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Abstract   

Recently a new and very important geophysical method 
for detection of oil-filled layers in deep-water areas has 
been introduced to the petroleum industry. The method, 
called Marine Controlled Source Electromagnetic 
(MCSEM) maps the contrast of electrical resistivity 
between the reservoir and the host sedimentary layers. 
Usually the resistivity of the former is greater than that of 
the latter. The method is based on the diffusion of 
electromagnetic energy at low frequency generated by a 
mobile horizontal electrical dipole and detected by an 
array of receivers distributed on seafloor. In this paper an 
efficient algorithm is proposed for inversion of 1-D 
MCSEM in-line electrical field data.  The bathymetry and 
the seawater resistivity, usually knowing a priori, are used 
as constrains for regularization of the algorithm. The 
efficiency of the algorithm was tested with three models 
with good results. The resolution of the inversion scheme 
improves greatly if one uses normalized data.  The 
information of the background resistivity distribution for 
the normalization process can be obtained via well 
logging or through MMT surveys. 

Introduction        
 
In the last few years, a new geophysical method 
denominated MCSEM (Marine Controlled - Source 
Electromagnetic) for petroleum exploration in deep waters 
has drawn attention of several oil companies. The method 
MCSEM is based on the use of a mobile horizontal 
electric dipole (HED) source and an array of electric field 
receivers distributed on the seafloor (Eidesmo et al., 
2002). The transmitting dipole emits a low frequency 
(0.125 to 5 Hz) signal that diffuses outwards both into the 
overlying water layer and downwards into the seabed 
sediments. The receivers at the seafloor give the 
amplitude and phase of the electric field signal which 
depends on both the geometry and  resistivity of the 
underlying sediments. The method relies on the moderate 
resistivity contrast between oil-saturated reservoirs, and 
the surrounding sedimentary layers saturated with 
aqueous saline fluids. 
In many cases the resistivity contrast between the oil –
saturated reservoir and the surrounding sediments is very 
small (from 5 to 10 times greater). In this situation the 
detection of the reservoir is not very simple if one uses 
only the usual in-line Ex component of the electrical field.   
In this paper we discuss an algorithm for constrained 1-D 

inversion using both the in-line Ex and Ez electrical field 
components. 
 
 
The forward problem 
 
The equations of the in-line (radial) electrical field  
Ex and Ez components (SI) due to an x-oriented electrical 
dipole are 
 

 

ExRadx̄, 0, h̄1 
1Ids
43 

0



KTM´ g, h̄1 J1gx̄ dg

− 1Ids
43 

0



KTM´ g, h̄1 J0gx̄ gdg

− 1Ids
43 

0



KTEg, h̄1  2i
ū1
J1gx̄ dg

 
where 1ρ  is the resistivity of the sea-water layer 
and 01 /2 ωµρδ =  is its skin-depth. h1 is the 
normalized (by the skin-depth) thickness of the 
sea-water layer . x is the normalized distance 
between the transmitter and the receiver. 

igu 22
1 +=  is the normalized propagation 

constant. 0J  and 1J  are the Bessel functions of 
first kind of order 0 and 1. Ids  is the electrical 
dipole moment. Finally, TEK  e '

TMK  are, 
respectively, the TE and TM mode kernels of 
the 0J  and 1J  Hankel transforms (see 
Appendix). 
The inverse problem 
 

The proposed algorithm consist on the minimization of the 
objective function:  

Up ∑
k1

N

Ak
obs − AkExRadp

2

 ∑
kN1

2N

Fkobs − FkExRadp
2
 l∑

j1

M

pj
∗ − j

2

 
where p é is the geoelectrical parameter vector (resistivity 
and layer thickness). N is the number of observations, 
(Aobs

k, Fobs
k) is the vector of the amplitude and phase of 

the observed in-line electrical field, the vector 

(1)

(2)
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(Ak(ERad

x,(p)), Fk( ERad
x(p))) contains the theoretical in-line 

electrical field (Eq. 1), l is the Lagrange´s multiplier, M is 
the number of constrained parameters, p* is the 
constrained parameter vector and finally, γ  is the vector 
with the absolute constrained parameter values. The 
inversion algorithm is based on Marquardt´s strategy 
using the scheme proposed by Medeiros & Silva (1996) 
and Luiz (1999). 

Examples 

In order to illustrate the performance of our inversion 
algorithm we show here three examples. The first one, 
called Model A, represents a thick (100 m) and very 
resistive reservoir (100 ohm-m), locatted 1000m beneath 
the sea floor, as shown in Table 1.  The sea layer is 800 
m thick with seawater resistivity equal to 0.3 ohm-m. The 
frequency of the HED transmitter is 0.5 Hz.  This model 
was suggested by Eidesmo et al. 2002 and, unfortunately, 
is not realist for Brazilian platform.  The other two models 
(Model B and C) suggested by Marco Polo (personal 
communication) are much more realistic in Brazil. The 
reservoir layer is thinner (50 m) and much less resistive 
(10 ohm–m).  In the model B the reservoir layer is located 
1500 m beneath the sea floor whereas in model B it is 
located at 2450 m.  In these models the sea layer has 
1500 m of thickness and the frequency of the HED 
transmitter is 0.125 Hz.   
 
