
 

Seventeenth International Congress of the Brazilian Geophysical Society 

 
3D Joint Inversion of MMT and MCSEM data 
Jéssica Larissa da Silva Pinheiro¹, Marcos Welby Correa Silva¹, Anderson Almeida da Piedade² and Cícero Roberto Teixeira 

Régis¹, ¹Graduate Program in Geophysics – UFPA, ²UFOPA 

Copyright 2021, SBGf - Sociedade Brasileira de Geofísica 

This paper was prepared for presentation during the 17th International Congress of the 
Brazilian Geophysical Society held in Rio de Janeiro, Brazil, 16-19 August 2021. 

Contents of this paper were reviewed by the Technical Committee of the 17th International 
Congress of the Brazilian Geophysical Society and do not necessarily represent any 
position of the SBGf, its officers or members. Electronic reproduction or storage of any 
part of this paper for commercial purposes without the written consent of the Brazilian 
Geophysical Society is prohibited. 
 ___________________________________________________________________  

Abstract 

Joint inversion is a mathematical technique in which we use 
more than one geophysical method to perform the 
inversion, so the entire data set's processing is done at 
once using all available information on the physical 
properties obtained by each method. We apply this 
technique to the MMT and MCSEM data sets 
simultaneously and then compare with the inversions for 
each data separately. These two methods provide 
complementary information, while MMT provides 
information about deep structures. MCSEM identifies thin 
resistive bodies, sharing the same receivers that can collect 
both datasets. The inversion method used was the Gauss-
Newton method with the Marquardt strategy to mitigate 
computational expenditure. To introduce a priori 
information, we apply the global smoothness and total 
variation regularization. We analyzed singular values to 
measure the amount of data; each method contributes to 
the solution. We tested the effectiveness of our joint 
inversion technique using a complex marine model wich 
represents a layer and a salt dome and another body 
symbolizing a hydrocarbon reservoir. The results were 
satisfactory, where we can see the potential of each 
method. The main information that MMT and MCSEM 
provide is capable of generating an estimate with greater 
accuracy in the data than each technique separately, 
mitigating ambiguities. However, the greatest difficulty 
encountered was the high computational cost, particularly in 
constructing the sensitivity matrix. 

 

Introduction 

Geophysical inversion is a practice that aims to extract 
information from geophysical data and thus be able to infer 
about a geological environment from the physical properties 
associated with that environment. Each investigation 
method that can be used in inversion has its limitations and 
because of that we can use more than one method to 
eliminate the ambiguities of a problem and thereby we 
cover these intrinsic limitations and place more emphasis 
on the potential of each method (Bortolozo, 2016). 

Several authors have used more than one geophysical 
method to perform inversion (Zhang and Li, 2019; Crepaldi 
et al., 2015; Mackie et al., 2007, Heincke et al., 2006). They 
call this technique of joint inversion, where the processing of 
the entire data set is done simultaneously, taking into 

account all available information on the physical properties 
obtained by each method. The joint inversion is attractive, 
because it makes it more controlled with less human 
intervention and introduces a greater amount of data in the 
process (Wiik et al., 2013). 

In this work, two methodologies were used to implement the 
joint inversion in electromagnetic data and we applied this 
process to a problem of hydrocarbon exploration in the 
marine environment. The first is the Marine Controlled 
Source Electromagnetic Method (MCSEM) and the second 
is the Marine Magnetotelluric Method (MMT). MMT is not 
sensitive to thin layers that have greater resistivity than the 
medium, as is the case of hydrocarbon reservoirs in thin 
layers of sediments, however this method can reach great 
depths of investigation (Simpson and Bahr, 2005). MCSEM 
is very sensitive to these layers, so it is an important 
method in the exploration of hydrocarbons in the sea 
(Mackie et al., 2007; Andréis and Mcgregor, 2008). 

According to Abubakar et al. (2011), these two methods 
have complementary characteristics. Another advantage of 
using these two methods is data acquisition, considering 
MMT and CSEM data can be collected in the same survey.  
MMT data is collected when the MCSEM transmitter is 
turned off or out of range (Constable and Weiss, 2006). The 
joint inversion of these two data sets becomes less 
complex, because they share the same physical parameter: 
the electrical resistivity (Vozoff and Jupp, 1975). 

