ,  and so 

th e r e  i s  a n e t  e l e c t r i c  c u r r e n t  flow p e r p e n d ic u la r  to  the  w a te r  flow and 

th e  m ag n e tic  f i e l d .  Use o f  th e  EM energy  a s s o c i a t e d  w ith  th e se  c u r r e n t s
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has  been su g g es ted  by many r e s e a r c h e r s  (Coz e t  a l . * 1968; Sanford* 1971; 

Chave* 1983; Chave and Coz* p r e p r i n t ) .  To f u r t h e r  t h i s  end* g lo b a l  

t i d e s  have been  modeled w i th  some su ccess  (Schw idersk i*  1981)* 

s i g n i f i c a n t  advances a re  b e in g  made in  th e  s tudy  o f  th e  s p a t i a l  

c h a r a c t e r i s t i c s  o f  ocean c u r r e n t s  (Whalen* 1984)* and the  EH f i e l d s  

g e n e ra te d  by c u r r e n t s  and s u r f a c e  and i n t e r n a l  ocean waves a re  b e ing  

i n v e s t i g a t e d  ( P e t e r s e n  and Poehls* 1982; Chave and Coz* p r e p r i n t ) .  

W hile th ey  o f f e r  g r e a t  p o t e n t i a l *  e s p e c i a l l y  f o r  deep sounding* th e s e  

methods a re  n o t  s u i t a b l e  f o r  th e  p r e s e n t  a p p l i c a t i o n  because  o f  th e  v e ry  

low f r e q u e n c ie s  p roduced  by c u r r e n t s  and t i d e s  (on th e  o rd e r  of 10“ * 

H z)* th e  c o m p lez i ty  o f  the  p r im a ry  EM f i e l d  p roduced by o cea n ic  s u r f a c e  

and i n t e r n a l  waves (which a re  o f  the  a p p r o p r ia t e  f requency  range)* and 

the  l a c k  o f  knowledge o f  the  morphology of m ic ro s c a le  phenomena such as 

th e  o cea n ic  e q u iv a le n t  of d u s t - d e v i l s  which may produce EM energy  o f  the 

a p p r o p r ia te  f req u en cy  range* b u t  which are  p r e s e n t l y  a n o is e  so u rc e .

EVALUATION OF ARTIFICIAL SOURCE METHODS

The f e a s i b i l i t y  o f  b o th  EM and DC methods o f  d e te rm in in g  

g e o e l e c t r i c  s t r u c t u r e  u s in g  a r t i f i c i a l  so u rces  has  been dem onstra ted  i n  

m arine  en v iro n m en ts .  R u ss ia n  r e s e a r c h e r s  ezpended c o n s id e r a b le  energy  

i n  the  195 0 's*  a c h ie v in g  su ccess  w ith  a DC method (w ith  s o u r c e - r e c e iv e r  

o f f s e t s  o f  up to  8 km) in  w a te r  d ep th s  o f  50-60 m w h ile  mapping th e  

g e o e l e c t r i c  s t r u c t u r e  bevow l a r g e  p a r t s  of the C asp ian  sea (Terekhin* 

1962; K e lle r*  p e r s o n a l  com m unica tion).
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S p ie s s  e t  a l .  (1980) and Young and Cox (1981) r e p o r t  su c c e s s  w ith  

a r t i f i c i a l  sou rce  EM m ethods. Edwards e t  a l .  (1981. 1984) have

d eve loped  and a re  ex p e r im e n t in g  w ith  a method in  which a commercial 

f l u x g a t e  magnetometer p r o t e c t e d  by c o n v e n t io n a l  p r e s s u r e  v e s s e l s  i s  

p la c e d  on th e  s e a f lo o r  to  c o n t in u o u s ly  m o n ito r  m agne tic  f i e l d  

f l u c t u a t i o n s  w h i le  a lo n g ,  v e r t i c a l  b i p o l a r  a l t e r n a t i n g  c u r r e n t  source  

i s  dep loyed  from a s h ip .  They have made a c c u r a te  m easurem ents o f  

v a r i a t i o n s  a t  the  10“ ia  T e s la  l e v e l  a t  6 km o f f s e t ,  w h i le  measurements 

a t  low er l e v e l s  w ith  a d e c re a se  in  acc u racy  are  p o s s i b l e .  They e s t im a te  

o f f s e t s  o f  up to  20 km a re  f e a s i b l e .

The c r u c i a l  drawback of th e s e  methods f o r  the p r e s e n t  a p p l i c a t i o n  

i s  th e  n e c e s s i t y  f o r  s e a f lo o r  deployment o f  th e  equipm ent, w ith  the  

consequen t d e la y s  i n  d a ta  a c q u i s i t i o n  t h i s  e n t a i l s .  I t  i s  p o s s ib le  to  

conce ive  o f  a towed EM system , b u t .  t e c h n ic a l  c a p a b i l i t i e s  o f  the  two 

methods b e in g  ro u g h ly  s i m i l a r ,  the  overwhelming s i m p l i c i t y  of th e  DC 

method a rg u es  p e r s u a s iv e l y  in  th e  l a t t e r ' s  f a v o r .

In  the  fo l lo w in g  s e c t i o n ,  th e  d e s ig n  o f  a DC system a p p r o p r ia t e  f o r  

o f f s h o r e  o i l  e x p l o r a t io n  i s  d e s c r ib e d .



