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Abstract - A conductivity-depth imaging algorithm is developed 

for rapid and robust interpretation of large loop transient 

electromagnetic (TEM) sounding data acquired using central 

loop configuration. In this technique, the data obtained from the 

airborne or ground TEM survey, taken as the derivative of the 

secondary field, i.e. impulse response of secondary field and 

measured in form of decay voltage at successive delay times are 

inverted to get the conductivity depth model in an iterative least 

square approach. The voltage-time decay curves are transformed 

in from of conductivity-depth sections to represent pictorial 

distribution of conductivity versus depth. The technique is 

applied on synthetic data over homogeneous half-space (noise 

free and nosy data with random noise) to check the stability and 

robustness of the solution. The results obtained for synthetic data 

indicate that the algorithm is a robust one for conductivity-depth 

imaging of large loop TEM sounding data. Further, the 

techniques have been applied for inversion of large loop central 

loop TEM sounding data over two and three layer earth models 

with addition of 3% and 5% random noises. From the results, it 

is observed that there is good matching between the original 

voltage response data points and inverted voltage response 

curves, as well as between the final inverted models and the 

original models over which data were generated. The matching of 

inverted results with the theoretical results depicts the efficacy of 

the program to perform the inversion even with noisy data (with 

addition of 5% random noise) and of its possible application to 

the real field data. 
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I. INTRODUCTION 

Conductivity-depth inversion/imaging (CDI) has proven to 

be a useful tool in mapping the distribution of the geologic 

conductivity and identification of conductive sources within 

the variably conductive host geology. There are number of 

methods for deriving conductivity-depth sections from time-

domain EM data ([5]; [6]; [7]; [10]; [15]; [16]), based on 

different approaches. Of these various conductance-depth and/ 

or conductivity depth imaging techniques, each one is meant 

for the specific case and is suitable for a particular source 

excitation (i.e. impulse/step/saw tooth wave etc.), survey 

configuration (central loop or coincident loop configuration) 

and is not amenable to its adoptability for commercially used 

other TEM systems except for the particular one for which it is 

developed. 

 

Moreover, among the various transient electromagnetic (TEM) 

methods, the large loop TEM methods represents a class of 

TEM methods with large grounded transmitter loop for 

energizing the ground and a small receiver loop or 

magnetometer for recording the transient voltage or magnetic 

field at the center of the loop or at any arbitrary point either 

inside or outside the source loop. However, using a large loop 

source, TEM data can be acquired in any one of the 

configurations, namely, central loop method (with receiver at 

the center of the loop), in-loop method (with receiver at 

arbitrary in-loop point), offset loop method (with receiver at an 

arbitrary offset loop point in the vicinity of the source loop) 

and coincident loop method (with receiver loop being 

coincident with the source loop). Of all these configurations, 

the central loop system has been developed extensively  and 

used widely for the practical surveys in the field ([3]; [7]; [8]; 

[9]; [11]; [13]; [14]; [17]; [18]; [19]; [20]; [21]; [22]; [23]; 

[24]; [25]; [27], [28]; [29]; [30];), because of the 

computational simplicity associated with the central loop 

configuration as compared to the arbitrary in-loop and offset 

loop configurations. In present work, an attempt is made to 

develop a robust conductivity-depth inversion technique 

capable of generating conductivity depth imaging (CDI) of 

TEM data acquired using large loop source (impulse 

excitation) and central loop configuration with provision of 

modification for its adaptability to TEM data acquired using 

commercial TEM survey configurations. 

There are various techniques available in the literature for 

imaging of TEM measurement (voltage decay curve) time-

domain central loop EM ([1]; [5]; [10]; [12]; [15]; [24]; [25]; 

[26]; [27]; [32]). In present research the continuous voltage 

versus time curve is converted into the conductivity-depth 

section using the concept as given in([1]). A conductivity-

depth imaging algorithm is developed for the imaging of TEM 

sounding data acquired using central loop (large source) 

configuration with the provision of its adaptability to most 

widely used commercial TEM systems with different source 

excitations and survey configurations.  

