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ABSTRACT. Based on the basic theory of transient electromagnetic method (TEM) and the 

exciting field of circular loop sources, this paper derives the calculation formulas for the 

vertical magnetic field and the induced electromotive force of the circular loop source over 

layered medium, uses the vertical magnetic field and the kernel function to calculate the whole 

area apparent resistivity and establishes typical two-layer and three-layer geo-electric models 

by changing the resistivity and thickness of the layered medium. Then it plots the whole area 

apparent resistivity curves of different geo-electric models and analyzes their electrical 

response characteristics. According to the model calculation results, this calculation method is 

correct and effective, and the smaller the resistivity is, the greater the thickness of the layered 

medium will be and the larger the response amplitude will be; the calculated whole area 

apparent resistivity is highly accurate and can truly and objectively reflect the electrical 

properties of the geo-electric section. Considering that the circular area is the largest with the 

same perimeter, a circular loop device can increase the emission magnetic moment with the 

same emission current. Therefore, this method can provide a solid theoretical basis for 

improving the mine TEM coils and the detection accuracy. 

RÉSUMÉ. Basé sur la théorie basique de la méthode électromagnétique transitoire (TEM, le 

sigle de « transient electromagnetic method » en anglais) et le champ passionnant des sources 

à boucle circulaire, cet article dérive les formules de calcul du champ magnétique vertical et 

de la force électromotrice induite de la source à boucle circulaire sur un médium stratifié, 

utilise le champ magnétique vertical et la fonction du noyau pour calculer la résistivité 

apparente de la surface entière et établit des modèles géoélectriques typiques à deux et trois 

couches en modifiant la résistivité et l'épaisseur du médium stratifié. Ensuite, il trace les 

courbes de résistivité apparente sur l'ensemble de la surface de différents modèles géo-
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électriques et analyse leurs caractéristiques de réponse électrique. Selon les résultats du calcul 

du modèle, cette méthode de calcul est correcte et efficace, et plus la résistivité est faible, plus 

l'épaisseur du médium stratifié sera importante et plus l'amplitude de la réponse sera grande; 

la résistivité apparente calculée sur la surface entière est très précise et peut refléter réellement 

et objectivement les propriétés électriques de la section géoélectrique. Tenant compte que la 

zone circulaire est la plus grande avec le même périmètre, un dispositif à boucle circulaire peut 

augmenter le moment magnétique d'émission avec le même courant d'émission. Par conséquent, 

cette méthode peut fournir une base théorique solide pour améliorer les bobines TEM de la 

mine et la précision de la détection. 
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1. Introduction 

The transient electromagnetic method (TEM) is a geophysical method that detects 

the electrical properties of a medium by transmitting a pulsed electromagnetic field to 

the ground using an ungrounded loop and observing the variation pattern of the 

secondary eddy current field with time. The TEM forward modelling is the basis for 

the theoretical research and the processing and interpretation of measured data. It 

usually solves the harmonic electromagnetic field in the frequency domain first, and 

then transforms to the time domain to obtain the transient response through the Fourier 

transform (Christiansen et al., 2015; Fullagar et al., 2015; Yu et al., 2013; Amaya et 

al., 2018). The frequency domain response is often solved through the Hankel 

transform (Anderson, 2012; Guptasarma and Singh, 1997), while from the frequency 

domain to the time domain, the G-S transform and the sine and cosine transform 

methods are often used (Wang et al., 1994; Schamper et al., 2014). 

The measured transient electromagnetic response curve cannot directly reflect the 

characteristics of the formation, so the apparent resistivity is often used to process and 

interpret the measured data. The apparent resistivity is obtained from the field 

quantities collected and through approximate or non-approximate calculations. The 

early- or late-time apparent resistivity is just obtained through approximate 

calculation, and there will be deviations to the calculated result if the early or late 

conditions are not met. The apparent resistivity obtained through non-approximate 

calculation is called the whole area apparent resistivity, which is more accurate than 

the calculation result of the early- or late-time apparent resistivity formula. In recent 

years, many scholars have conducted in-depth research on the calculation of the whole 

area apparent resistivity. Bai et al. (2003) proposed a numerical calculation method 

for the all-time apparent resistivity based on the central-loop TEM; Li et al. (2007) 

synthesized the loop source by superimposing the horizontal electric dipoles and 

calculated the whole area apparent resistivity of the arbitrary shape loop source; Wang 

(2008) used the translation algorithm to calculate the whole area apparent resistivity 

for the central-loop TEM; Chen (2009) used the binary search method to realize the 

fast calculation of the transient electromagnetic whole area apparent resistivity; Guo 
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and Wang (2010) calculated the transient electromagnetic whole area apparent 

resistivity based on the magnetic field and the induced electromotive force. 