ER-2929 13

DESIGN OF A DC SEAFLOOR ELECTRICAL SOUNDING SYSTEM

The system  c o n s i s t s  o f  6 d ip o l e - d i p o l e  a r r a y s  on a long  i n s u l a t e d  

c a b le :  1 c u r r e n t  a r r a y  and 6 p o t e n t i a l  a r r a y s ,  as  shown i n  F ig u re  1 .

A l a r g e  sh ip -m ounted  g e n e r a to r  s u p p l ie s  the  DC c u r r e n t  to  the  

c u r r e n t  e l e c t r o d e  a r r a y ,  c o n s i s t i n g  o f  a p o s i t i v e  c u r r e n t  e l e c t r o d e  ( I +) 

and a n e g a t iv e  c u r r e n t  e l e c t r o d e  ( I ” ) .  The 6 p o t e n t i a l  a r r a y s  measure 

th e  h o r i z o n t a l  g r a d ie n t  of th e  e l e c t r i c  f i e l d  p roduced .  The g r e a t e r  th e  

o f f s e t  r . ,  th e  g r e a t e r  the  dep th  of i n v e s t i g a t i o n  o f  the  a r r a y :  

D ip o le -d ip o le  a r r a y s  w ith  an o f f s e t  o f  2 .5  o r  more t im es  th e  th ic k n e s s  

o f  the  sed im en ta ry  l a y e r  w i l l  " se e "  th e  e f f e c t  of the  r e s i s t i v e  basement 

w h i le  th o s e  w i th  a s h o r t e r  o f f s e t  w i l l  n o t .

U sing  an onboard  com puter, th e  m easured f i e l d s  a re  compared w i th  

f i e l d s  c a l c u l a t e d  f o r  the  o b se rv ed  c o n d i t io n s  (same ocean d e p th ,  sou rce  

c u r r e n t ,  tow ing dep th  and o r i e n t a t i o n  of a r r a y s ,  s o u r c e - r e c e iv e r  

o f f s e t s ) ,  ex ce p t  t h a t  the  s e a f lo o r  i s  modeled as a uniform  h a l f - s p a c e  o f  

th e  same r e s i s t i v i t y  as  th e  sed im en ta ry  l a y e r .  The g r e a t  the  

d e v i a t i o n  o f  th e  m easured f i e l d s  from the  c a l c u l a t e d  f i e l d s ,  th e  more 

th e  a c t u a l  sed im en ta ry  l a y e r  d e p a r t s  from th e  h a l f - s p a c e  model.

The p l o t  o f  the  r a t i o s  o f  th e  m easured f i e l d  to  the  c a l c u l a t e d  

f i e l d  v e r s u s  o f f s e t  form a c u rv e .  A s u i t e  of such cu rves  i s  shown in  

F ig u re  2 f o r  v a ry in g  th i c k n e s s e s  o f  the  sed im en ta ry  l a y e r .  Using a 

m icrocom puter  and a m odeling program s im i l a r  to  the  one p r e s e n te d  i n  

Appendix B, th e  curve o f  th e  r a t i o s  o f  th e  m easured f i e l d  to  the  

c a l c u l a t e d  f i e l d  v e r s u s  o f f s e t  cou ld  be r a p i d l y  matched to  a c a l c u l a t e d
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F ig .  2a) For t h i c k n e s s e s  ra n g in g  from 520 m to  1020 m.
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1010
Fig. 2b) For t h i c k n e s s e s  ra n g in g  from 1520 m to  2020 m.
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FIGURE 2: N orm alized  F i e l d  For V arying  T h ic k n e s se s
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curve* and the  th ic k n e s s  of th e  sed im en ta ry  l a y e r  would th e n  be known. 

T h is  v a lu e  cou ld  be p l o t t e d  on an X-Y p l o t t e r  as a f u n c t io n  o f  sh ip  

p o s i t i o n  and a map o f  sedim ent th i c k n e s s  p roduced  in  r e a l  t im e .

S ig n a l  S t r e n g th  and R e s o lu t io n  o f  Method

As an i n d i c a t i o n  o f  the  s ig n a l  s t r e n g t h  to  be ex p ec ted  and th e  

measurement r e s o l u t i o n  n e c e s s a ry  to  d e t e c t  changes in  sedim ent th i c k n e s s  

on th e  o rd e r  o f  1000 m, th e  fo l lo w in g  example i s  p r e s e n te d .

The d a ta  p r e s e n te d  in  T ab le  1 a re  f o r  a p o t e n t i a l  e l e c t r o d e  spac ing  

o f  60 m and sed im ent t h i c k n e s s e s  o f  920 m and 1020 m. With a c u r r e n t  

s t r e n g t h  o f  1000 A* such as t h a t  used  f o r  minesweeping i n  the  Second 

World War* th e  m agnitude o f  the  v o l t a g e  to  be m easured i s  in  th e  1 0 ' s  

of jiV. I f  the  method i s  to  de te rm ine  the  100 m d i f f e r e n c e  in  

th ic k n e s s *  th e  r e s o l u t i o n  o f  the  v o l t a g e  measurement must be on the  

o rd e r  of 10% of t h i s  m agn itude .  T h is  makes th e  a b s o lu te  d i f f e r e n c e  to  

be d e te rm in e d  on th e  o rd e r  o f  a few fiV f o r  l a r g e  o f f s e t s .  