Some authors have already proven the advantages that the 
joint inversion of MCSEM and MMT data can provide. 
Among these works, we can cite Mackie et al. (2007), which 
used the nonlinear conjugate gradient method to minimize 
the objective function to simultaneously invert the two data 
sets, thus managing to more accurately recover the 
resistive body geometry. Another work developed is from 
Commer and Newman (2009), where the author uses a 
hybrid approach in which he proposes a cell-based 
inversion on a particular area of interest related to a 
parametric inversion on a regional scale. This approach 
provided a less ambiguous interpretation of the data 
measured in hydrocarbon prospecting. Gribenko and 
Zhdanov (2011) also proposed a joint inversion of MMT and 
MCSEM 3D data. The inversion method used was the 
regularized weighted conjugate gradient, in addition to 
having a technique that limits the range of the receivers, this 
drastically reduces the computational memory used. 

The works mentioned above took advantage of the potential 
of each method. In the joint inversion, the limitations and 
ambiguities were reduced, showing good results in the 
mapping of salt, hydrocarbon and hydrocarbon bodies close 
to salt bodies. In addition, it proved to be a very useful tool 
to verify the consistency of the data related to the results of 
inversion and interpretation obtained from the independent 
or sequential use of other methods. On the other hand, one 
of the main difficulties in carrying out the joint inversion is in 
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choosing the weights that will balance the MCSEM and 
MMT data. 

The objective of this work is to perform the 3D joint 
inversion of MMT and MCSEM data. This approach aims to 
contribute to a better delimitation of hydrocarbon reservoirs 
and a less ambiguous interpretation of the measured data, 
and with that, we hope to reduce the exploratory risks in 
prospecting for oil and gas. 

In this work, before perform inversion, we used the singular 
value decomposition (SVD) in order to characterize the 
effectiveness of the inversion. The Gauss-Newton method 
was applied with the Marquardt strategy and making use of 
the global smoothness and total variation regularization 
ones to perform the joint inversion. To calculate the 
objective function, the finite element method was used in 
the frequency domain in unstructured meshes of tetrahedral 
elements. One difficulty encountered was the high 
computational cost of the inversion process, especially the 
large computational time spent in building the sensitivity 
matrix. 

 

3D modeling of MMT and MCSEM data 

The modeling of MCSEM and MMT was performed using 
the nodal finite element method with tetrahedral elements to 
solve the problem. The unstructured 3D meshes of 
tetrahedral finite elements were generated using the 
TetGen software. 

The mathematical details of the modeling of the MCSEM 
are described in da Silva (2018). The author used a 
numerical technique to find an approximate solution to the 
problem. This technique is summarized in using the 
magnetic vector and scalar electric potentials instead of the 
electromagnetic fields to obtain the system of differential 
equations and partial derivatives, where he applied the finite 
element method. MCSEM uses a horizontal electric dipole 
(HED) as source. The electromagnetic fields were obtained 
through numerical derivatives. In this work, we use MCSEM 
to isotropic case, whose algorithm was developed by da 
Silva (2018).  

As for the mathematical formulation of 3D MMT, we follow 
the development proposed by Rijo (2004). In the elaboration 
of the MMT direct problem, the author analytically 
calculated the primary electric field through the plane wave 
formulation. The secondary electromagnetic field is 
described in terms of the magnetic vector and electric scalar 
potentials solved numerically by the finite element method. 
The algorithm used for 3D MMT modeling was developed 
by the researchers in the PRETROBRAS project (Silva and 
Régis, 2017). 

The MMT and MCSEM inversion algorithm was developed 
by da Piedade (2020). the details will be described next. 

 

SVD Analysis 

One step that can be taken before obtaining the inversion 
solution is the analysis of singular values, obtained by 
decomposing a matrix into its singular values. The SVD 
(Singular Value Decomposition) is widely used to 
decompose a matrix into several matrices that have very 

important characteristics from the original matrix. Using this 
decomposition, we going to characterize the effectiveness 
of the inversion. 

