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The idea that oceanic lithosphere is thinner than continental lithosphere is widely accepted even though one would 
like to see clearer evidence to support it. In fact, the very concept of lithosphere is still a matter of some debate. If there 
is indeed a variation in the thickness of the lithosphere at continental margins and if this change is associated with a 
lateral variation in electrical conductivity one may envisage detecting it with electromagnetic soundings methods. A 
model of a passive continental margin has therefore been investigated to test whether this would be feasible. It has been 
found that the well-known but strong ocean-coast effect masks the minor lithospheric effect in magnetotelluric 
soundings performed on the shore. Inductive soundings, on the other hand, are highly sensitive to lateral variations in 
electrical conductivity. An analysis in terms of the induction arrow has shown that such soundings carried out on land 
would be perfectly suitable to reveal a changing lithospheric thickness, if the continents merely extended to the oceanic 
coast. However, the presence of only a narrow continental shelf of 100 km width under 250 m of sea-water produces an 
overriding coast effect ahead of the margin, and thus renders electromagnetic methods unsuited to reveal a changing 
lithospheric thickness. 

1. Introduction 

The past few years have seen a number  of 
papers dealing with model  calculations of the 
ocean-coas t  effect. For  the most  part  these mod- 
els were two-dimensional  (2-D) and the ocean was 
simulated with a perfectly conduct ing  semi-in- 
finite sheet. Bailey (1977) gave an analytic solu- 
t ion of the B-polarization (B-POL) response of 
such a simple ocean at the surface of a un i fo rm 
half-space. Nicoll  and Weaver (1977) extended 
this work to include a perfect conductosphere at 
typical mant le  depths of 50-600 kin. The E- 
polarizat ion (E-POL) response of the simple model  
was solved semi-analytically by Fischer et al. (1978, 
1980) and an analytical  solution in closed form 
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was then given by Raval et al. (1981). 
Paralleling these developments great progress 

was made in  analytical  and  numerical  calculations 
with models involving superficial thin sheets of 
finite conductance.  These new methods are often 
used to tackle 3-D problems (cf. Vasseur and 
Weidelt,  1977; Dawson and Weaver, 1979b; 
Weaver, 1979, 1982; McKirdy  and  Weaver, 1983; 
McKirdy  et al., 1985) in connect ion  with regional 
studies and are very suitable for looking at various 
forms of the t ransi t ion from land to ocean. Green  
and  Weaver (1978) considered a model  s imulat ing 
a cont inenta l  margin  out at sea and McKirdy  and 
Weaver  (1984) generalized this method to include 
a stratified substratum. Dawson and Weaver 
(1979a) and Dawson et al. (1982), respectively, 
solved analytically the B-POL problems of two 
un i fo rm thin half-sheets and of two generalized 
thin sheets over a un i form half-space, and Daw- 
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model 1 : P3 = Pz = PI 

model 2 : pz=p1, P3-- PI/1~ 

modal 3 : P3 = P2 -- Pl/I~ 

Fig. 1. Sketch of the models considered. The thin conducting sheet represents the ocean whose resistivity is taken to be 0.25 f~m. The 
various oceanic depths assumed correspond respectively to a continental margin (d = 250 m, ~" =1000 S) an intermediate ocean 
( d = 1000 m, ~- = 4000 S) and a deep ocean (d = 4000 m, "r = 16000 S). With model 1 the perfect conductor (~" ~ o0, d --, 0) is also 
considered for comparison. In addition a fourth model is studied, similar to models 2 and 3 with ~" = 16000 S, but involving a 100 km 
continental shelf where ~- = 1000 S and extending over the continent from its right-hand edge. 

son (1983) ob ta ined  the analy t ic  solut ion for the 
co r respond ing  E - P O L  p rob l em of two un i fo rm 
half-sheets.  

In  the present  pape r  we examine  the coast-ef-  
fect when oceans of  di f ferent  dep ths  are s imula ted  
with un i fo rm thin sheets of var ious  conductances .  
F o r  the subs t r a tum we choose  ei ther a homoge-  
neous  hal f -space (model  1) or  assume an as theno-  
sphere  with a ten-fold  increase in conduct iv i ty .  In  
mode l  2 this as thenosphere  is p laced  at  a c o m m o n  
dep th  of 100 km and  in model  3 its dep th  is set at 
100 k m  under  the l and  and  at  50 km under  the 
ocean.  These var ious  mode l s  are  sketched in Fig. 
1. A four th  mode l  is then considered,  involving a 
con t inen ta l  shelf be tween the coast  and  the deep 
ocean.  