I n s t r u m e n ta t io n  n o is e  can be reduced  to  an o rd e r  of m agnitude l e s s  than  

th i s *  and s te a d y  s t a t e  e l e c t r i c a l  f i e l d  n o ise  can be removed by p e r io d i c  

p o l a r i t y  r e v e r s a l  o f  the  c u r r e n t  a r r a y .  I f  co m p le te ly  random* 

f l u c t u a t i n g  e l e c t r i c a l  n o ise  due to  such so u rces  as  i n t e r n a l  waves may 

be removed by av e ra g in g  s u c c e s s iv e  measurements ( a t  a c o s t  in  l a t e r a l  

r e s o l u t i o n ) .  I f  th e  s i g n a l / n o i s e  r a t i o  i s  p e r s i s t e n t l y  inadequa te*  a 

l a r g e r  p o t e n t i a l  e l e c t r o d e  spac ing  cou ld  be used* th e  v o l t a g e  to  be 

m easured in c r e a s in g  l i n e a r l y  w ith  th e  le n g th  o f  the  p o t e n t i a l  a r r a y .
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Again* t h i s  would d e c re a se  l a t e r a l  r e s o lu t io n *  b u t  p ro b ab ly  much l e s s  

th a n  a v e ra g in g  m easurem ents .

TABLE 1

Com parative S ig n a l  S t r e n g t h s

S o u rc e -R e c e iv e r  

O f f s e t  (m)

920 m T h ickness

< V VN ) / I  % D e v ia t io n

( |iV /A ) ( nV /A )

1020 m T h ick n ess

% D e v ia t io n

1000 .930 - 5 .6  .936 - 5 . 0

1800 .191 - 1 . 0  .186 - 3 .5

2200 .109 +10.7 .104 +5.2

2800 .0657 31 .3  .0613 22 .6

3550 .0410 6 1 .8  .0376 48 .7

5000 .0205 126. .0187 106.
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D e s c r ip t io n  of System Components

The components o f  the  system a r e :

i ) P o s i t i o n in g

i i ) Power supply

i i i ) Cable p o s i t i o n i n g  and c o n t ro l

iv ) Data a c q u i s i t i o n

v) R ecord ing  system

P o s i t i o n in g

Any o f a number o f  n a v ig a t io n  systems w i l l  p ro v id e  p o s i t i o n in g

ac c u ra c y  o f  a few te n s  o f  m e te rs  over hundreds  o f  k i l o m e t e r s .  The 

p o s i t i o n  d a ta  would be re a d  d i r e c t l y  by the  com puter.

Power supp ly

D ie se l  powered g e n e r a to r s  were used in  WWII as  m inesw eepers and 

sh ip  d e g a u s s e r s ,  and may s t i l l  be a v a i l a b l e .  O th e rw ise ,  th e  type  of 

m egasource used  i n  th e  Colorado School o f  M ines ' tim e domain

e le c t ro m a g n e t i c  su rveys  cou ld  be u se d .  Assuming a grounding  r e s i s t a n c e  

o f  l e s s  th a n  an ohm, l e s s  th a n  1000 V would be n e c e s s a ry .

Cable p o s i t i o n i n g  and c o n t ro l

The tow depth  of th e  a r r a y s  can be s e t  and m a in ta in e d  through th e

use o f  s o p h i s t i c a t e d  " b i rd s *  developed  by Conoco L im ite d  fo r  t h e i r
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m arine  s e ism ic  s u rv e y s .  6 b i r d s  would p ro b a b ly  be s u f f i c i e n t  to  

m a in ta in  c o n t ro l  o f  the  c a b le  u n le s s  th e r e  were e x c e p t io n a l ly  s t ro n g  

ocean  c u r r e n t s .

Data a c q u i s i t i o n

The c u r r e n t  and p o t e n t i a l  e l e c t r o d e s  commonly used  in  m arine 

e l e c t r i c a l  work a re  a v a i l a b l e  com m erc ia lly  (Corwin e t  a l . ,  1973) and 

co u ld  be mounted on a s t r e s s - b e a r i n g  c a b le  such as K ev la r  w ith  

a p p r o p r i a t e  d a ta  a c q u i s i t i o n  sy s tem s .  Depending on the  n o is e  p r e s e n t  i n  

th e  system* i t  may be d e s i r a b l e  to  go to  the  extreme of d i g i t i z i n g  the  

d a ta  a t  th e  p o t e n t i a l  a r r a y s  and t r a n s m i t t i n g  i t  to  the  sh ip b o a rd  

com puter by o p t i c a l  f i b e r .  Each p o t e n t i a l  a r r a y  would th e n  have i t s  own 

v o l t m e t e r ,  a n a l o g / d i g i t a l  c o n v e r t e r ,  t r a n s m i t t e r ,  and power su p p ly .  The 

d a ta  cou ld  be m u l t ip le x e d  on a s in g l e  o p t i c a l  f i b e r .

R ecord ing  system

The r e c o rd in g  system would c o n s i s t  of a m icrocom puter w i th  a m u l t i ­

channe l d a ta  a c q u i s i t i o n  b o a rd :  1 f o r  each of the  6 p o t e n t i a l  a r r a y s ,  1 

f o r  th e  sonar b a th y m e tr ic  su rv e y ,  1 f o r  each of the  6 c a b le  c o n t ro l  

b i r d s ,  and one f o r  the  s h ip  l o c a t i o n ,  s u p p l ie d  by th e  p o s i t i o n i n g  

system . I f  the  su rvey  a re a  i s  c lo s e  to  sh o re ,  o r  in  some o th e r  a re a  

where s i g n i f i c a n t  v a r i a b i l i t y  o f  the  seaw ate r  c o n d u c t iv i ty  was ex p e c te d ,  

the  com puter cou ld  o b t a in  a c c u r a te  v a lu e s  from a c o n d u c t iv i t y  m e te r  

mounted on the  c a b le .
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Comparison w ith  o th e r  methods