II. THEORETICAL BACKGROUND 

In this technique the data obtained from the TEM survey 

(airborne TEM or ground TEM survey) is taken as the 

derivative of the secondary field; i.e. impulse response of the 

secondary field. The transmitter is considered as a loop 

(magnetic dipole) for airborne system and a large loop for 

ground and borehole system. The voltage versus delay time 
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curve is inverted to obtain the conductivity versus depth data 

in a least square sense in a manner similar to ([1]; [2]).  

The plan view of large loop TEM method with central loop 

configuration over a layered earth is shown in Figure 1. The 

large loop presents a source loop and small loop at center of 

the source loop (P1), represents receiver position 

corresponding to the central loop configuration.  

In general, the data collected from a large loop TEM system 

consist of vertical voltage measurements made at various time 

intervals after the current in transmitter is turned off. These 

voltage measurements are related to the time derivatives of 

vertical magnetic field (𝜕ℎ/𝜕𝑡)in accordance with the 

following relation,   

𝑉(𝑡) = −𝜇0 (
𝜕ℎ

𝜕𝑡
) 𝑀                                                     (1)       

 where M is the area-turns product of the receiver coil. 

These voltage data can be inverted directly for the layered 

earth models or it can be further transformed to the apparent 

resistivity and then inverted. Sometime it is preferable to use 

apparent resistivity transformation to have a direct relation 

with the geo-electrical section and for getting an initial 

estimate of layer resistivities, which is often required for the 

non-linear inversion. 

 

 

 

 

 

 

 

 

 

Fig. 1: Plain view of large loop central loop TEM configuration. 

A. Forward Modeling 

The forward solution for the time derivative of vertical 

magnetic field (
𝜕ℎ𝑧

𝜕𝑡
)are obtained by transforming the 

frequency domain solutions for the vertical magnetic field into 

the time domain solutions using Fourier cosine or sine 

transform as given in. ([17]), 
𝜕ℎ𝑧(𝑡)

𝜕𝑡
=

−2

𝜋
∫ 𝑅𝑒[𝐻𝑧(𝜔, 𝜌, ℎ)] cos(𝜔𝑡)𝑑𝜔

∞

0

           (2) 

𝜕ℎ𝑧(𝑡)

𝜕𝑡
=

2

𝜋
∫ 𝐼𝑚[𝐻𝑧(𝜔, 𝜌, ℎ)] sin(𝜔𝑡)𝑑𝜔

∞

0

             (3) 

where𝑅𝑒[𝐻𝑧(𝜔, 𝜌, ℎ)]and 𝐼𝑚[𝐻𝑧(𝜔, 𝜌, ℎ)]are the real and 

imaginary parts of the vertical magnetic field over a layered 

earth in frequency domain. The component of vectors 𝜌 and h 

are the resistivities and thickness of different layers of the 

layered earth model, and 𝜔 is the angular frequency ([10]). 

 

The frequency domain expressions of EM field components at 

a point on or above the surface of an n-layered earth due to a 

finite horizontal circular loop of radius a, carrying a current 

I𝑒𝑖𝜔𝑡and placed at the height 𝑧 = −ℎ above the surface of 

layered earth is taken from([31]).The expression of Hz field 

component at a measurement point on the surface of n-layered 

earth (i.e. at z=0) can be written as, 

𝐻𝑧(𝜔, 𝜌, ℎ) =
𝐼𝑎

2
∫

[𝑒−𝑢0ℎ(1 + 𝑟𝑇𝐸)]𝜆2

𝑢0

𝐽1(𝜆𝑎)𝐽0(𝜆𝑟)𝑑𝜆
∞

0

  (4) 

where 𝑟𝑇𝐸 =
𝑌0−𝑌̂1

𝑌0+𝑌̂1
 

with𝑌0 =
𝑢0

𝑖𝜔𝜇0
 (intrinsic admittance of free space) 

and𝑌1̂ =
𝐻𝑦

𝑇𝐸

𝐸𝑥
𝑇𝐸 = −

𝐻𝑥
𝑇𝐸

𝐸𝑦
𝑇𝐸  (surface admittance at z = 0) 

For an n-layer case, the surface admittance are given by the 

recurrence relation, 

𝑌̂1 = 𝑌1
𝑌̂2+𝑌1 tanh(𝑢1ℎ1)

