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Abstract: The inversion results of complex resistivity method are four Cole-Cole model parameters. Among the four 

parameters, the frequency dependence and the time constant are more difficult to invert. It is necessary to study an algorithm that 

can invert the four Cole-Cole model parameters at the same time. In this paper, the least squares and OCCAM inversion 

algorithms are used to invert four Cole-Cole model parameters. In other words, two model constraints are added to the objective 

function. When inverting different Cole-Cole model parameters, the real and imaginary parts of the data are weighted to adjust 

the proportion of real part and imaginary part of data in inversion. Firstly, the formula of the algorithm is deduced. Then the 

theoretical models are designed for inversion trial calculation. In the inversion process, the inversion converges steadily by 

adjusting the Lagrange factor, and the inversion effect is improved by adjusting the weighting coefficients of real part and 

imaginary part. This method can get better inversion results by adjusting the proportion of the real and imaginary parts of the data 

in the inversion. The model trial results show that the weighting inversion algorithm significantly improves the results of the 

inversion of the four Cole-Cole parameters. 

Keywords: Spectral Induced Polarization, Cole–Cole Model Parameters, Occam Inversion, The Least Squares Inversion, 

Weighting Inversion 

 

1. Introduction 

Spectrum induced polarization (SIP), also known as 

complex resistivity method (CR), is widely used in 

environmental and engineering, mineral and land pollution 

exploration, and based on the difference of electrochemical 

properties between rocks and ores. The characteristic of this 

method lies in the abundant parameters used for interpretation. 

Pelton [11] published a famous paper "Removal of 

electromagnetic coupling and recognition of ore-bearing 

anomalies in multi-frequency IP". Cole-Cole model is 

introduced into geophysics. Cole-Cole model and its 

combination are used to fit the induced polarization and 

electromagnetic coupling, thus laying the foundation of SIP, 

and he thought that the frequency dependence c and the time 

constant τ could be used to distinguish mineral from 

non-mineral. put forward the theory that the approximate 

formula is used as the forward model to obtain the true 

parameters of SIP from a measuring point. Liu Song et al. [6] 

considered that, because of the existence of equivalence, it is 

impossible to obtain the true Cole-Cole parameters except the 

frequency dependence by inverting a observation SIP 

spectrum, if we have no additional information. So a method 

of joint inverting the true parameters using the spectrum of 

two or more observation points is proposed and the inversion 

calculation of the true SIP spectrum parameters of ellipsoidal 

polarizable body is realized, but the effect of electromagnetic 

coupling is not considered. Ghorbani et al. [1] used the real 

and imaginary parts of complex resistivity to directly invert 

the Cole-Cole model parameters on the premise of considering 

electromagnetic coupling. First, he inverted one-dimensional 

direct current sounding using the amplitude data of complex 

resistivity observed at low frequencies, and obtained the 

resistivity model is acted as the initial model of the resistivity 

in SIP inversion, after that, invert four Cole-Cole model 

parameters at the same time. On the basis of neglecting the 

electromagnetic coupling effect and fixed zero-frequency 

resistivity, Yu Libo [14] adopted the damped least squares to 
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invert the other three Cole-Cole model parameters by using 

phase. On the basis of neglecting the electromagnetic coupling 

effect, Zhou Feng [15] improves the algorithm of Ghorbani et 

al. [1]. In complex resistivity inversion, he regards the 

resistivity model obtained by DC inversion as the initial model 

of zero-frequency resistivity. After that he no longer updated 

the zero-frequency resistivity parameter and invert 

chargeability m, the frequency dependence c and the time 

constant τ by using phase of complex resistivity. Fan Cuisong 

[3] proposed a joint inversion algorithm of electric field 

amplitude and phase, and simultaneously inverted four 

Cole-Cole parameters. 