The most obvious b a s in  s tndy  method i s  m arine s e is m ic .  The 

advan tage  o f  e l e c t r i c a l  sounding o ver  s e is m ic  i s  c o s t .  A normal m arine  

se is m ic  o p e r a t io n  r e q u i r e s  a crew i s  40 people* about 4 t im es  t h a t  

n e c e s s a ry  f o r  a DC system , and a s o p h i s t i c a t e d  d a ta  p ro c e s s in g  and 

s to r a g e  f a c i l i t y  in  o rd e r  to  h a n d le  the  huge amounts of d a ta  which a re

c o l l e c t e d .  The d a ta  c o l l e c t e d  in  th e  p ro p o sed  d e s ig n  c o n s i s t  o f  6

v o l t a g e s  m easured  every  cou p le  o f  seconds , a s  opposed to  s e v e r a l  

th o u san d s  o f  v o l t a g e s  m easured  e v e ry  8 seconds (1000 d a ta  p o in t s  p e r

t r a c e  a t  2 msec sam pling  r a t e  f o r  2 seco n d s ,  96 to  1024 c h a n n e l s ) .  The

o p e r a t in g  c o s t s  o f  the  p ro p o sed  d e s ig n  system cou ld  be much low er 

because  o f  the  low er c a p i t a l  c o s t  o f  the  equipment in v o lv e d .

The o th e r  b a s in  s tudy  methods used a re  a i rb o rn e  m a g n e tic s  and 

m arine  g r a v i t y .

A irbo rne  m a g n e tic s  p ro v id e  f a s t  coverage of an a re a  a t  low c o s t .  

I f  the  s h e l f  basement i s  tho u g h t to  be igneous ro c k ,  t h i s  i s  an 

a p p r o p r i a t e  method to  u s e .  However, such o i l  t r a p s  as c a rb o n a te  

basement s t r u c t u r e  would be i n v i s i b l e  to  a i rb o r n e  m a g n e t ic s ,  w h ile  

p r e s e n t i n g  a l i k e l y  t a r g e t  f o r  e l e c t r i c a l  m ethods.

As f a r  as th e  c o s t s  of the  sh ip  and n a v ig a t io n  equipment a re  

c o n ce rn ed ,  m arine  g r a v i t y  and m arine  DC would be about e q u a l .  Both 

r e q u i r e  a f a i r l y  l a r g e  sh ip  i n  o rd e r  to  d ea l  w ith  ad v e rse  w ea th e r  

c o n d i t io n s  w h i le  m a in ta in in g  p ro d u c t io n ,  and bo th  r e q u i r e  the  same
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acc u racy  o f  p o s i t i o n i n g .  I f  th e  d a ta  a c q u i s i t i o n  speed ( i . e .  th e  

maximum towing speed  b e fo re  n o ise  swamps the  s ig n a l )  o f  th e  DC method i s  

s i g n i f i c a n t l y  g r e a t e r  th a n  t h a t  o f  m arine g r a v i t y ,  the  advan tage  o f  DC 

i s  c l e a r .  A c tu a l  f i e l d  t e s t i n g  o f  a towed c a b le  would p ro v id e  tne  

n e c e s s a ry  p a ra m e te rs  to  make an inform ed d e c i s i o n  as to  a r e a s o n a b le  

tow ing speed .
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CONCLUSIONS

I t  has  been  d em o n s tra ted  t h a t  th e  DC method o f s e a f lo o r  e l e c t r i c a l  

sounding can be a p p l i e d  to  the  problem  of d e te rm in in g  the  th ic k n e s s  o f  

s e a f lo o r  s ed im en ts .  The r e q u ire m e n t  t h a t  th e  s o u r c e - r e c e iv e r  o f f s e t  be 

a t  l e a s t  2 .5  t im es  the  th ic k n e s s  o f  the  sed im en ta ry  l a y e r  n e c e s s i t a t e s  

measurement o f  v e ry  sm all v o l t a g e s  (pV) in  th e  p re s e n c e  o f  an 

u n p r e d ic ta b l e  (b u t  no t n e c e s s a r i l y  random) n o ise  background which may 

swamp the  s i g n a l .  I f  the  n o ise  i s  random* s ta c k in g  of th e  measurements 

o f f e r s  r e d u c t io n  o f  th e  n o is e  a t  a c o s t  i n  l a t e r a l  r e s o l u t i o n .  The 

s ig n a l  s t r e n g t h  can be in c re a s e d  by in c r e a s in g  the  p o t e n t i a l  e l e c t r o d e  

se p a ra t io n *  b u t  a g a in  a t  a c o s t  i n  l a t e r a l  r e s o l u t i o n .

Development of th e  system d e s c r ib e d  would be ex p en s iv e  (see  

Appendix C f o r  c o s t  b reakdow n). The development and c o n t r o l l e d  t e s t i n g  

o f  a sm all s c a le  p r o to ty p e  would a l low  the  d e te r m in a t io n  o f  the 

f e a s i b i l i t y  o f  the  method w ith  r e g a rd  to  such c o n s id e r a t i o n s  as  EM n o is e  

due to  i n t e r n a l  waves* which a re  d i f f i c u l t  to  p r e d i c t  and w i l l  p robab ly  

be th e  most d i f f i c u l t  n o is e  source  to  remove, and the  speed a t  which the  

a r r a y  can be towed* which i s  an im p o rtan t  f a c t o r  in  economic 

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

I f  the  s i g n a l / n o i s e  r a t i o  i s  a c c e p ta b le  and th e  o p e r a t in g  speed 

compares f a v o r a b ly  to  m arine  g ra v i ty *  th e  DC method o f  s e a f lo o r  

e l e c t r i c a l  sounding may o f f e r  a c o s t - e f f e c t i v e  a l t e r n a t i v e  f o r  b a s in  

s t u d i e s .
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APPENDIX A

Theory o f  E le c t ro m a g n e t ic  Depth Sounding , With R e s u l t s  o f  a F i e l d  T r i a l