Modelo A 

Synthetic data with 5% noise were calculated using the 
information on Table 1 to simulate observed data for the 
model A.  The seawater resistivity and sea layer thickness 
(rho1 and h1) are supposed to be known and also the 
resistivity of underlying sediments (rho2).  These 
parameters were used as  absolute constrains to estimate 
the resistivity and thickness of the reservoir layer  (rho3 
and h3) and the depth h2. The first guess model is 
illustrated in Table 2. 

 
 
            Model A   

rho1 = 0.3   ohm-m h1 = 800.0   m 
rho2 = 1.0   ohm-m h2 = 1000.0 m 

rho3 = 100.0 ohm-m h3 = 100.0   m 
rho4 = 1.0   ohm-m   

Table 1: The parameters in red are the absolute 
constrained parameters. 

 
           First guess   
rho1 = 0.33  ohm-m h1 = 800.0  m 
rho2 = 1.20   ohm-m h2 = 1500.0 m 
rho3 = 200.0 ohm-m h3 = 150.0   m 
rho4 = 1.30   ohm-m   

Table 2: The first guess for the model A.  

 

After 40 iterations it was obtained the model shown in 
Table 3, illustrated graphically on Figure 1. Note that the 
estimated model is very closed to the model used for 
generating the “observed” data. Figures 2 shows the 
amplitude and phase of the estimated model compared 
with the “observed” data. 

 

 
Figure 1:  Graphic representation of the Table 3. 

 

 
Figure 2: Comparison of the amplitude and phase of the 
in-line electrical field normalized by 34/ πδIds  of the 
estimated model and the “observed” data. 5.0=f  Hz. 

 

 



Rijo & Almeida 

 
 
_________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________  

Ninth International Congress of the Brazilian Geophysical Society 

3

 
     Estimated model   
rho1 = 0.30   ohm-m h1 = 835.15   m 
rho2 = 1.07   ohm-m h2 = 1000.38 m 

rho3 = 113.63 ohm-m h3 = 84.02    m 
rho4 = 0.88   ohm-m   

Table 3: The estimated parameters of Model A. 

 

Model B 

Synthetic data with 5% noise were calculated using the 
information on Table 4 to simulate observed data for the 
model B.  The seawater resistivity and sea layer thickness 
(rho1 and h1) are supposed to be known and also the 
resistivity of underlying sediments (rho2).  These 
parameters were used as absolute constrains to estimate 
the resistivity and thickness of the reservoir layer  (rho3 
and h3) and the depth h2. The first guess model is 
illustrated in Table 5. 

 
            Model B   

rho1 = 0.3   ohm-m h1 = 1500.0 m 
rho2 = 0.8   ohm-m h2 = 1000.0 m 
rho3 = 10.0 ohm-m h3 = 50.0    m 
rho4 = 0.8   ohm-m   

Table 4: The parameters in red are the absolute 
constrained parameters. 

 
         First guess    
rho1 = 0.33   ohm-m h1 = 1500.0 m 
rho2 = 0.89   ohm-m h2 = 1300.0 m 

  rho3 = 40.0   ohm-m h3 = 80.0     m 
rho4 = 0.98   ohm-m   

Table 5: The first guess for the model B. 

 
     Estimated model   

rho1 = 0.28  ohm-m h1 = 1502 m 
rho2 = 0.81   ohm-m h2 = 1094 m 
rho3 = 12.5     ohm-m h3 = 35    m 
rho4 = 0.48   ohm-m   

Table 6: The estimated parameters of Model A. 

 

After 40 iterations it was obtained the model shown in 
Table 7, illustrated graphically on Figure 3. Note that the 
estimated model is very closed to the model used for 
generating the “observed” data. Figures 4 shows the 
amplitude and phase of the estimated model compared 
with the “observed” data. Although this model is more 
difficult than the model A, the inversion results were 
equally good.  

Model C 

Synthetic data with 5% noise were calculated using the 
information on Table 7 to simulate observed data for the 
model C.   

 

 
Figur3: Graphic representation of the Table 6. 

 

 
Figure 4: Comparison of the amplitude and phase of the 
in-line electrical field normalized by 34/ πδIds  of the 
estimated model and the “observed” data f = 0.125  Hz. 

 

The seawater resistivity and sea layer thickness (rho1 
and h1) are supposed to be known and also the resistivity 
of underlying sediments (rho2).  These parameters were 
used as absolute constrains to estimate the resistivity and 
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thickness of the reservoir layer  (rho3 and h3) and the 
depth h2. The first guess model is illustrated in Table 8. 

 
             Model C   

rho1 = 0.3   ohm-m h1 = 1500.0 m 
rho2 = 0.8   ohm-m h2 = 2450.0 m 
rho3 = 10.0 ohm-m h3 = 50.0    m 
rho4 = 0.8   ohm-m   

Table 7: The parameters in red are the absolute 
constrained parameters. 