Based on the previous research results, this paper establishes typical layered 

medium geo-electric models for forward modelling simulation, and introduces the 

kernel function to calculate the whole area apparent resistivity. Through the numerical 

calculation of multiple geo-electric models, this paper verifies the calculation method 

is correct and accurate, and that the result can truly and objectively reflect the 

electrical properties of the geo-electric section. Considering that the circular area is 

the largest with the same perimeter, a circular loop device can increase the emission 

magnetic moment with the same emission current. Therefore, this method can provide 

a solid theoretical basis for improving the mine TEM coils and the detection accuracy. 

2. Transient electromagnetic field excited by the circular loop source over the 

layered medium 
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Figure 1. Schematic diagram of the emission loop for layered medium 

Suppose there is a circular loop over the isotopic horizontal n-layered medium, 

with a radius of 𝑎. Let the harmonic current 𝐼 = 𝐼0𝑒𝑖𝑤𝑡  flow in the circular loop, and 

introduce the cylindrical coordinate system, where the origin is the centre of the 

circular current loop, and the 𝑍-axis is vertically downward. The conductivity 𝜎𝑗 and 

the thickness ℎ𝑗 of each layer are shown in Figure 1. So the vertical magnetic field in 

the frequency domain is obtained as follows: 
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where,
 
𝑍0 is the input wave impedance of the surface medium; and 𝑍(1) is the input 

wave impedance in the first layer of medium. The recursion formula is as follows: 
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where, 𝑍𝑗 is the input wave impedance of the 𝑗–th medium surface; 𝑍(𝑗) is the input 

wave impedance in the 𝑗-th layer of medium; 𝑘𝑗 is the wave number of the 𝑗-th layer 

of medium, j=1, 2, ... n-1; and 𝜇0 is the magnetic permeability in vacuum. 

When the receiving occurs at the centre of the emission loop, r=0. Since 𝐽0(0) =
1, we have: 
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By Transform the harmonic electromagnetic field in the frequency domain into 

the time domain by the Fourier transform (Maclennan and Li, 2011), and we have the 

transient response under the step current excitation: 
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3. Numerical calculation of the TEM field 

Equation (4) consists of two layers of integrals, among which, the inner-layer 

integral is the Bessel function integral, and the outer layer one is the cosine function 

integral. In this paper, the former is calculated using the Hank transform, and the latter 

using the G-S transform. And we have (Li et al., 2011): 
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𝑐 =
𝑙𝑛 2

𝑡
 is the sampling interval; 𝑊𝑚  is the filter coefficient of the Hankel 

transform (140-point operators); and 𝑊𝑛 is the filter coefficient of the G-S transform 

(12-point operators). 
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4. Calculation of the whole area apparent resistivity 

In the homogeneous half space, the vertical magnetic field and the induced 

electromotive force at the centre of the horizontal circular loop source are (Fu et al., 

2008): 
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where, 𝑒𝑟𝑓(𝑢) =
2

√𝜋
∫ 𝑒−𝑥2𝑢

0
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𝑎
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𝜌𝑡
 and 𝜇0 is the vacuum permeability.  

The basic idea to solve the whole area apparent resistivity is as follows (Yang et 

al., 2010): under the given emission conditions, the measured value of 𝐻𝑧 or   can 

be obtained, and thus the values of the 𝐻𝑧 and 𝜀 kernel functions can also be obtained: 
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Given the implicit function relationship between the kernel function 𝑧(𝑢), 𝑓(𝑢) 

and 𝑢 , the value of 𝑢  can be obtained through searching, although its expression 

cannot be directly acquired. Finally from the formula 𝑢 =
𝑎

2
√

𝜇0

𝜌𝑡
, the value of 𝜌(𝑡) 

can be obtained. This solving process of apparent resistivity does not involve the 

early-time or late-time approximation, so it is called the whole area apparent 

resistivity. 

 

Figure 2. Correspondence between the 𝜀 kernel function 𝑓(𝑢) and 𝑢 
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Figure 3. Correspondence between 𝐻𝑧 kernel function 𝑓(𝑢) and 𝑢 

As the kernel function 𝑓(𝑢) of the induced electromotive force is not a single-

valued function of 𝑢 (as shown in Figure 2), there may be multiple solutions or even 

no solution for the whole area apparent resistivity defined based on the induced 

electromotive force. On the other hand, the kernel function 𝑧(𝑢)  of the vertical 

magnetic field is a single-valued function of 𝑢 (as shown in Figure 3), so it only has 

one unique solution in the whole area. Therefore, this paper calculates the whole area 

apparent resistivity based on the vertical magnetic field. In the actual engineering 

detection, the measured induced electromotive force can be converted into the 

magnetic field through integration (Chen and Tian, 1999; Cui et al., 2015), and then 

the whole area apparent resistivity can be obtained based on the magnetic field. 