The b e h a v io r  of th e  EM f i e l d  i s  d e r iv e d  f o r  the  case  i n  which th e
\

t r a n s m i t t e r  i s  a v e r t i c a l  m agne tic  d ip o le  (an  o s c i l l a t i n g  c u r r e n t  in  a 

h o r i z o n t a l  loop  o f  w ire )  a d i s t a n c e  d above the  s e a f l o o r .  The method i s  

e s s e n t i a l l y  t h a t  p r e s e n te d  by Kaufman and K e l l e r  (1 9 8 3 ) .

For a harm onic source  (e""^*0* ) ,  M axw ell 's  e q u a t io n s  a re

c u r l  E = jwpB (Al)

c u r l  H = <tE (A2)

d iv  E = 0 (A3)

d iv  H = 0 (A4)

E = e l e c t r i c  f i e l d  i n t e n s i t y  v e c to r

H = m a g n e tic  f i e l d  i n t e n s i t y  v e c t o r

j  = <- V 1' 2

(it = a n g u la r  f req u en cy

p = m ag n e tic  p e r m e a b i l i t y

Our aim i s  to  e x p re s s  th e  EM f i e l d  in  term s of a s in g le  v e c to r  

p o t e n t i a l ,  A. S in ce  d iv  E -  0 ,  l e t
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E = j<i>n c u r l  X (A5)

where A -  ( 0 , 0 , A ^ ) . Then, upon s u b s t i t u t i o n  of (AS) i n  (A 2), we o b ta in

B = jwparX -  g rad  U (A6)

S u b s t i t u t i n g  (A5) and (A6) i n  (Al) and d e f in in g

k a = - jopw  (A7)

we o b ta in

j<i)p(grad d iv  A -  VaA) = j<j>|i(-kaA — grad  U) (A8)

D e f in in g  d iv  A -  -U, we have

(V1- k 1)Az = 0 (A9)

Now th e  EM f i e l d  can be e x p re s s e d  in  term s of  a v e c t o r  p o t e n t i a l  

which i s  a s o l u t i o n  o f  (A9) :

E = jo>n c u r l  5 

B = -k*  A + g rad  d iv  X

(A10)

(All)
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For a uniform  c o n d u c t iv e  medium, th e  v e c to r  p o t e n t i a l  of a m agnetic  

d ip o le  source  o f  m agnitude M i s

A#z = (M e_j kR)/(4nR) (A12)

where R= ( r 1 + z a ) a^ a . By th e  Weber i n t e g r a l ,  t h i s  can be e x p re s se d  as

^ z  = S ‘xe ' miZ z ^ 0 (A13)

where mx = (ma + kj.1) 1^ 1 . With c o n s id e r a t i o n  o f  th e  c y l i n d r i c a l

symmetry o f  th e  system , (A9) i s  seen to  be

d aA 1 3A d aA
— Z + ------- * +  2  -  k ’ A,. = 0 (A14)2 .  2 Z

From (A 10), we o b ta in

3 A 3 aA 3aA
E 0  -  -  —  ' Hz = - k *Az +  2 • Hr     (A15)

dr  dz drdz

The e le c t ro m a g n e t i c  boundary  c o n d i t io n s  a re  t h a t  th e  t a n g e n t i a l  

components of th e  e l e c t r i c  and m ag n e tic  f i e l d s  a re  c o n t in u o u s .  Thus
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3A 3A 3 aA 3 aAZl Z> Z1 Z* . / a-i *\
—3   = —3 -------------------------- *r—=----  = -r— 5--- Z = d (A16)dr dr drdz drdz

I n t e g r a t i n g  w ith  r e s p e c t  to  r ,  we o b ta in

3A 3A
Az ‘ = ~3z = ~3z '  z = d (A17)

By s e p a r a t i o n  o f  v a r i a b l e s  and a l g e b r a i c  m a n ip u la t io n  to  de te rm ine  

c o e f f i c i e n t s  s a t i s f y i n g  th e  boundary  c o n d i t io n s .

_  • CO

A = -JL [ ®   + f  “  e-ami d emi z J  (mr) dm | (A18)z L R J mx mx + ma ° J

For z=d=0, and u t i l i z i n g  th e  Weber i n t e g r a l ,  we can e x p re s s  (A18) 

i n  term s of e lem en ta ry  e x p o n e n t ia l  f u n c t io n s  and t h e i r  d e r i v a t i v e s .  The 

e x p re s s io n  f o r  Hz i s

H* -  ,  . 1 9M 1 • i  f e - j k l r ( ( l  + V  + r 2/9  + ^  r 3/9 )
271(1^ -  k2 ) r

+ e " j k 2 r ( l  + k r  + 4k2r 2/9  + k3 r 3 19) }  (A18)
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The p a r t  in v o lv in g  k t  i s  t h a t  p a r t  which r e f l e c t s  th e  in f lu e n c e  of 

th e  s e a w a te r ,  w h ile  t h a t  w i th  k 2 i s  t h a t  o f  the  s e a f l o o r .  S ince  kx and 

a re  d i r e c t l y  p r o p o r t i o n a l  to  th e  c o n d u c t i v i t i e s  o f  the  media they  

c h a r a c t e r i z e ,  i t  i s  seen  from (A18) t h a t  th e  e f f e c t  o f  the  seaw a te r  on 

Hz d e c re a se s  more r a p i d l y  th a n  th e  e f f e c t  of the  s e a f l o o r .  T h is  

i n d i c a t e s  t h a t  th e r e  i s  a f req u en cy  above which th e  method i s  s e n s i t i v e  

on ly  to  th e  s e a f l o o r ,  c h a r a c t e r i z e d  by k 2 . Indeed ,  t h i s  i s  what i s  

o b se rv ed  in  F ig u re  A l,  which shows the  d a ta  c o l l e c t e d  by D rs .  K e l l e r  and 

Ib rah im .