W h a t  we have in mind  for the  present  s tudy  is 
to invest igate  whether  it  might  be  poss ib le  wi th  
magneto te l lu r ic  a n d / o r  induc t ion  soundings  to 

resolve changes in the s t ructure  of  the l i thosphere  
and  the uppe r  mant le  at  a passive cont inenta l  
margin.  The  thickness of the cont inenta l  l i tho-  
sphere  has in general  been  taken to be in the range 
of  70 -100  k m  and for the oceans figures as low as 
2 0 - 3 0  k m  (cf. Maxwell ,  1984) have of ten been  
proposed .  In  a recent  s tudy  based  on the response  
of  the p lane t  to the last  deglac ia t ion  Pelt ier  (1984) 
came  forward  with con t inen ta l  l i thospher ic  thick- 
nesses in excess of  200 km. If  there is indeed  an 
i m p o r t a n t  reduc t ion  of  this thickness at  pass ive 
con t inen ta l  margins,  and  if this change is associ-  
a ted  with a marked  var ia t ion  in electr ical  resistiv- 
i ty,  it  is wor th  ver i fying whether  e lec t romagnet ic  
sounding  me thods  could  conf i rm it. H i the r to  the 
o c e a n - c o a s t  effect has been  s tud ied  p r imar i ly  wi th  
a view to invest igat ing the inf luence of highly 
conduc t ing  oceans on magneto te l lur ic  or  induct ive  
responses.  These  effects are so large (cf. the re- 
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views by Fischer, 1979 and Parkinson and Jones, 
1979) that they are likely to mask the much less 
significant effect of a changing lithospheric thick- 
ness. In principle the oceanic lithosphere and up- 
per mantle can be studied by sea-floor magnetotel- 
luric soundings like those of Filloux (1980, 1982). 
However, such experiments are technically dif- 
ficult and the shielding effect of the conducting 
ocean water reduces the available magnetic signal. 
Measurements on land would be far easier to carry 
out, but it remains to show whether they are likely 
to provide the information necessary to elucidate 
the structure of passive continental margins. 

2. Method of computation 

A series of analytical solutions (Dawson and 
Weaver, 1979a; Raval et al., 1981; Dawson, 1983) 
have provided exact results for the response of 
model 1 to a uniform field. However, since it has 
been established (Dawson and Weaver, 1979a; 
Dawson, 1983) that the numerical method of 
Green and Weaver (1978) in both the E- and 
B-polarization modes is extremely accurate, and 
since the numerical method is much faster on the 
computer than the evaluation of the closed form 
integrals in the analytic solution, it was decided to 
use this program to calculate the responses of 
model 1. Only for a perfectly conducting ocean 
were analytical results used since these have been 
tabulated by Raval et al. (1981). The calculations 
for model 2 were made with the aid of the com- 
puter program developed by McKirdy and Weaver 
(1984) which is based on an extension of the 
Green and Weaver theory to include a layered 
half-space beneath the thin sheet. 

The only difficulty occurred with model 3 be- 
cause, at present, the thin sheet programs cannot 
accommodate a substructure which includes lateral 
variations of conductivity. Thus these calculations 
were performed by using the full 2D finite-dif- 
ference program of Brewitt-Taylor and Weaver 
(1976). The thin sheet representing the ocean was 
simulated by a layer of finite thickness with a 
given resistivity of 0.25 £m. Even though grid 
cells representing this ocean were extremely elon- 
gated in some parts of the model and the layer 

itself was only one cell in thickness in the case of 
the smallest conductance value used, no numerical 
problems arose in the finite-difference treatment 
of this extreme model. The finite difference method 
was also used in models 1 and 2 when computing 
the deep ocean response (d = 4 km), as this depth 
would violate the thin sheet approximation which 
presupposes that d is much less than the skin- 
depth. 