Because the real part and imaginary part of complex 

resistivity are different in sensitivity to different Cole-Cole 

parameters, and the order of magnitude of the real part is 

generally much larger than that of the imaginary part. This 

often results in that the degree of imaginary part fitting is still 

very low when the fitting error has reached the preset 

threshold value, and it cannot obtain the desired results of the 

frequency dependence c and the time constant τ which have a 

greater impact on the imaginary part of complex resistivity. In 

order to solve this problem, based on the consideration of 

electromagnetic coupling, a weighting inversion algorithm 

using the real and imaginary parts of complex resistivity is 

proposed. It is adopted that inverting zero-frequency 

resistivity ρ0 and chargeability m firstly, then inverting the 

frequency dependence c and the time constant τ. The inversion 

algorithm is deduced, and then test several theoretical models 

show on the stability and superiority. 

2. D Weighting Inversion of Real and 

Imaginary Parts of SIP Data 

2.1.    Damped Least Squares Inversion Theory 

When calculating the inversion problem of complex 

resistivity, we set it on a field electrical layout with N 

observation data di, defined mi as one of Cole-Cole 

parameters, i=1,2,···M, defined M as the number of layers of 

underground model, defined F(m) as the forward data, and 

defined Wd as the covariance matrix of observation data. Its 

structure is as follows: 
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According to Shang Tongxiao [13], the objective function 

Φ is defined as follows: 

( ) ( )T

d dΦ    = − −   W d F(m) W d F(m)      (2) 

Define model constraints as follows: 

( ) ( )T

mΦ ∆ ∆α m m=                  (3) 

In the formula, α is the damped factor. 

This paper modifyed the objective function to: 

d mΦ Φ Φ= +                      (4) 

Taylor's expansion of forward data F(m) is as follows: 

k kF(m ∆m) F(m ) J ∆m+ = + ⋅            (5) 

In the formula, mk is the initial model of the first iteration, J 

is the Jacobian matrix, whose element is i k
ij

j

F (m )
J

m
= , ∆m

 

is the modification of the model. 

By introducing formula (5) into formula (4), the linearized 

objective function is obtained: 

( ) ( ) ( ) ( )T T

d dΦ ∆ ∆ α ∆ ∆W d F(m) J m W d F(m) J m m m   = − − ⋅ − − ⋅ +     (6) 

From the above formula, we can see that the function Φ  is 

function of variables ∆m , and we take the extreme condition 

for the objective function, as follows: 

0
∆m

∂ =
∂

Φ
                    (7) 

It is simplified and gained the damped least squares linear 

inversion equation: 

( ) ( ) ( ) ( )( )
1

T

d d d k∆ αm W J W J I W J d F m
−

 = + −  
 (8) 

Given the initial model km , the model modification ∆m  
can be obtained from the formula (8), and the next iteration 

k 1 k ∆m m m+ = +
 
as a new initial model can be obtained until 

the fitting difference is less than the pre-given threshold value, 

k 1m +  is the final inversion result. 

2.2. 1D Weighting Inversion of Real and Imaginary Parts of 

SIP Data 

The preceding deduction is carried out in the complex field. 

According to Fan Cuisong's [3] theory, the method in the 

complex field has strong multi-results. He proposed the 

method of joint inversion of electric field amplitude and phase, 

and achieved certain results. However because different 

amplitudes and phases of electric fields has different levels of 

sensitivities to Cole-Cole parameters, the results of the 

frequency dependence c and the time constant τ obtained by 

inverting four Cole-Cole parameters simultaneously under 

equal weights of electric field amplitude and phase are 

sometimes not particularly ideal. Based on Fan Cui-song's [3] 

joint inversion, this paper proposed a method, the weighting 

inversion by using real and imaginary parts of observation 

complex resistivity to invert the zero-frequency resistivity and 

chargeability first, and then to invert the frequency 

dependence and time constant. In these two processes, 
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different weighting coefficients are taken. The inversion 

objective function is established as follows: 

1 Re 2 ImΦ λ Φ λ Φ= ⋅ + ⋅              (9) 

In the formula, ReΦ
 

and ImΦ  respectively represent the 

objective functions of the real part and the imaginary part of 

complex resistivity, 1λ  
an d 2λ

 

are weighting coefficients. 