The system  c o n s i s t e d  o f  2 lo o p s .  In p u t c u r r e n t  was 1-2  A, and 

s o u r c e - r e c e iv e r  o f f s e t  abou t 20 m. The f requency  re sp o n se  of th e  system 

was t e s t e d  and d e te rm in ed  to  be f l a t  over th e  range o f  f r e q u e n c ie s

m easured .

The d a ta  p r e s e n te d  a re  th e  r a t i o  o f  m easured v o l t a g e  to  t r a n s m i t t e d  

c u r r e n t ,  th e  m utual c o u p l in g .  There i s  no s i g n i f i c a n t  in d u c t io n  in  the  

su r ro u n d in g  media which would te n d  to  reduce the  p r im ary  m agne tic  f i e l d  

a t  f r e q u e n c ie s  below about IS kHz, b u t  above t h a t  the  m agne tic  f i e l d  of 

the  induced  c u r r e n t s  i n  th e  seaw ate r  s t a r t  to  can c e l  th e  f i e l d .  At

f r e q u e n c i e s  above 17 kHz, t h e r e  i s  no lo n g e r  a s i g n i f i c a n t  p r im ary  f i e l d  

a t  the  r e c e i v e r  b ecause  o f  in d u c t io n  e f f e c t s ,  b u t  the  co u p l in g  does n o t 

d e c re a se  as  i t  would in  th e  absence of the  s e a f l o o r :  As f r e q u e n c ie s

n e a r  20 kHz, th e  c o u p lin g  r i s e s  a g a in ,  because  of the  secondary  f i e l d  o f

th e  c u r r e n t s  induced  in  th e  s e a f l o o r .
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FIGURE Al: F i e l d  Data From Monterey

A: L in e a r  r i s e  in  coupling* s t a t i c  c o n d i t io n s  

B: A t te n u a t io n  due to  in d u c t io n  in  s eaw ate r  

C: E f f e c t  o f  S e a f lo o r
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APPENDIX B

Theory o f  D i r e c t  C u rren t  E l e c t r i c a l  Sounding* 

With r e s u l t s  o f  computer m odeling

The e x p re s s io n  f o r  th e  p o t e n t i a l  o f  a c u r r e n t  sou rce  in  l a y e r  1 o f  

th e  model shown in  F ig u re  B1 i s  d e r iv e d .  The e q u a t io n  which d e s c r ib e s  

th e  p o t e n t i a l  i s  L a p l a c e ' s  E q u a t io n

V2V = 0 (B l)

By s e p a r a t io n  o f  v a r i a b l e s  and th e  p r i n c i p l e  o f  l i n e a r  

s u p e rp o s i t io n *  the  e x p re s s io n  f o r  the  p o t e n t i a l  i n  the  i ' t h  l a y e r  in  a 

c y l i n d r i c a l l y  symmetric system  i s

V£ = |  e_X(z_d) + X£ eX(z~d ) ) J Q(Xr) dA (B2)

The p o t e n t i a l  a t  th e  i n t e r f a c e s  must be c o n t in u o u s .
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FIGURE B l:  Model For P o t e n t i a l  o f  C u rren t  E le c t ro d e
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The normal component o f  c u r r e n t  d e n s i t y  must be c o n t in u o u s  a c ro s s  

th e  i n t e r f a c e s .  From Ohm's Law#

E 1 dV
J  = - ? = -  —  (B4)z p p dz

1 dV. 1 dV.^,
-  t - 1 = -  -jr- (B5)
P i  P i+ i  dz

Using the  c o n d i t io n s  t h a t  p o t e n t i a l  i s  z e ro  a t  i n f i n i t y  and t h a t  no

c u r r e n t  e n t e r s  th e  a i r ,  we have a s o lv a b le  l i n e a r  system . A f te r  much

a l g e b r a i c  m a n ip u la t io n ,  we o b t a in  fo r  the  case  of a 2 - l a y e r  s e a f lo o r

v i  -
p i I  r  i

4jt I  r , a ' . a .  i / a
( r  + 4d )

f -2X11, ^  -2X (h ,+d) . -2X(h - d k{ k1 (2e 1 + e 1 + e  1 )
, . * ** ~2Xh -2X (h0+d) ^ -2X (h0- d ) » .+ k2 (2e 2 + e 2 + e  2 ) }

i 7 -2Xh1 ” ~2Xh . , -2X(h - h . )1 -  k^e 1 -  k2 e 2 +k^k2e 1 2
J 0 U r)d X (B6)