Being  a rectangular sensitivity matrix, we can 

decompose it as follows , where U is a square 
matrix of dimension m whose columns provide the 
eigenvectors associated with , V is a square matrix, but 
of dimension n in which its columns show eigenvectors 
associated with  and S is the matrix whose dimension 
is the same as A where the main diagonal contains the 
singular value σ (square root of the eigenvalues) of A 
ordered in decreasing order (σ1 ≥ σ2 ≥ σ3 ≥ ::: ≥ σn). The 
increase in the dimensions of A implies an increase in the 
amount of very small singular values (Hansen, 2005). 

In this work, the graph of singular values of the Hessian 
matrix will be shown, because with it we will have the same 
quantity of singular value for each method since the number 
of parameters will be the same. 

 

Joint Inversion 

The geophysical inverse problem is an ill-posed problem, as 
it does not meet at least one of the following conditions: 
existence, uniqueness and stability (Zhdanov, 2002). That 
is, for a problem to be well-posed, the solution must exist 
and be unique and in addition, small variations in the data 
should not cause large variations in the solution. One way 
to turn a ill-posed problem into a well-posed problem is to 
introduce a priori information (Silva et al., 2001). This kind 
of information is introduced using mathematical 
regularization, as described below.  

We use the Gauss-Newton method. It is summarized in that 
the adjusting functional is approximated by a linear function, 
so that derivatives of an order greater than 1 are null. That 
is, the functional adjuster that was initially nonlinear was 
approximated at p by a linear function (Mojabi and Lovetri, 
2009). This method mitigates the disadvantage of 
computational cost for the evaluation of the second 
derivative matrix (Hessian matrix) of the objective function, 
as this Hessian is approximated by the multiplication of two 
Jacobians (first derivative matrix) (Aster et al., 2018). If the 
minimization of the functional is well approximated by a 
quadratic form, we reach the minimum sought. 

The observed data ( ) can be described using a nonlinear 
vector function F(p) which is a function of a set of 
geophysical parameters. Therefore, we assume that: 

. (1) 

The objective is to find the set p that best approximates the 
equation (1), so for the joint inversion the functional adjuster 
between the data is defined by the equations below: 

; (2) 

, (3) 

such that  is the MMT observation vector and  is 
the vector function that describes the estimates of the MMT 
data and  is the vector of MCSEM observations and 

 is the vector function that describes the estimates of 
MCSEM data.  
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The  and  are diagonal weighting matrix used to 
balance the difference between the dynamic ranges of the 
MMT and MCSEM and defines the degree of influence of 
the corresponding data during the joint inversion. The 
components of the weighting matrix are usually based upon 
the inverse of the standard deviations of the measurements 
(Commer and Newman, 2009). 

This establishes the problem of finding such p that it 
minimizes the equations 2 and 3, but this problem is ill-
posed. To transform it into a well-posed, mathematical 
regularization (which will be better discussed later) defined 

by , which insert a priori information in relation to the 
parameters p that you want to estimate. In other words, 
solving this problem means minimizing the functional called 
objective function, defined by the expression: 

, (4) 

where  is the Lagrange multiplier, which is a regularization 
parameter responsible for controlling the importance of the 
a priori information inserted. 

We use the Marquardt method to guarantee the 
convergence, where the step can be controlled through an 
interactive process. This technique aims to ensure that the 
estimate of a step is always given in the downward direction 
of the objective function gradient. To control the step, a 

positive scalar  (Marquardt parameter) is added to the 
diagonal of the resulting Hessian matrix. 

The final equation that estimates the parameter is: 

 (5) 

As stated earlier, regularization is responsible for 
transforming an ill-posed problem into a well-posed 
problem, that is, solving problems of lack of stability and 
uniqueness. This is done by introducing a priori information, 
which imposes restrictions on the parameters to be 
estimated, so we try to estimate a set of parameters that 
adjust the observed data and satisfy these restrictions 
(Oliveira Jr and Uieda, 2014). A priori information can be of 
a mathematical or geological character. In this work, two 
types of regularization were applied: Global Smoothness 
and Total Variation. 