5. Model calculation 

A geo-electric model of three-layered medium is established, with the resistivity 

of each layer being 100 𝛺 ⋅ 𝑚 , and the thickness being 50m, 50m and ∞ m, 

respectively. Now we calculate the vertical magnetic field and the whole area apparent 

resistivity. If we compare the numerically calculated vertical magnetic field of the 

layered medium with the analytic solution of the magnetic field of the uniform earth 

with a resistivity of 100 𝛺 ⋅ 𝑚, we will find the relative error is less than 1% (shown 

in Figure 4). If we compare the whole area apparent resistivity defined based on the 

vertical magnetic field with the resistivity set by the model, we will find the relative 

error is less than 6‰ (shown in Figure 5). This shows that the numerical calculation 

methods for the vertical magnetic field and the whole area apparent resistivity are 

correct. 
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(a) Vertical magnetic field          (b) Relative error 

Figure 4. Comparison of the numerical result of the vertical magnetic field with the 

analytical solution and the relative error curve 

 

(a) Whole area apparent resistivity           (b) Relative error 

Figure 5. Comparison of the numerical calculation result of the whole area 

apparent resistivity with the model parameter and the relative error curve 

5.1. Calculation of the whole area apparent resistivity of the two-layered geo-electric 

model 

A two-layered geo-electric model is established, where the resistivity of the first-

layer is 𝜌1 = 100 𝛺 ⋅ 𝑚 , the thickness of the first layer is ℎ1 = 100 m , and the 

resistivity of the second layer is 𝜌2 = 5,10,20,50,100,200,500,1000 𝛺 ⋅ 𝑚, and the 

calculation results of the whole area apparent resistivity are shown in Figure 6. As can 

be seen, the initial section of the apparent resistivity curve tends to the resistivity value 

of the first layer; with the resistivity value of the second layer changing, the curve 

starts to deviate in the mid section; and the tail section gradually tends to the resistivity 

of the second layer. The apparent resistivity curve can accurately and completely 

reflect the changes in the resistivity of the two-layer geo-electric model. The larger 
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the ratio 𝜌𝑠/𝜌1, the greater the difference in resistivity, and the more obvious the 

response amplitude of the whole area apparent resistivity curve. 

 

Figure 6. Whole area apparent resistivity curve of the two-layered geo-electric 

model 

5.2. Calculation of the whole area apparent resistivity of the three-layered geo-

electric model 

(1) Geo-electric model with variable second-layer resistivity. The three-layer geo-

electric models can be divided into H-type, K-type, A-type and Q-type. Now we 

change the second-layer resistivity of the four typical three-layered geo-electric 

models, place the receiving points in different formation layers, and calculate the 

whole area apparent resistivity. Let the first-layer resistivity be 𝜌1 , the first-layer 

thickness ℎ1, the second-layer resistivity 𝜌2, the second-layer thickness ℎ2, and the 

third layer resistivity 𝜌3. The model parameters are shown in Table 1. 

Table 1. Parameters of the four geo-electric models with variable second-layer 

resistivity 

Model type 
ρ1 

(Ω·m) 

h1  

(m) 

ρ2 

(Ω·m) 

h2  

(m) 

ρ3 

(Ω·m) 

H 100 100 90,70,50,20,10 100 100 

K 100 100 200,500,1000,2000,5000 100 100 

A 100 100 200,300,500,700,900 100 1000 

Q 100 100 20,30,50,70,90 100 10 

Figure 7~10 show the whole area apparent resistivity curves of the H-type, K-type, 

A-type and Q-type geo-electric models with the second-layer resistivity changing. As 

can be seen, for all the four geo-electric models, the whole area apparent resistivity 

curve can reflect the electrical structure of the corresponding formation. The initial 

section of the curve tends to the resistivity value of the first formation, and the tail 

section tends to the resistivity value of the third formation. The curve starts to deviate 
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in the mid section, and as the difference increases between the second-layer resistivity 

value and those of the first layer and the third layer, the response amplitude of the 

whole area apparent resistivity curve becomes more significant. Among the four 

models, the H type and the K type show more significant response amplitudes. 

