
7.1 Introduction 

Chapter 7 
Three Dimensional Resistivity Inversion 

In areas \Vhere the geological structures are approximately two-dimensional (2D), 

conventional 2D electrical imaging surveys have been successfully used. The main 

limitation of such surveys is probably the assumption of a 20 structure. In areas \Vith 

complex structures. there is no substitute for a fully 3D survey. Researchers have 

observed that 2D and 3D resistivity surveys at the same location produced very 

different images on the same cross section. This discrepancy causes much confusion 

among practitioners about effectiveness of resistivity imaging methods. 

When dealing with a 3D resistivity problem a 3D earth model with a 3D arbitrary 

resistivity distribution and 3D electrical field due to a point source is considered. 

A Neural Network based inversion program is designed to invert data collected with a 

rectangular grid of electrodes with the pole-pole array. A seven by seven electrode 

grid is proposed for the present study with a total of 49 electrodes. The NN is trained 

to output to give a cell based inversion model for the pre defined mesh discretization. 

A paradigms of Backpropagation learning algorithm namely Resilient 

backpropagation is tested with different network architectures on trial and error to 

choose the best network with the lowest training and testing error to reproduce the 3D 

sub surface structure from the multi electrode field measurements. 

A 3D case study of geological model of a two layer earth with an embedded 

Anomalous body is experimented. 

7.2 Literature 

Many resistivity imaging practitioners are interested in combining multiple 2D data 

sets collected along parallel survey lines into a pseudo 3D data set for 3D inversion. 

In such cases it is observed that most of the features on an extracted slice image from 

3D inversion appeared on the image from 2D inversion, but the 2D inverted resistivity 

cross-section appeared more complicated with more anomalies and higher resistivity 

contrast [43J. The objects which did not intersect the imaging plane would be folded 
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onto the 2D inverted cross-section. This is why false anomalies are often seen on the 

2D resistivity images. Therefore, 3D resistivity imaging methods are the better 

technology for subsurface imaging. 

A 3D resistivity survey is carried out with a multi electrode array spanned in both x 

and y dimensions. Similarly as the 2D resistivity forward problem. it has become a 

standard practice to solve 3D resistivity forward modeling problem using numerical 

methods by discretization of the domain of investigation. 

Novv as multi-electrode. multi-channel resistivity imaging systems and commercial 3D 

resistivity inversion programs are readily available. more and more people are 

conducting 3D resistivity surveys. 

7.3 For·ward Modeling of a 3D earth Structure 

7.3.1 Acquiring Field Measurements for a 3D study 

Electrical resistivity surveys traditionally have been conducted with linear arrays, with 

electrodes evenly spaced. But three-dimensional (3D) surveys require the placement 

of parallel lines of electrodes. 

7.3.1.1 Electrode Geometry 
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Figure 7.1 -one possible layout for a 3D survey 
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Ideally, the electrodes for a 30 survey are arranged in a rectangular grid (Figure 7.1 ). 

However, in practice depending on the available equipment, surface topography, 

survey time and budget, different types of survey procedures have been used. 
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Figure 7. 2 - Using the roll-along method to survey a 10 by 10 grid with a resistivity

meter system \vith 50 electrodes. (a) Surveys using a 10 by 5 grid with the lines 

orientated in the x-direction. (b) Surveys with the lines orientated in they-direction. 

Most commercial 30 surveys will probably involve grids of at least 16 by 16 in order 

to co\er a reasonably large area. A 16 by 16 grid will require 256 electrodes which is 

larger than many multi-electrode resistivity meter systems. To map large areas with a 

limited number of electrodes in a multi-electrode resistivity meter system, the roll-
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along technique can be used l44]. Figure 7.2 shows an example of survey usmg a 

multi-electrode resistivity meter system with 50 electrodes to survey a 10 by l 0 grid. 

Initially the electrodes are arranged in a 10 by 5 grid with the longer lines orientated in 

the x-direction (Figure 7.2a) Measurements are made primary in the x-direction. with 

some possible measurements in the diagonal directions. Next the entire grid is moved 

in the y-direction so that the I 0 by 5 grid now covers the second half of the I 0 by I 0 

grid area. The I 0 by 5 grid of electrodes is next orientated in the y-direction and the 

measurements are made bet\veen the electrodes in the y-direction (Figure 7 .2b ). 

7.3.1.2 Array types 

Some known electrode configurations such as wenner and shlumberger arrays are not 

applicable to 3D cross string measurements. The most common arrays used for 3-D 

surveys are the pole-pole (discussed in C.2.3), pole-dipole (discussed in C.2.4) and 

dipole-dipole (discussed in C.2.5) arrays. Other arrays might not provide sufficient 

data coverage for a full 3-D inversion [45]. 