Among them, ReΦ and ImΦ  is as follows particularly: 

( ) ( )

( ) ( )

T
Re Re

Re d Re Re d Re Re
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Im Im

Im d Im Im d Im Im
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Φ

    = − −    

    = − −
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In the formula, Red  and Imd  respectively are the real part 

and the imaginary part of the observation data, ( )ReF m  and 

( )ImF m  respectively are the real part and the imaginary part 

of the forward data, Re
dW

 

and Im
dW

 

respectively are the 

covariance matrix of the real part and the imaginary part of the 

observation data. 

According to the theory of the previous chapter, model 

constraints ( ) ( )T

mΦ α= ∆m ∆m
 

are added to the objective 

function and the formula (2.9) is rewritten as follows: 

Re Im mΦ Φ Φ Φ1 2λ λ= ⋅ + ⋅ +          (11) 

Referring to the deduction process of the damped least 

squares inversion mentioned above, the (11) formula is 

linearized and approximated, and then under the premise of

0
m

∂Φ =
∂∆

, the linear equations of the weighting inversion are 

obtained, as follows: 
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In the formula, ReJ and ImJ  which are the Jacobian 

matrices of the real part and the imaginary part of the SIP data 

respectively, will be obtained by method of difference. 

The fitting difference of each iteration of inversion 

is defined as: 

*
Re ImΦ Φ Φ= +                (13) 

3. Inversion Results and Analysis 

3.1. Damped Least Squares Inversion Results and Analysis 

In this section, we will test the effectiveness and superiority 

of the weighting inversion algorithm by calculating several 

theoretical models. In the following two examples, the 

observation SIP data are both real and imaginary parts of 

observation complex resistivity, and the dipole-dipole 

measuring device is adopted. The number of array is 1, each 

array has 30 measuring points, and the length from 

transmitting to receiving dipole is 100m. There are seven 

observation frequencies, respectively: 0.0001Hz, 0.001Hz, 

0.01Hz, 0.1Hz, 1Hz, 5Hz, 10Hz. 

This paper uses two-step inversion method that the 

inversion consists of two steps: the first step is to invert the 

zero-frequency resistivity and chargeability without changing 

the values of the fixed time constant and frequency 

dependence. The second step is to invert the frequency 

dependence and time constant by taking the inversion results 

of the first step as the initial model and without changing the 

values of the zero-frequency resistivity and chargeability. 

Table 1. Polarization model of two layers. 

parameters 
Zero-frequency resistivity chargeability time constant frequency dependence Layer thickness 

ρ1 ρ2 m1 m2 τ1 τ2 c1 c2 h1 h2 

true value 50 300 0.3 0.7 5 15 0.15 0.3 300 +∞ 

Initial 1 10 10 0.45 0.45 10 10 0.2 0.2 300 +∞ 

Initial 2 10 10 0.45 0.45 15 5 0.3 0.15 300 +∞ 
Initial 3 10 10 0.45 0.45 8 8 0.18 0.18 300 +∞ 

Initial 4 10 10 0.45 0.45 2 5 0.35 0.25 300 +∞ 

Fitting deference of initial 1 0.0247 

 
(Fitting difference is one after inversion of the second step) 

Figure 1 to Figure 2 show the inversion results of 

zero-frequency resistivity 0ρ and chargeability m when the 

initial values of frequency dependence c
 

and time constant 

τ
 

are different. When the weighting coefficients are taken as 

follows: 1 100000=λ , 2 1=λ , fixed frequency dependence 

and time constant are unchanged, and only zero-frequency 

resistivity 0ρ  and chargeability m
 

are inverted. 

Table 1 shows that the initial values of zero-frequency 

resistivity 0ρ
 

and chargeability m are the same in initial 

model 1 to initial model 4, but the initial values of time 

constant τ
 

and frequency dependence c
 

are different. In 

this case, without changing the values of time constant τ and 

frequency dependence c , the zero-frequency resistivity 0ρ
and chargeability m are inverted by using the weighting 

coefficient 1 2100000, 1= =λ λ . The inversion results are 

shown in Figure 1 and Figure 2. As shown, when the initial 

values of frequency dependence and time constant are 

different, inversion results of zero-frequency resistivity and 

chargeability are still ideal. It shows that this two-step 

inversion method is feasible. 
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The inversion examples calculated above are all carried out 

under the condition that the difference between the initial 

value and the true value of each parameter is not large in a 

certain range. When the difference between the initial value 

and the true value of the model is too large, the inversion often 

falls into the local minimum, which is caused by the defect of 

the damping least square method itself. Based on the above 

analysis, we uses two-step inversion method to calculate the 

following inversion examples, that is, first to invert 

zero-frequency resistivity 0ρ
 

and chargeability m , second 

to invert frequency dependence c
 

and time constant τ . 