 

Figure 7. Whole area apparent resistivity curve of the H type geo-electric model 

 

Figure 8. Whole area apparent resistivity curve of the K type geo-electric model 

 

Figure 9. Whole area apparent resistivity curve of the A type geo-electric model 
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Figure 10. Whole area apparent resistivity curve of the Q type geo-electric model 

(2) Geo-electric model with variable second-layer thickness. The parameters of 

the four typical three-layered geo-electric models with the second-layer thickness 

changing are shown in Table 2. 

Table 2. Parameters of the three-layered geo-electric models with the second-layer 

thickness changing 

Model type 
ρ1 

(Ω·m) 

h1  

(m) 

ρ2 

(Ω·m) 

h2  

(m) 

ρ3 

(Ω·m) 

H 100 100 10 20,50,80,120,150 100 

K 10 100 100 20,50,80,120,150 10 

A 10 100 50 20,50,80,120,150 100 

Q 100 100 50 20,50,80,120,150 10 

 

Figure 11. Whole area apparent resistivity curve of the H type geo-electric model 
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Figure 12. Whole area apparent resistivity curve of the K type geo-electric model 

 

Figure 13. Whole area apparent resistivity curve of the A type geo-electric model 

 

Figure 14. Whole area apparent resistivity curve of the Q type geo-electric model 
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Figure 11~14 show the whole area apparent resistivity curves of the H-type, K-

type, A-type and Q-type geo-electric models with the second-layer thickness changing. 

As can be seen, the whole area apparent resistivity curve can well reflect the electrical 

features of the formation; with the thickness of the second layer increasing, the 

differences become more significant - the electrical response characteristics of the 

second layer are enhanced, and the response amplitude of the whole area apparent 

resistivity curve increases. Among the four models, the H-type sees the most obvious 

response amplitude of the whole area apparent resistivity curve. 

(3) Geo-electric model with the first-layer, the second-layer and the third-layer 

resistivity and thicknesses changing. Considering the H-type whole area apparent 

resistivity curve has the most obvious response amplitude, this paper designs an H-

type three-layered geo-electric model with the first-, second- and third-layer resistivity 

and thicknesses changing. The model parameters are shown in Table 3. 

Figure 15~18 show the whole area apparent resistivity curves of the H-type and 

K-type geo-electric models with the first, second and third-layer resistivity and 

thicknesses changing, respectively. As can be seen, as the thickness of the first layer 

decreases, the initial section of the whole area apparent resistivity curve becomes 

more affected by the second-layer resistivity, the whole area apparent resistivity curve 

reflects the electrical information of the second layer earlier, and the response 

amplitude gradually increases; as the second-layer resistivity decreases, the response 

amplitude of the whole area apparent resistivity curve becomes larger; as the thickness 

of the second-layer increases, the response amplitude also becomes larger; and as the 

third-layer resistivity increases, the response amplitude also increases. 

Table 3. Parameters of the three-layered geo-electric model with the first-, second- 

and third-layer resistivity and thicknesses changing 

Model type 
ρ1 

(Ω·m) 
h1  
(m) 

ρ2(Ω·m) 
h2  
(m) 

ρ3 
(Ω·m) 

H 100 20,50,80,120,150 10 100 100 

H 100 100 5,10,20,50,80 100 100 
H 100 100 10 100 100,200,500,800,1000 

H 10 100 100 5,10,2050,100 100 

 

Figure 15. Whole area apparent resistivity curve of the H-type model with the first-

layer thickness changing 
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Figure 16. Whole area apparent resistivity curve of the H-type model with the 

second-layer resistivity changing 

 

Figure 17. Whole area apparent resistivity curve of the H-type model with the third-

layer resistivity changing 

 

Figure 18. Whole area apparent resistivity curve of the H-type model with the 

second-layer thickness changing 
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6. Conclusions 

(1) The calculation results of the model show that the calculation method for the 

vertical magnetic field and the whole area apparent resistivity of the circular loop 

source over the layered medium is correct and effective; 

(2) Through the calculation of different geo-electric models, it is found that the 

whole area apparent resistivity curve can well reflect the electrical features of the 

formation, and that the response magnitude of the H-type geo-electric model is the 

most significant; 

(3) The whole area apparent resistivity curve has higher resolution for low 

resistance, and the lower the resistance, the greater the response amplitude and the 

larger the thickness of the layered medium. 

(4) The circular loop device and the whole area apparent resistivity calculation 

method provide a solid theoretical basis for improving the mine TEM coils and the 

detection accuracy. 
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