7.3.2 Recording the field measurements 

There are two popular methods for the 3D surveys. such as cross line or cross string 

measurements and pseudo 3D survey. 

The electrode geometry can consist of several electrode strings. An electrode string is 

defined as a line of electrodes with consecutive addresses. It is not essentially a 

straight line. For a borehole resistivity survey a string is a borehole. For several lines 

on the surface electrodes on a survey line can be grouped together as one string. For 

electrodes laid out in an irregular shape such as some surface electrodes in a borehole 

resistivity imaging project, all surface electrodes are combined into one string. A cable 

may be oriented in either x or y directions. 

To image a volume both same-string measurements and cross-string measurements 

should be collected. Same string measurements are acquired with the transmitting and 

receiving electrodes on the same string. But the cross string measurements are taken 

with transmitting electrode on one string and receiving electrode on another string. For 

efficient field surveys and data processing some pairs of string may not be used to 

collect data. 
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With a large number of cross-line measurements is an ideal approach for a 3D 

resistivity survey because it offers a better subsurface resolution than a pseudo 3D 

survey ( 1]. However, a pseudo 3D survey without any cross-line measurements is an 

acceptable alternative to a true 3D survey as far as the line spacing is equal to or less 

than \\\lC:e \\'\e e\ec:\\:ClQe S\)c..c:\n-s. 

7.3.3 3D surveys with the pole-pole array 

The pole-pole electrode configuration is commonly used for 30 surveys. The 

apparent resistivity value for the pole-pole array is given by (C.4), 

P = 21[{]R 
(7.1) 

Where R is the measured resistance, a is the spacing between the C 1 and P 1 

electrodes. For a given number of electrodes, the pole-pole array gives the maximum 

number of independent measurements, n 
max 

11 - ( max - 11 11 - 1 ) I 2 

Where n is the number of electrodes. 

which is given by, 

(7.2) 

In the measurement sequence shown in Figure 7.3, each electrode in turn is used as a 

current electrode and the potentials at all the other electrodes are measured. Because 

of reciprocity, only the potentials at the electrodes with a higher index number than 

the current electrode are measured. For a 5 by 5 electrode grid, a complete data set 

\Yill have 300 datum points. For 7 by 7 and 10 by 10 electrode grids. the numbers of 

measurements are 1176 and 4500 respectively. It can be very time-consuming to make 

such a large number of measurements with typical single-channel resistivity meters 

commonly used for 2D surveys. 

To reduce the number of measurements to about one-third of the maximum possible 

number required without seriously degrading the quality of the model obtained, an 

alternative measurement sequence has been tested (Figure 7.4). In this proposed 

"cross-diagonal survey" technique, the potential measurements are only made at the 

electrodes along the horizontal, vertical and the 45 degrees diagonal lines passing 

through the current electrode. The number of datum points with this arrangement for a 

7 by 7 grid is reduced to 4 76. 
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Figure 7.3 -The location of potential electrodes corresponding to a single current 

electrode in the arrangement used by a survey to measure the complete data 

In the case of a roll-along grid connection method all the possible measurements for 

the pole-pole array or the cross diagonal measurements are made for each sub grid. 
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Figure 7.4 - The location of potential electrodes corresponding to a single current 

electrode in the arrangement used by a cross diagonal survey 
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For practical reasons, the number of field measurements in some surveys might be 

even less than the cross-diagonal technique. Another common approach is to just 

make the measurements in the x- and y- directions only, without the diagonal 

measurements. This is particularly common if the survey is made with a system with a 

limited number of independent electrodes, but a relatively large grid is needed. 

For relatively small grids of less than 12 by 12 electrodes, the pole-pole array has a 

substantially larger of possible measurements compared to other arrays. The loss of 

data points near the sides of the grid is kept to a minimum, and provides better 

horizontal data coverage compared to any other array. This is an attractive array for 

small survey grids with relatively small spacing (less than 10 meters) between the 

electrodes. However, it has the disadvantage of requiring two "far" electrodes that 

must be placed at a sufficiently large distance (at least 10 times the maximum 

electrode spacing used) from the survey grid. Due to the large distance between the 

two potential electrodes, this array is more sensitive to telluric noise. The pole pole 

array produces strong signals but a low model resolution. 

In the present study a 7 by 7 electrode grid with 1m spacing is considered. The pole

pole array is considered and a cross diagonal data set acquiring option is considered. 

This adopts an apparent resistivity pseudo section with 476 field measurements. 