T h is  e q u a t io n  was modeled w ith  the  computer program DIPDIP.FOR 

( in c lu d e d  in  t h i s  Appendix) and the  p o t e n t i a l  d i f f e r e n c e s  to  be expec ted  

f o r  a d i p o l e - d ip o l e  su rvey  were o b ta in e d  f o r  b o th  th e  1 l a y e r  and 2 

l a y e r  s e a f l o o r .  The 2 l a y e r  r e s u l t s  were n o rm a l ize d  by the  1 l a y e r  

r e s u l t s  as  d e s c r ib e d  in  the  body of th e  r e p o r t ,  and curves  g e n e ra te d .
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Program DIPDIP.FOR 
W r i t t e n  by J .  C. Graham

C T his  program computes th e  r a t i o  o f  the  h o r i z o n t a l  E f i e l d
C f o r  a 2 - l a y e r  s e a f lo o r  to  t h a t  f o r  a uniform  h a l f - s p a c e  s e a f lo o r
C as a f u n c t i o n  o f  s o u r c e / r e c e i v e r  o f f s e t  and l a y e r  t h i c k n e s s .

COMPLEX RHANKS, FSAVE
COMMON/SAVE/FSAVE(2 8 3 ) GSAVE(283), NSAVE 
COMMON ZE, XH1, XH2, XXI. XX2 
EXTERNAL XKERN, UKERN, RHANKS

C The ocean depth  i s  modeled as 60 m.

XH1 = 6 0 .

C The r e s i s t i v i t y  c o n t r a s t  a t  the  s e a f lo o r  i s  0 .5 4 .

XXI = .54

C The r e s i s t i v i t y  c o n t r a s t  a t  the  basement i s  0 .9 9 .

XX2 = .99

C The c u r r e n t  and p o t e n t i a l  a r r a y s  a re  each 60 m.

B = 60 .

C The tow dep th  of the  a r r a y s  i s  50 m.

ZE = 50.

C The r a t i o s  a re  c a l c u l a t e d  as  a f u n c t io n  of sed im en ta ry  la y e r
C th i c k n e s s ,  the  d a ta  f o r  each l a y e r  b e in g  re a d  in to  c o n s e c u t iv e  d a ta
C f i l e s .  The c o u n te r  J  s p e c i f i e s  the  f i l e  to  be w r i t t e n  t o .

J  = 10

C Hie depth  to  basement f o r  t h i s  p a r t i c u l a r  program run  was
C v a r i e d  from 1580 m to  2080 m, th u s  v a ry in g  th e  sed im en ta ry  l a y e r
C th i c k n e s s  from 1520 m to  2020 m.

DO 15 X=5,10
XH2 = XH2 + 20 . + 1 0 0 .*X 
THX = XH2-XH1 

C J  = J  + 1

C The s o u r c e / r e c e i v e r  o f f s e t  i s  v a r i e d  from 316 m to  10 km.
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DO 20 RL0G=2. 5 , 4 . 0 , .  05 
R = 1 0 . ♦♦RLOG

C
C
C

VMNRM i s  th e  "norm al" p o t e n t i a l  a t  VM caused  by the  two 
c u r r e n t  e l e c t r o d e s  and t h e i r  images above th e  ocean su rface*  and 
s i m i l a r l y  VNNRM.

1
VMNRM=1. / R + 1 . / (R*R+4. *ZE*ZE)* * . 5 - 1 . / (R+B)- 1 . / ( (R+B)*(R+B)+ 

4.*ZE*ZE)**.5

1
VNNRM=1 . /(R -B )  + ! . / ( ( R-B) * (R-B) + 4 .*ZE*ZE) * * .5 -

1 .  / R - l . /  (R*R+4. *ZE*ZE) **.5

RFAR and RNER a re  th e  d i s t a n c e s  between th e  i n d i v id u a l  
p o t e n t i a l  e l e c t r o d e s  and the  c u r r e n t  e l e c t r o d e s .

RFAR = R+B 
RNER = R-B

VM i s  the  sum o f  the  normal and d i s t u r b i n g  p o t e n t i a l s  o f  each
c u r r e n t  e l e c t r o d e  a t  p o t e n t i a l  e l e c t r o d e  Vjj, and s i m i l a r l y  VN.

VM=VMNRM+RHANKS(0,R,XKERN,.0 0 0 1 ,NF,1)-RHANKS( 0 , RFAR,XKERN,
1 .0 0 0 1 ,N F ,1)

VN=VNNRM+RHANKS (0 ,  RNER, XKERN, .  0001, NF# 1) -RHANKS (0 ,  R, XKERN,
1 ,0001,N F,1)

The p o t e n t i a l s  UVM, UVN a re  th e  sums of the  normal and 
d i s t u r b i n g  p o t e n t i a l s  o f  each c u r r e n t  e l e c t r o d e  a t  Vj  ̂ and v  
r e s p e c t i v e l y ,  assum ing a uniform  h a l f - s p a c e  below the  s e a f lo o r  w ith  
the  r e s i s t i v i t y  o f  the  upper s e a f lo o r  l a y e r .

UVM=VMNRM+RHANES( 0 , R»UKERN, .0 0 0 1 ,NF, 1 ) -RHANKS ( 0 , RFAR.UKERN,
1 .0 0 0 1 ,NF,1)

TJYN=VNNRM+RHANKS ( 0, RNER,UKERN,. 0001 ,NF, 1) -RHANKS (0 , R, UKERN,
1 .0001,N F,1)

RATIO i s  th e  r a t i o  o f  th e  p o t e n t i a l  d i f f e r e n c e  o f  the  la y e r e d  
model to  th e  p o t e n t i a l  d i f f e r e n c e  of the  unifo rm  h a l f - s p a c e  model.