3. The magnetotelluric response 

In Figs. 2, 3 and 4 the respective responses of 
the three models are reproduced. Assuming a sea- 
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Fig. 2. MT response of model 1. To avoid crowding the graph 
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plotted. We recall that the horizontal distances are given in 
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Fig. 4. MT response of model 3. To avoid crowding the graph 
part of the z=16000 S curve is left out in the apparent 
resistivity plot. 

water resistivity of 0.25 f~m the assumed ocean 
conductances of ~" = (1, 4, 16) x 103 S correspond 
to bathymetric depths of d =  (2.5, 10, 40)×  102 
m, i.e., respectively, a very shallow sea (e.g., a 
typical continental margin), an intermediate and a 
deep ocean. In Fig. 2 (Model 1) we have also 
plotted for reference the response of a perfectly 
conducting ocean (~" = oo, d =  0). The distance 
scale is given in terms of the skin-depth 81 in 
lithospheric material, and at the chosen period of 
T = 2rr/¢0 = 40~r 2 s yields a unit of 100 km for the 
assumed lithospheric resistivity of Pl = 100 ~2m. 
The apparent resistivities in Figs. 2 -4  have been 
normalized with respect to their value at infinity 
on the left, and the horizontal scale is in units of 
skin-depth 81 - { ( 2 P l / ~ # 0  ) SO that the various 
graphs can, to some degree at least, be scaled to 

other periods and other resistivities. For, if the 
dimensions of the model measured in units of 81, 
the resistivity ratio p3/ /P l  = 1/10, and the conduc- 
tance of the ocean measured in units of 81/01 are 
all held invariant then the curves plotted in Figs. 
2 -4  will remain unchanged for all models ob- 
tained by varying T and Pl- (Note that since the 
sea-water resistivity must have the same value 0.25 
S m -1 in all models, holding the dimensionless 
conductance of the ocean constant causes the oc- 
ean depth to scale like ~ .) 

The most striking feature of the ocean-coast  
effect, as displayed in Fig. 2, is the large ani- 
sotropy of the apparent resistivity on land close to 
the shore, even for a very shallow ocean, and the 
abrupt change of the B-POL apparent resistivity 
Os (or Pyx) at the coast. Just on the landward side 
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of the coastal boundary (y  ~ 0 - )  the electric 
field has a singularity like 1/I  y l 1/2, whereas on 
the seaward side (y---, 0 + ) it remains finite 
(Dawson and Weaver, 1979a). It follows that since 

P~ = Z (1) 

the apparent resistivity exhibits a similar be- 
haviour. These properties are easily understood. In 
B-POL the surface magnetic field is uniform 
whereas the current, which is distributed to depths 
of order 6 a far inland, tends to accumulate at the 
coast to concentrate in the ocean. This results in a 
strong increase of the electric field on land near 
the shore. Crossing into the sea the large discon- 
tinuity of conductivity produces a great drop in 
the surface electric field. These features are further 
magnified in the apparent resistivity PB as this 
parameter is proportional to the square of the 
electric field amplitude. As ~-~ ~ ,  PB becomes 
smaller over the ocean, and vanishes altogether on 
a perfectly conducting ocean. The phase falls be- 
low 45 °, as expected for a structure with a highly 
conducting overburden (cf. Fischer, 1985). 

With E-POL the surface magnetic field is no 
longer uniform near the coast, but the behaviour 
of Pe (or Oxy) is still controlled largely by the 
electric field. Continuity of its tangential compo- 
nent means continuity of Ex, which must drop 
steadily to the low values typical of the ocean 
surface. Again this translates into stronger vari- 
ations for PE. However, the ocean edge is a point 
of jump discontinuity for By (Dawson, 1983) and 
since PE is given by 

2  °le (2> pe = -j 

it experiences a jump discontinuity at the coast as 
well. This is also true for the phase. 

What is most striking in a comparison of Figs. 
2 -4  is their similarity. The dominant effect by far 
is the presence of the ocean; variations in the 
structure of lithosphere and upper mantle have 
only a minor influence on the response curves of 
apparent resistivity and phase. Magnetotelluric 
measurements on land near an ocean coast are 
therefore unlikely to shed much light on the na- 

ture of any structural change of the lithosphere 
and upper mantle which may occur at the transi- 
tion associated with a passive continental margin. 

4. The induction arrow 

Whereas the magnetotelluric apparent resistiv- 
ity and phase describe the relation between hori- 
zontal electric and magnetic fields the induction 
arrow depends only on the vertical and horizontal 
components of the magnetic field. Soundings of 
the three magnetic components are usually per- 
formed with arrays of synchronous stations and 
are called induction soundings. With B x and B v 
the horizontal and B: the downward pointing 
vertical components we define the induction arrow 
in the horizontal plane 

e r = (ReA, ReB) Pi = (ImA, ImB) (3) 

where A and B are given by 

B, = A B  x + BBy (4) 

Here we note that we have assumed a time depen- 
dence of the form exp( + iwt)  (cf. Lilley and Arora, 
1982; Chen and Fung, 1985). 