𝑌1+𝑌̂2 tanh(𝑢1ℎ1)
  𝑌̂𝑛 = 𝑌𝑛

𝑌̂𝑛+1+𝑌𝑛 tanh(𝑢𝑛ℎ𝑛)

𝑌𝑛+𝑌̂𝑛+1 tanh(𝑢𝑛ℎ𝑛)
 

and 𝑌̂𝑛 = 𝑌𝑛 

with 𝑌𝑛 =
𝑢𝑛

𝑖𝜔𝜇𝑛
,  

𝑢𝑛=(𝑘𝑥
2 + 𝑘𝑦

2 − 𝑘𝑛
2)

1
2⁄ = (𝜆2 − 𝑘𝑛

2)
1

2⁄  

and 𝑘𝑛
2 = 𝜔2𝜇𝑛𝜀𝑛 − 𝑖𝜔𝜇𝑛𝜎𝑛 

Here, r is source-receiver offset (measured from center of the 

loop). For calculation purposes, tanh(𝑢𝑛ℎ𝑛) is used in its 

exponential form for stability reasons ([12]). 

Therefore, starting with computation of 𝐻𝑧(𝜔, 𝜌, ℎ)field 

(equation 4), using the method described in ([26]), we have 

computed the time derivative of vertical magnetic field using 

the Fourier cosine and sine transforms (equations 2 and 3) 

([26]; [32]). Thereafter, we have computed the voltage 

response which is needed as forward computation in this 

inversion scheme. 

 

B. Inversion (Imaging) Approach 

In general, for solving the TEM non-linear inverse problems, 

there exist two approaches. The first is to make no assumption 

about the conductivity distribution in the earth and find the 

classes of conductivity models that fit the data, like Occam's 

inversion used in([7]). The second approach, which is more 

practical in many exploration problems, is to assume an initial 

model, representative of the earth under the consideration. 

Thereafter, the model parameters are estimated using an 

optimization technique. The important aspect of the second 

approach is the assumption of correct class of model. This 

approach allows for geological and geophysical information to 

be incorporated into the inverse problems. The major 

disadvantage of this approach is that by assuming an initial 

model, there is always a chance of unknown bias introduced 

into the inverse problem ([8]). 

In present research, we have followed the second approach, 

i.e. model fitting approach, where the initial model is the layer 

earth with parameters consisting of resistivities and 

thicknesses of different layers. For the inversion, we have 

followed ([1]) approach with some modification in scheme 

and changes in input parameters in accordance with need of 

the present problem and to overcome the practical limitations 

associated with the NLSTCI program for the central loop case. 

The NLSTCI program is modification of a general nonlinear 

least square algorithm of ([4]) to that of a constrained and 

unconstrained algorithm with weighted observations, and is 

more reliable than a Gauss-Newton or Leven berg-Marquardt 

algorithm when a large residual exists between data and 

forward solution. To overcome the problem of local minima 

P1 

Z 

σ1 =0.01S/m 

σ2 =0.03 S/m 

σ3=0.05 S/m 
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associated with NLSTCI, in our program, we have made some 

adjustment in the program that in next step it recalls the 

program by replacing initial model parameters with inverted 

parameters obtained in the previous step and repeat the process 

for the desired number of steps or till it get a reasonable model 

parameters. This is achieved through the use of the fact that at 

each step program start with new value of A (Marquardt 

parameter) depending upon the resulting residual at that step 

and some special procedures. The forward problem is based on 

([24]),which is entirely different to that in ([1])program, which 

uses ([2])algorithm for computation of central loop frequency 

domain response. The inversion is based on minimization of a 

residual misfit function in an iterative least square process. 

The misfit function, which is minimized in an iterative 

process, can be defined as following. 