 
         First guess   
rho1 = 0.30  ohm-m h1 = 1500.0 m 
rho2 = 0.80   ohm-m h2 = 2000.0 m 
rho3 = 40.0  ohm-m h3 = 90.0    m 
rho4 = 0.80   ohm-m   

Table 8: The first guess for the model B. 

 
   Estimated model   
rho1 = 0.30   ohm-m h1 = 1510. m 
rho2 = 0.72   ohm-m h2 = 2141  m 
rho3 = 30.5   ohm-m h3 = 70     m 
rho4 = 1.2   ohm-m   

Table 9: The estimated parameters of Model A. 

 

 
Figur5: Graphic representation of the Table 6. 

 

As shown in Figure 5 the estimation of Model C is not as 
good as the estimation of the two previous models. In all 
three models the estimated resistivity of the sediments 
above and below the reservoir layer is lightly different.   

A practical expedient using in the interpretation of 
MCSEM data is to normalize the components of the 
observed electrical field by those from a background 
without the oil reservoir.   

 
Figure 6: Comparison of the amplitude and phase of the 
in-line electrical field normalized by 34/ πδIds  of the 
estimated model and the “observed” data f = 0.125 Hz. 

Using normalize data the inversion process improves 
substantially. This can be attested observing the 
Illustrations 5, 6 and 7 corresponding to the models A, B 
and C, respectively.  Here, the same first guess models 
(Table 2, 5 and 8) were used for each corresponding 
case.  The number of iteration was practically the same 
as before. Now, the estimate resistivity values above and 
below the reservoir layer are identical as they should be. 

The normalization of the observed dada (with the oil 
reservoir) by the background data (without the oil 
reservoir) can be considered as a kind of constrains that 
stabilized the inversion algorithm, given better-estimated 
parameter results. 

Conclusions 
 
MCSEM is a new geophysical method for mapping 
resistive layers associated with t well knows that inversion 
of geophysical data is a mathematical ill posed problem. 
Without constrains it is impossible to invert real 
geophysical data. MCSEM 1-D data can be constrained 
easily, since the resistivity of the seawater and the 
bathymetry of the seafloor are usually known a priori. 
Also, the resistivy of the sediments below the seafloor can 
be estimated by electrical well logging or by MMT 
surveys. In this paper it was shown by mean of three 
examples that these kind of parameter constrains is fairly 
effective for estimating the oil reservoir parameter 
(resistivity, thickness and depth).  The effectiveness of the 
parameter estimation increases substantially if one uses 
normalized data. The proposed inversion algorithm can 
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be easily applied to the azimuthal (broad-side) Ex 
component data. 

 

 
Figure 7: Graphic of the inversion result of Model A with 
normalized data. 

 

 
Figure 8: Graphic of the inversion result of Model B with 
normalized data. 
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Figure 9: Graphic of the inversion result of Model C with 
normalized data. 
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Appendix 

The  TEK  e '
TMK  kernels of the Hank transform (1) are 

given by 

K̄TM′ g, z  ū1 1  RTM
1 − − RTM

1  e−ū 1 h̄1−h 0

 

KTEg, z  2i
ū1

1  RTE
1 −  RTE

1  e−ū 1 h̄1−h 0

 
where the reflection coefficients RTM

(1)-, RTM
(1)+, RTE

(1)-, 
RTE

(1)+ are expressed by 

RTM
1 − 

e−2ū 1h̄ 0 − 1ū 1−2ū2FTM
2

1ū 12ū2FTM
2 e−2ū 1 h̄ 1

1  1ū 1−2ū 2FTM
2

1ū 12ū 2FTM
2 e

−2ū1 h̄ 1

 
 



Constrained 1-D inversion of MCSEM data 
_________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________  

Ninth International Congress of the Brazilian Geophysical Society 

6
 

RTM
1  

1ū1−2ū2FTM
2

1ū12ū2FTM
2 1  e−2ū 1h̄ 0

1  1ū 1−2ū 2FTM
2

1ū 12ū 2FTM
2 e

−2ū1 h̄ 1

,

 

 

R̄TE
1− 

ū1−g
ū1g

e−2ū 1h̄ 0  ū1−ū 2FTE
2

ū1ū 2FTE
2 e−2u1 h̄ 1

1 − ū1−g
ū1g

ū1−ū 2FTE
2

ū1ū 2FTE
2 e−2ū1 h̄ 1

,

 

R̄TE
1  

ū1−ū 2FTE
2

ū1ū 2FTE
2 1  ū1−g

ū1g
e−2ū 1h̄ 0

1 − ū1−g
ū1g

ū1−ū 2FTE
2

ū1ū 2FTE
2 e−2ū1 h̄ 1

.

 
The layering coefficient F(2)

TM and  F(2)
TE  are 

calculated recursively by  

FTM
N  1,

FTM
j 

j1ū j1FTM
j1   jū j tanhū jh̄j

jū j  j1ū j1FTM
j1  tanhū jh̄j

, j  N − 1,N − 2…3,2,

 
and 

 

FTE
N  1,

FTE
j 

ūj1FTE
j1   ūj tanhū jh̄ j

ūj  ū j1FTE
j1  tanhū jh̄ j

, j  N − 1,N − 2…3, 2.

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