For the simple 2-D geometry that we have 
chosen in Fig. 1 the E-POL configuration involves 
only the magnetic components B), and B,; so 
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Fig. 5. The inductive response of model 1 represented in terms 
of the induction arrow. 
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curve with z = 4000 S is left out. 

there is no  factor A. In  the B-POL configurat ion 
there is only a B x componen t  and thus no arrow 
at all. The induct ion vector is therefore directed 
along the y axis, i.e. it is perpendicular  to our  
assumed straight coastline. 

Figures 5, 6 and 7 display the behaviour of  the 
real and imaginary parts of the induct ion arrow 
for our  three models. While there are again obvi- 
ous similarities among  these three figures, there 
are also impor tant  differences. On  land the real 
componen t  always points  away f rom the sea, but  
the range over which there is an impor tant  compo-  
nent  is much larger in model  3 than in model  1. 
With the deep ocean (~ = 16000 S) for example 
one has - P, > 0.5 for - y  < 0.30, 0.36 and 0.65 
for models 1 to 3, respectively, and - P, > 0.2 for 
- y  < 0.78, 0.82 and 1.44. At  sea the real compo-  
nent  reverses direction at some distance f rom the 
coast, except for T --- o0 when there is no induct ion 
arrow over the perfect conductor .  Since B z = 0 on 
the surface of  a perfect conductor ,  it is to be 
expected that the greater the conduc tance  of  the 
ocean, the smaller the length of  the induct ion 
arrow. In other  words we expect to find a longer 
induct ion arrow over a shallow sea than over a 
deep one. 

The magni tude of  the imaginary componen t  of  

the induct ion vector is, in general, smaller on land, 
and larger at sea, than the magni tude of  the 
corresponding real component .  For  a deep ocean 
it points toward the coast on land, except for a 
short range close to the coast where it reverses 
direction and becomes very large. This reversed 
range widens for shallower seas, but  the compo-  
nent  then weakens. A nearly antisymmetric be- 
haviour  occurs at sea: the imaginary vectors gen- 
erally point  away f rom shore, except in a narrow 
range close to the coast. For  shallow seas this 
range is only slightly wider, but  here it exhibits a 
stronger amplitude. Beyond the narrow range of  
reversed imaginary components  the arrows at first 
are stronger for deep oceans, but  far out to sea the 
arrows for shallow oceans again predominate.  For  
a perfect conduc tor  the width of  the coastal ranges 
narrows to zero and the imaginary arrow com- 
pletely vanishes over the ocean. 

As with the real componen t  the imaginary arrow 
undergoes an impor tant  change between model  2 
(Fig. 6) and model  3 (Fig. 7), suggesting that 
induct ion soundings may  indeed be suitable to 
resolve variations in the structure of  the litho- 
sphere and upper  mantle  at a passive continental  
margin. 
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5. The effects of a submerged continental margin 

In the models  discussed so far we have set the 
edge of the cont inent  at the sea -coas t .  As is well 
known,  however,  these two edges do  not  coincide,  
especial ly at passive margins.  In  most  instances  
the cont inenta l  marg in  is s i tuated several hundred  
ki lometres  on the seaward  side of  the coast.  Only  
a long the shores of Afr ica  can long coasta l  sec- 
t ions be found where the cont inenta l  shelf is less 
than  abou t  100 k m  in width.  But the coast  effect 
of  even a shallow ocean is so s trong that  a sub- 
merged  cont inenta l  shelf of  only  100 km could  
well des t roy  any hope  of observing a changing 
l i thosphere  at the true marg in  of the cont inent .  

To test this hypothes is  we have ana lysed  a 
four th  model  involving a 100 km shelf. Mode l  4 is 
therefore  ident ica l  with models  2 and  3, except  
that  now the thin conduc t ing  sheet is p ro longed  a 
d is tance  of  100 k m  to the left. F r o m  its new left 
edge the sheet conduc tance  is set at ~- = 1000 S for 
the first 100 k m  and then at • = 16000 S to the 
r igh t -hand  model  boundary .  In  the ac tual  2-D 

model  the ocean resist ivity is ma in ta ined  at p = 
0.25 t i m  bu t  the ba thymet r i c  dep th  is taken as 
250 m over the shelf and  4000 m above  the oc- 
eanic  crust. 