𝑉(𝐹) =
1

2
[𝑉(𝑅𝑁𝑂𝑅𝑀)]2                                                  (5) 

𝑉(𝑅𝑁𝑂𝑅𝑀) =
1

√𝑛
∑ 𝑅(𝐼)

𝑛

𝑖=1

                                             (6) 

𝑅(𝐼) = 𝑆𝑄𝑊𝑇(𝐼) ∗ (𝑌(𝐼) − 𝐹)                                      (7) 

𝑆𝑄𝑊𝑇(𝐼) = 𝑠𝑞𝑟𝑡(𝑊𝑇(𝐼))                                              (8) 

where Y(I) and WT(I) are the Ith data point and corresponding 

weight factor, and F is corresponding calculated value. 

 
III. RESULTS AND DISCUSSIONS 

For checking the accuracy and efficiency of the program for 

inverting the large loop TEM data, we have applied it for the 

inversion of large loop TEM data acquired using central loop 

configurations over the homogeneous, two layer and3-layer 

earth models. The inversion is tested for the noise free as well 

as for the noisy data (with addition of random noise), and 

some relevant results are shown in Figures 2-7. 

Figure 2 presents inversion results for the large loop TEM data 

over the homogeneous earth model with 5% random 

(Gaussian)noise for central loop TEM configuration and 

source loop of radius 50 m. The data points and inverted 

voltage response curve are shown by open circles and dotted 

curves in Figure 2(a), whereas the original model for which 

data was generated and the final inverted model are shown in 

Figure 2(b). The inversion was stared with an initial 

homogeneous model of conductivity 0.001 S/m for noise free, 

1% random noise, 3% random noise and 5% random noise but 

only 5% inversion results are shown in this paper. From Figure 

2(a), it is observed that there is good matching between the 

original data points and inverted voltage response data. Figure 

2(b) depicts that final inverted model is in good agreement 

with the original model with which data was generated. The 

conductivity of homogeneous layer is reproduced with 

difference as little as 0.01%.  

Figure 3 shows inversion results for the voltage response data 

over the 2-layer earth model without noise for the central loop 

system and source loop of radius 50 m. Figure 3(a) shows data 

points and inverted voltage response curve, while Figure 3(b) 

shows original and final inverted2-layer models. The initial 

model with which inversion was started is a homogeneous 

model with conductivity 0.001 S/m. Figure 3(a) depicts that 

there is good agreement between the observed and inverted 

voltage response data leading to the final model as shown in 

Figure 3(b). From Figure 3(b), it is observed that the inverted 

model is in agreement with the original synthetic model with 

which data was generated.  

Figure 4 depicts inversion results for large loop TEM voltage 

response data over the 2-1ayerearth model for the central-loop 

configuration with 3% random noise. The radius of source 

loop is 50 m and the receiver loop lies at center of the loop. 

Figure 4(a) shows data points and inverted voltage response, 

and Figure 4(b) shows original and inverted2-layer earth 

models. The inversion was started with a homogeneous model 

of conductivity 0.001 S/m. From Figure 4(a) it is clear that 

there is good agreement between the observed and inverted 

voltage response data, resulting in a final model as shown in 

Figure 4(b). From Figure 4(b), it is clear that the inverted 

model is in good agreement with the original synthetic model. 

The inverted parameters are recovered with significantly high 

accuracy, i.e. conductivities and thickness of different layers 

interpreted from inversion indicates that there is an average 

variation of less than 0.1%. 

Figure 5 shows inversion results for the large loop TEM 

voltage response data over the 2-layer earth model for the 

central loop configuration with 5%random noise. The source 

loop radius is 50 m. Figure 5(a) shows the original data points 

and the inverted voltage response curves, and depicts that 

there is good matching between the original data points and 

inverted curve. Figure 5(b) shows original and inverted 2-layer 

models. The inversion was started with a homogeneous model 

of conductivity 0.001S/m. Figure 5(b) depicts that there is 

good agreement between the inverted and original model with 

which data was generated. The inverted parameters, i.e. 

conductivities and thickness of different layers are close to the 

original parameters. The average variation of inverted 

parameters is less than 1%. These results depict accuracy and 

capability of the method for inversion of large loop TEM data 

acquired using central loop configuration. Further, the 

inversion was carried out for more than 5% Gaussian noise in 

the data and it is noticed that the inversion algorithm does not 

work properly and gives ambiguous results. 