The Global Smoothness Estimator restricts the adjacent 
parameters to obtain values closer to each other, this 
means that there should be no sudden variations between 
the adjacent parameters, or that the difference between 
these parameters must be minimal. The Total Variation 
regularization, unlike the Global Smoothness regularization, 
when there is some discontinuity between spatially adjacent 
parameters, it allows abrupt changes in the parameters. 
However, the restriction that this regularization imposes is 
the same as the Global Smoothness. 

 

Result and discussions 

The following results were performed in order to test the 
methodology of joint inversion of MMT and MCSEM data 
and to prove its effectiveness.  

We use synthetic data from a interpretive model that seek to 
resemble reality to generate the results that will be 
presented. The synthetic model will be built in order to test 
the advantages and disadvantages of the methods used 
(MCSEM and MMT). The first tests will be performed with 
each method separately and, later, we will apply the joint 
inversion and compare the results. All tests were performed 
on Silix machines with 12 cores with an Intel CORE I7-8700 
processor, 3.2 GHz and 64 GB of RAM. 

In this experiment, we are presenting a greater number of 
observations and parameters. We use a 3D model with a 
tetrahedron element generated by the Tetgen software, 
representing a marine environment. The Figure 1 shows us 
the geological model we will try to recover with the 
inversion, where the air has a resistivity of 1012 Ωm, the 
water layer has resistivity of 0:33 Ωm, the first layer of 
sedimentary rock has a resistivity of 5 Ωm, a second layer 
simulating a salt layer has resistivity of 1000 Ωm and the 
last layer has 20 Ωm of resistivity. This model also has a 
body of 100 m thick (with a lateral extension of 5 km in the x 
and y directions), symbolizing a hydrocarbon reservoir. The 
Figure 2 represent the inversion mesh generated by 
software Tetgen, where we can observe the interpretation 
region. The inversion grid is a rectangular block with 
dimensions 12 km in x, 7 km in y and z 2.5 km. This block is 
divided into 6000 homogeneous cells, where each 
represents a parameter. There are 20 cells in the x 
direction, 20 cells in the y direction and 15 cells in the z 
direction that increase with depth.  

 

 

Figure 2 - Representation of the tetrahedral finite element 
mesh used to generate the data with 6000 parameters. 

 

Figure 1 – Representation of the proposed geological 
model. 
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The data acquisition simulations with the MCSEM method 
were carried out on 3 parallel lines (in y equal to -3 km, 0 
and 3 km) with 6 receivers each spaced at 2 km on the x 
axis starting at x equal to -4 km. It was performed at four 
measurement frequencies: 0.25 Hz, 0.5 Hz, 0.75 Hz and 1 
Hz with inline geometry. We obtained amplitude and phase 
observations of the electric field for the MCSEM. For the 
MMT method, we use 40 frequencies between  Hz 

and 1 Hz to obtain observations of apparent resistivity and 
phase. 
 
The analysis made next it will be in relation to the size of the 
null space of the Hessian matrix of each methodology. The 
null space measurement was performed using the singular 
values of the Hessian matrix. Figure 3 shows us the graph 
of the singular values obtained through the SVD, the black 
curve represents the singular values of the Hessian matrix 
of the MMT, the magenta curve represents the singular 
values of the Hessian matrix of the MCSEM and finally the 
blue curve are the singular values of the Hessian matrix of 
the joint method. The following graph only shows values 
above , because below that, these values will not 

interfere with our analysis since they are extremely small. 

It appears that the null space of the joint methodology is 
smaller compared to the other methodologies, this means 
that the problem in question is potentially more stable. 
Another important point to be highlighted when observing 
the null space is the information that is introduced when we 
add another method to do the joint analysis, the addition of 
this information leads us to believe that the estimate of the 
parameters at the end of a joint inversion will present a 
better result if compared to inversions separately. 

 

 

Figure 2 - Graph of singular values above  of the 

Hessian matrix of the MMT, MCSEM and the joint method. 

Global Smoothness Regularization - Next, the result of the 
inversions of MMT and MCSEM data will be presented 
using only the global smoothness regularization. The 
process of reversing MMT data using the global 
smoothness regularization took about 100 hours and made 
use of 50 GB of RAM. The figure 4 represent the xz plane of 
the inversion grid. We can observe in this figure, that the 
method is able to identify the resistive elevation in depth, 
but it cannot identify the thin body. Also, we were unable to 
satisfactorily recover the resistivity of the elevation. 