The first step: the values of fixed frequency dependence c  
and time constant τ are unchanged. Four different weighting 

coefficients are applied to real and imaginary objective 

functions. The weights are 1 100000=λ and 2 1=λ , 1 1=λ  

and 2 1=λ , 1 1=λ  and 2 100=λ , 1 1=λ  and 

2 100000=λ , respectively. The inversion results of 

zero-frequency resistivity and chargeability are shown from 

Figure 3 to Figure 4. 

The second step: as can be seen from Figure 3 to Figure 4, 

the inversion results of zero-frequency resistivity and 

chargeability are the closest to the true values when weighting 

coefficients 1 2100000, 1= =λ λ
 

are used. Therefore, the 

inversion results at this time are taken as the initial model 

values of zero-frequency resistivity and chargeability 

respectively and fixed, and began the second step to invert 

frequency dependence and time constant. Four different 

weighting coefficients, 1 100000=λ and 2 1=λ , 1 1=λ  

and 2 1=λ , 1 1=λ  and 2 100=λ , 1 1=λ  and 

2 100000=λ , are used in the second step inversion. The 

inversion results of frequency dependence and time constant 

are shown from Figure 5 to Figure 6. 

When the weighting coefficient is 1 2100000, 1= =λ λ  in 

the first step inversion and the weighting coefficient is 

1 21, 100000= =λ λ  in the second step inversion, the final 

fitting of the observation data and forward data is shown from 

Figure 7 to Figure 8. 

In Figure 3 to Figure 6, the abscissa is depth, and the 

ordinate is zero-frequency resistivity, chargeability, frequency 

dependence and time constant, respectively. In Figure 7 to 

Figure 8, the abscissa represents half of the length of the 

transmitter dipole AB, and the ordinate represents the real part 

and the imaginary part of the observation data (complex 

resistivity), respectively. 

 

Figure 1. The inversion results of the resistivity of two layers polarization model with different initial models. 

 

Figure 2. The inversion results of the chargeability of two layers polarization model with different initial models. 



 Earth Sciences 2019; 8(3): 178-189 182 

 

 

1 2 1 2 1 2 1 2(a). 100000, 1; (b). 1, 1; (c). 1, 100; (d). 1, 10000= = = = = = = =λ λ λ λ λ λ λ λ  

Figure 3. The inversion results of the resistivity of two layers polarization model with different weighting coefficients in the first initial model. 

 

1 2 1 2 1 2 1 2(a). 100000, 1; (b). 1, 1; (c). 1, 100; (d). 1, 10000= = = = = = = =λ λ λ λ λ λ λ λ  

Figure 4. The inversion results of the chargeability of two layers polarization model with different weighting coefficients in the first initial model. 

 

1 2 1 2 1 2 1 2(a). 100000, 1; (b). 1, 1; (c). 1, 100; (d). 1, 10000= = = = = = = =λ λ λ λ λ λ λ λ  

Figure 5. The inversion results of the frequency dependence of two layers polarization model with different weighting coefficients in the first initial model. 
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1 2 1 2 1 2 1 2(a). 100000, 1; (b). 1, 1; (c). 1, 100; (d). 1, 10000= = = = = = = =λ λ λ λ λ λ λ λ  

Figure 6. The inversion results of the time constant of two layers polarization model with different weighting coefficients in the first initial model. 

 

Figure 7. The iterative fitting curve of real parts of complex resistivity when 

Hz. 

 

Figure 8. The iterative fitting curve of imaginary parts of complex resistivity 

when Hz. 