Magnetote l lur ic  or  induct ion measurements  
would  be diff icult  to pe r fo rm at the surface of the 
ocean. At  the same time, however,  these measure-  
ments  will have to be carr ied out  as close to the 
cont inenta l  marg in  as possible  if one hopes to 
derive any in format ion  about  the oceanic l i tho- 
sphere.  We have, therefore,  computed  the model  
responses in the cont inenta l  shelf area  both  at the 
ocean surface and at the ocean floor. Our  compu-  
ta t ions  show, as expected,  that  magnetote l lur ic  
soundings  would be total ly inadequate  to reveal a 
changing l i thospheric  thickness, regardless of 
whether  the measurements  in the shelf area are 
carr ied out  at the ocean b o t t o m  or at its surface. 
Unfor tunate ly ,  as Fig. 8 shows, the same conclu- 
sion is also ob ta ined  for induct ion  soundings  when 
measurements  are carr ied out  at the ocean floor 
over  the shelf area (the answer is also negative for 
sea-surface soundings  over the shelf). 

MODEL 4 MEASUREMENTS ON SHELF FLOOR 
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Fig. 8. The inductive response of model 4 represented in terms of the induction arrow. Over the continental shelf the arrow is 
computed at the ocean floor. The full line corresponds to an extension of model 3, i.e. with a changing lithospheric thickness. The 
dashed line arises from an extension of model 2. Note the minute difference between the two curves. 



6. Conclusions 

C o n t i n e n t a l  l i t hosphe re  is usua l ly  t aken  to be  

t h i cke r  t h a n  o c e a n i c  l i thosphere ,  a l t h o u g h  even  

t o d a y  the re  are  h igh ly  d i v e r g e n t  o p i n i o n s  as to 

w h a t  cons t i t u t e s  the  l i t hosphe re  a n d  h o w  th ick  it 

r ea l ly  is (Maxwe l l ,  1984; Pelt ier ,  1984). I f  the  

c h a n g i n g  l i t hosphe r i c  th ickness  at  a pass ive  con-  

t i nen ta l  m a r g i n  is a s soc i a t ed  wi th  a m a r k e d  var i -  

a t i o n  o f  the  d e p t h  p ro f i l e  of  the  e lec t r ica l  res is t iv-  

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

d e e m e d  c a p a b l e  o f  r evea l ing  this m a r g i n  s t ruc ture .  

H o w e v e r ,  the  s i m u l t a n e o u s  o c c u r r e n c e  o f  the  

s t r o n g  o c e a n - c o a s t  e f fec t  m a s k s  the l i t hosphe r i c  

effect .  Th is  is e spec ia l ly  t rue  for  the  m a g n e t o t e l -  

lu r ic  r e sponse  w h i c h  is t he re fo re  i l l -sui ted  to re-  

vea l  the  c h a n g i n g  l i t hosphe r i c  th ickness  t h r o u g h  

m e a s u r e m e n t s  on  land.  T h e  i n d u c t i v e  response ,  on  

the  o t h e r  hand ,  is wel l  k n o w n  for  its sens i t iv i ty  to 

l a te ra l  changes  w i t h i n  c o n d u c t i v e  s t ruc tu res  a n d  

we  h a v e  s h o w n  tha t  in the  absence  o f  a c o n t i n e n -  

tal  shel f  u n d e r  the  o c e a n  sur face  it  c o u l d  c o n -  

s t i tu te  a su i t ab le  m e t h o d  to revea l  a c h a n g i n g  

l i t h o s p h e r i c  th ickness .  H o w e v e r ,  a n a r r o w  sub-  

m e r g e d  shel f  of  o n l y  100 k m  w i d t h  u n d e r  250 m of  

s ea -wa te r  p r o d u c e s  such  a s t rong  coas t  e f fec t  ahead  

o f  the  c o n t i n e n t a l  marg in ,  tha t  it a lso  r ende r s  

i n d u c t i v e  m e t h o d s  u n s u i t e d  to  revea l  a c h a n g i n g  

l i t hosphe r i c  th ickness ,  e v e n  w h e n  these  m e a s u r e -  

m e n t s  are  ca r r i ed  ou t  at  sea on  the  shelf  f loor  

f igh t  up to the  edge  o f  the  con t inen t .  
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