 

The figure 5 show the result of the MCSEM data inversion 
and represent the xz plane of the estimated model, in that 
order. When analyzing this figure, we observed that the 
inversion was able to recover the thin body, which was 
predicted about the MCSEM method. However, the 
estimated resistivity slightly exceeded the true resistivity. 
The processing of this data set took about 75 hours and 
used 55 GB of RAM.  

 

Next, we have the joint inversion of the MMT and MCSEM 
methods using the global smoothness regularization. The 
figure 6 show us the xz plane of the estimated model. As we 
can see in the following figure, the information that the 
MCSEM data adds in the joint inversion is greater than that 
of the MMT data (as was also seen by the graph of singular 
values). In this way, we can clearly identify the slim body, 
but with low border delimitation. The elevation is not so 
clear, due to the estimated resistivity model. This inversion 
used approximately 55 GB of RAM. 

 

Figure 4 - Slices of the XZ plane of the model estimated 
by the inversion of MCSEM data with the global 
smoothness regularization. 

Figure 3 - Slices of the XZ plane of the model estimated 
by the inversion of MMT data with the global smoothness 
regularization. 
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In the next figures, we observe the adjustment of the 
curves, shown from the comparison between the observed 
data and the data estimated by the joint inversion using the 
global smoothness regularization. The figure 7 show the 
MCSEM data for the frequency of 0.25 Hz and for receiver 
3, in which the black curve is the observed data and the 
blue curve is the estimated data. The figure 8 show MMT 
data for receiver 3, where the red curve represents the 
observed data and the blue curve the estimated data. 
These figures show that the data estimated by the joint 
inversion using the global smoothness regularization 
adjusted satisfactorily to the observed data. 

  

 
Figure 8 - Graph of comparison between observed (red 
curve) and estimated (blue curve) MMT data of the receiver 

3. (a) Apparent resistivity XY; (b) Phase XY; (c) Apparent 
resistivity YX; (d) Phase YX using global smoothness 
regularization. 

 
Total Variation Regularization - Finally, we have the results 
of joint inversion of the MMT and MCSEM methods using 
the total variation regularization. The figure 9 shows the xz 
plane of the estimated model. In the figure cited for the total 
variation regularization, we note a better delimitation of the 
bodies, due to the imposition of the regularization in relation 
to the abrupt variations in resistivity. At this point, the total 
variation was better. This inversion used approximately 55 
GB of RAM. 

 

The figures below show the comparison between the 
observed data and the data estimated by the joint inversion. 
Thus, we observe the adjustment of the curves. The figure 
10 show the MCSEM data for the frequency of 0.25 Hz and 
for receiver 3, in which the black curve is the observed data 
and the blue curve is the estimated data. The figure 11 
show the MMT data for receiver 3, where the red curve 
represents the observed data and the blue curve the 
estimated data. With these figures we observed that the 
data estimated by the joint inversion using the total variation 
regularization, adjusted satisfactorily to the observed data.  

 

Figure 10 - Graph of comparison between observed (black 
curve) and estimated (blue curve) MCSEM data of 
transmitter 3 for the frequency of 0.25 Hz. (a) Amplitude of 
the electric field; (b) Phase of the electric field using total 
variation regularization. 

 
Figure 7 - Graph of comparison between observed (black 
curve) and estimated (blue curve) MCSEM data of 
transmitter 3 for the frequency of 0.25 Hz. (a) Amplitude of 
the electric field; (b) Phase of the electric field using global 
smoothness regularization. 

 

Figure 5 - Slices of the XZ plane of the model estimated by 
the joint inversion of the data with the global smoothness 
regularization. 

Figure 6 - Slices of the XZ plane of the model estimated 
by the joint inversion of the data with the total variation 
regularization. 
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Conclusions 

The experiment shows us the effectiveness of the joint 
inversion when we observed a great improvement in the 
estimated model by this inversion. 
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Figure 11 - Graph of comparison between observed (red 
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receiver 3. (a) Apparent resistivity XY; (b) Phase XY; (c) 
Apparent resistivity YX; (d) Phase YX using total variation 
regularization. 