RATIO=(VM-VN)/ (UVM-UVN)

C The m agnitude XMAG o f  the  p o t e n t i a l  d i f f e r e n c e  i s  o b ta in e d  by
C u s in g  the  m u l t i p l i e r  p xI / ( 4 n ) ,  where px i s  th e  r e s i s t i v i t y  o f  the
C seaw a te r  ( .3  ohm-m), and I  i s  th e  m agnitude of the  source  c u r r e n t .
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C PDEV i s  the  p e rc e n t  d e v i a t i o n  of the  la y e re d  model re sp o n se
C from th e  re sp o n se  o f  the  un ifo rm  h a l f - s p a c e  model.

PDEV = 100. *( (VM-VN)-(TJVM-UVN)) /  (UVM-UVN)
XMAG = .3*(VN-VM)/(4 .* 3 .1 4 1 5 9 )
WRITE(J.*)R,RATIO
WRITE(J+10, * ) R,XMAG, PDEV,R/THK

C The program loops  back  f o r  a n o th e r  inc rem ent o f  R.

20 CONTINUE

C The program lo o p s  back  f o r  a n o th e r  inc rem en t o f  l a y e r
C th i c k n e s s .

15 CONTINUE

END

C The f u n c t io n  UKERN computes the  k e rn e l  f u n c t io n  r e q u i r e d  f o r
C c o n v o lu t io n  w i th  RHANKS' f i l t e r  w e ig h ts  f o r  the  uniform  h a l f - s p a c e
C m o d e l.

FUNCTION UKERN(G)
COMMON ZE, XH1, XH2, XK1

UKERN=XK1*( 2 . *EXP(-2. *G*XH1) +EXP(- 2 . *G*(XH1+ZE)) +EXP(-2. *G*
1 (XH1-ZE)))  /  ( 1 . -XKl*EXP(-2. *G*XH1))

END

C The fu n c t io n  XKERN computes the  k e rn e l  f u n c t io n  fo r  the
C la y e r e d  s e a f lo o r  m odel.

FUNCTION XKERN /
COMMON ZE, XH1, XH2, XK1. XK2

•XKERN=( XK1* (2 .  *EXP(- 2 .  *G*XH1) +EXP(- 2 .  *G*( XH1+ZE)) +EXP(- 2 .  *G*
1 (XH1-ZE)))  +
2 XK2*(2.*EXP(-2.*G*XH2)+EXP(-2.*G*(XH2+ZE))+EXP(-2.*G*
3 (XH2-ZE)) ) )  /  ( 1 . -XK1*EXP( - 2 . *G*XH1) -XK2*EXP( - 2 . *G*XH2) +
4 XKl*XK2*EXP(-2.*G*(XH2-XH1)))

END

C The f u n c t i o n  RHANKS computes th e  Hankel t r a n s fo rm  by d i g i t a l
C f i l t e r i n g  w ith  a 283 c o e f f i c i e n t  f i l t e r .  I t  i s  p r i n t e d  in  f u l l  in  
C A n d e rso n 's  (1979) a r t i c l e .
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T ab le  B1 i n d i c a t e s  th e  s ig n a l  s t r e n g t h s  to  be ex p ec ted  f o r  

t h i c k n e s s e s  o f  s ed im en ts .

TABLE B1

N orm alized  S ig n a l  S t r e n g th s  

( fiV /A )

Sedim ent 

T h ickness  (m) 1000 1800

O f f s e t  (m) 

2200 2800 3550

520

620

9530 .2560 .1600 .1010 .0634

9290 .2290 .1410 .0882 .0557

1520

1620

.9610 .1810 .0930 .0498 .0284

.9640 .1820 .0927 .0489 .0273

v a r io u s

5000

.0317

.0277

.0135

.0128

2620

2720

.9780 .1870 .0943 .0471 .0238 .0093

.9790 .1880 .0946 .0437 .0238 .0091
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APPENDIX C 

Cost Breakdown

Data A c q u i s i t i o n  System Cost

M icrocom puter w ith  10 Mbyte W in ch es te r  s t o r a g e ...................... $6000

A n a lo g /D ig i ta l  Board w i th  s o f t w a r e . . . . . ...................................... 2000

P l o t t e r .............................................................................   1000

P r i n t e r . . . . .......................................................................................................  500

6 remote d a ta  a c q u i s i t i o n  u n i t s  f o r  p o t e n t i a l  a r r a y s . . . .  2500

750 K ilo w a t t  G e n e r a to r .......................        120000

N a v ig a t io n  S ys tem ..................................................................................................... 8000

B athym etry  System ..................        8000

E le c t ro d e  a r r a y s

6 km c a b le  ( K e v la r / o p t i c a l  f i b e r ) . . . ..............................  30-60000

14 s i l v e r - s i l v e r  c h l o r i d e  e l e c t r o d e s . . . ..................   500

Cable C on tro l System

6 dep th  c o n t ro l  b i r d s  

Onboard c o n t r o l l e r . . .

24000

10000



ER-2929 40

(The l a r g e  v a r i a b i l i t y  in  the  c o s t  o f  th e  K e v la r / o p t i c a l  f i b e r  

c a b le  i s  a r e s u l t  of u n c e r t a i n t y  r e g a rd in g  lo a d in g  f a c t o r s . )

The t o t a l  c o s t  of the  system i s  thus  on the  o rd e r  o f  4 2 5 0 *0 0 0 * 

m ajor i tem s b e in g  the  g e n e r a to r  (which cou ld  be r e n te d )  and the  c a b le  

(which p ro b ab ly  must be p u r c h a s e d ) .