Thereafter, the algorithm is further applied for inverting the 

voltage time data over a 3 layer (as in Figure 1) with addition 

of 1%, 3%, 5% and more than 5% random noises. However, 

only noise free and 5% random noise data results are shown. 

Figure 6 shows inversion results for the large loop TEM 

voltage response data over the 3-layer earth model for central 

loop configuration for noise free data. The loop radius is 50 m. 

Figure 6(a) shows data points and inverted voltage response 

curves which depicts that there is good matching between the 

data points and inverted curve. Figure 6(b) shows original and 

inverted 3-layer models. The inversion was started with a 

homogeneous model of conductivity 0.001S/m. Figure 6(b), 

depicts that there is good agreement between the inverted and 

original model with which data was generated. The inverted 

parameters, i.e. conductivities and thicknesses of different 

layers are close to the original parameters. The average 

variation of inverted parameters is less than 3%. These results 

depict accuracy and capability of the method for inversion of 

large loop TEM data over 3layer earth models acquired using 

central loop configuration. 
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Figure 7 shows inversion results for the large loop TEM 

voltage response data over the 3-layer earth model for central 

loop configuration with 5%random noise and the source loop 

radius as 50 m. Figure 7(a) shows original data points and 

inverted voltage response curve, which depicts that there is 

good matching between the data points and inverted curve. 

Figure 7(b) shows original and inverted 3-layer models. The 

inversion was started with a homogeneous model of 

conductivity 0.001S/m. Figure 7(b), depicts that there is good 

agreement between the inverted and original model with 

which data was generated. The inverted parameters, i.e. 

conductivities and thicknesses of different layers are close to 

the original parameters. The average variation of inverted 

parameters is less than 5%. These results depict accuracy and 

capability of the method for inversion of large loop TEM data 

acquired using central loop configuration over the 3 layer earth 

models. Further, the inversion is carried out for the more than 

5% Gaussian noise in the data and it is noticed that the 

inversion algorithm is not working properly and giving 

ambiguous results. 

 

 

Fig 2: Inversion results for the large loop central loop TEM data with loop 

radius 50m over a homogeneous earth model with 5% random noise, (a) The 
synthetic data points and inverted best fit curves, (b) The original model with 

which data was generated and the final inverted model obtained after the 

inversion. 

 

 
Fig 3: Inversion results for the large loop central loop TEM voltage response 
noise free data over 2 layer earth model with source loop radius 50m, (a) The 

synthetic data and best fit curves, (b) The original model with which data was 

generated and the final inverted model obtained after inversion. 

 

 

Fig 4: Inversion results for the large loop central loop TEM data with source 

loop radius 50m over a 2 layer earth model with 3% random noise. (a) The 
synthetic and best fit curves, (b) The original model with which data was 

generated and the final inverted model obtained after inversion. 
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Fig 5: Inversion results for the large loop central loop TEM data with loop 

radius 50m over a 2 layer earth model with 5% random noise. (a) The 

synthetic and best fit curves, (b) The original model with which data was 

generated and the final inverted model obtained after inversion. 

 

 

Fig.6: Inversion results for the large loop central loop TEM noise free data 

with loop radius 50m over 3 layer earth model, (a) The synthetic and best fit 

data curves, (b) The original model with which data was generated and the 

final inverted model obtained after the inversion. 

 

 

Fig 7: Inversion results for the large loop central loop TEM data with loop 

radius 50m over 3 layer earth model with 5% random noise, (a) The synthetic 

and best fit data curves, (b) The original model with which data was generated 

and the final inversion model obtained after inversion. 

IV. CONCLUSION 
A conductivity-depth imaging algorithm is developed for the 
rapid and robust interpretation of large loop TEM sounding 
data acquired using central loop configuration. For checking 
the stability and robustness of the algorithm, it is applied on 
the synthetic data over homogeneous half-space, 2 layer and 3 
layer models with and/or without addition of random noises. 
The analysis shows that the inverted results match nicely with 
the original model result for all the cases, which indicate that 
the developed algorithm is very robust and gives stable 
solution for inversion of large loop TEM sounding data over 
the layered earth models. The results depicts efficacy of the 
program to perform inversion even with the noisy data and its 
possible use for the inversion of real field large loop TEM 
data.  
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