7.3.4 Construction of a 3D Structure 

The inverted 3D structure from the field data is interpreted with 2D slices equivalent 

to the no of layers in the z direction of the block based model (Figure 7 .5). 
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Figure 7.5 - Sample model with different sized and shaped anomalies, 

for synthetic data generation (a) 3D mesh (b) 2D slices 

(Original is in Color) 

A 3D model mesh is used for this purpose. This model mesh describes a 3D resistivity 

structure by initially dividing the surface medium into many rectangular prisms. A 

constant resistivity will be assigned to the individual prisms in the inverted 3D model. 

Then 2D slices at predefined depths are used to interpret the 3D structure after 

inversion (Figure 7.5(b)). 

The mesh discretization for the present study is as follows . The width of the 

rectangular blocks is set to the electrode spacing in the x andy directions. The number 

of model mesh levels is set to 7. Thickness of first layer is set to 0. 7m. Since the 

resolution of the resistivity method decreases with depth, normally the thicknesses of 

the model layers are also increased with depth. A thickness incremental factor of 1.15 

is selected. Hence the individual layer depths are 0.7m, 1.505m, 2.4307m, 3.4954m, 

4.72m, 6.1276m and 7.7468m respectively. These results in a 7, 2D slices each with a 

6 by 6 mesh, giving a 3D representation with a total of 252 ( 6 x 6 x 7) block divisions 

7.3.5 Forward Response of a 3D structure 

Using the Poisson's equation, 
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-V.(aVV) =I (7.3) 

For a pole-pole array, the apparent resistivity can be calculated as, 

p =2 t-..V a 7rCl -
I 

(7.4) 

Where a is the electrode spacing £-.. V is the potential difference between the receiving 

electrodes. 

For a 3D distribution the electrical conductivity forward solution can be obtained by 

solving the differential equation, 

a ( av) a ( av) a ( av) - a- + - a - +- a- = I(x,y,z) ax ax oy ay az az (7.5) 

Where, V is the scalar electrical potential and ,I(x,y,z) is the electric current source. 

Finite difference or Finite Element method with an elemental volume was used to 

discretize the above partial differential equation. 

7.4 Synthetic data generation 

Similarly as in the two dimensional study a commercial software is used for the 

synthetic data generation. RES3DMOD, version 2.14(April 2005), for Windows 

95/98/Me/2000/NT, a program for 3-D resistivity & IP forward modeling using the 

finite-difference and finite-element methods for Wenner, dipole-dipole, pole-pole, 

pole-dipole, Schlumberger, rectangular arrays by M.H.Loke was used for data 

using an input text file. Appendix H.1 gives a sample of a model file used for mesh 

assignments. 

A two layer earth structure is considered with an embedded anomalous body. The 

layer resistivities are varied between 10Om and 1000 Om while the top layer height is 

varied between 0.7-6.2m. The resistivity values used for database preparation are the 
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same as given in Table 4.2.The anomalous body resistivity is varied between 100-

3000Qm and it is moved to different mesh positions with variable sizes(Figure 7.5). 

The synthetic data is generated by adding Gaussian noise of 0%, 1%, 1.5%, 2% and 

2.5%. 

For each combination of resistivity the upper layer height ( h, ) is varied in the values 

of0.7m, 1.5m, 2.43m, 3.5m, 4.72m and 6.13m. 

The anomalous body was moved to different prism positions. The numbers of 65 body 

assignments used in the database generation are given in Appendix H.2. The 

anomalous body resistivity was varied in the values of 100 D.m , 500 D.m , 1000 D.m , 

lSOOQm , 2000D.m , 2500Qm and 3000Qm. 

With the commercial software the forward response is then generated and the results 

are saved in the ' .dat' format (Figure 7.6). Then with a Visual Basic program the 

relevant data for the training is extracted from the .dat file and stored in .txt format as 

a text file . 
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Figure 7.6 - Apparent resistivity values (encircled) for the training database 

7.4.1 Database for network training 

The database consists of 409500 examples (30 resistivity combinations x 6 layer 

height combinations x 65 mesh assignments x 7 anomalous body resistivities x 5 

noise levels). The input data is pre processed to give normalized data with unity 

standard deviation and zero mean. 225500 samples are separated as the training set 

while the test and validation sets are comprised for 92000 samples each. 

127 



In the 3D case considered the databases for Neural Network training and testing 

consists of input records of 476 datum points of the 3D measurement pseudo section. 

Individual output records consist of the constant resistivity values assigned to the 252 

mesh divisions. That is referring Figure 3.2 n is set to 476 and m is set to 252. 

Similarly as in the two dimensional cases the resilient backpropagation algorithm 

(RPROP),'Trainrp' function in MATLAB7s' Neural Network tool Box is used for 

network training. Also since a large example database is available, early stopping with 

hold out cross validation is used to ensure network generalization. 
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