Table 2. Polarization model of three layers. 

parameters 
Zero-frequency resistivity chargeability time constant frequency dependence Layer thickness 

ρ1 ρ2 ρ3 m1 m2 m3 τ1 τ2 τ3 m1 m2 m3 h1 h2 h3 

true value 500 50 500 0.3 0.6 0.3 5 20 5 0.3 0.15 0.3 200 50 +∞ 
Initial 1 10 10 10 0.05 0.05 0.05 6 10 3.9 0.25 0.25 0.25 200 50 +∞ 

Fitting deference 0.1058 

 

In the same way, four different weighting coefficients, 

1 100000=λ  and 2 1=λ , 1 1=λ  and 2 1=λ , 1 1=λ  and 

2 100=λ , 1 1=λ  and 2 100000=λ , are used to invert 

zero-frequency resistivity and chargeability without changing 

the values of frequency dependence and time constant. The 

inversion results are shown in Figure 9 to Figure 10. 

As can be seen from Figure 9 to Figure 10, the inversion 

results of zero-frequency resistivity and chargeability are the 

closest to the true values when weighting coefficients are 

1 2100000, 1= =λ λ
 used as the two-layer polarization model. 

Therefore, the inversion results of zero-frequency resistivity 

and chargeability at the first step inversion of the three-layer 

polarization model are taken as the initial model values of 

zero-frequency resistivity and chargeability respectively, and 

unchanged, then the frequency dependence and time are 

inverted. The inversion results are shown from Figure 11 to 

Figure 12. 

When 1 2100000, 1= =λ λ in the first-step inversion and 

1 21, 100000= =λ λ in the second inversion, the final fitting of 

the observation data and forward data is shown in Figure13 

and Figure14. In Figure9~12, as in the case of the two-layer 

model, the abscissa represents depth and the ordinate 

represents the value of Cole-Cole parameters. In Figure 13~14, 

the abscissa represents half of the length of the emission 

dipole AB, and the ordinate represents the real part and the 

imaginary part of the apparent complex resistivity, 

respectively. From Figure 7 and Figure 8 and Figure 13~14, it 

can be seen that the real part and imaginary part of inversion 

observation data from two-layer and three-layer models fit 

well with forward data, and the fitting error is small. 

 

0 0001f .=
0 0001f .=
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1 2 1 2 1 2 1 2(a). 100000, 1; (b). 1, 1; (c). 1, 100; (d). 1, 10000= = = = = = = =λ λ λ λ λ λ λ λ  

Figure 9. The inversion results of the resistivity of three layers polarization model with different weighting coefficients in the first initial model. 

 

1 2 1 2 1 2 1 2(a). 100000, 1; (b). 1, 1; (c). 1, 100; (d). 1, 10000= = = = = = = =λ λ λ λ λ λ λ λ  

Figure 10. The inversion results of the resistivity of three layers polarization model with different weighting coefficients in the first initial model. 

 

1 2 1 2 1 2 1 2(a). 100000, 1; (b). 1, 1; (c). 1, 100; (d). 1, 10000= = = = = = = =λ λ λ λ λ λ λ λ  

Figure 11. The inversion results of the frequency dependence of three layers polarization model with different weighting coefficients in the first initial model. 
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1 2 1 2 1 2 1 2(a). 100000, 1; (b). 1, 1; (c). 1, 100; (d). 1, 10000= = = = = = = =λ λ λ λ λ λ λ λ  

Figure 12. The inversion results of the time constant of three layers polarization model with different weighting coefficients in the first initial model. 

 

Figure 13. The iterative fitting curve of real parts of complex resistivity when 

Hz. 

 

Figure 14. The iterative fitting curve of imaginary parts of complex resistivity 

when 0 0001f .= Hz. 

It can be seen from Figure 3~4 and Figure 9~10 that the 

inversion results of zero-frequency resistivity and 

chargeability are different under different weighting 

coefficients. For two-layer and three-layer models, in the case 

of 1 2≥λ λ , because the real part of apparent complex 

resistivity is larger than the imaginary part, the real part plays 

a major role in the inversion. The weighting coefficient 

1 2100000 1= =λ λ, makes the inversion results of 

zero-frequency resistivity and chargeability slightly better 

than that of weighting coefficient 1 21 1= =λ λ,  (equal weight), 

but there is little difference. In the case of 1 2<λ λ , the 

imaginary part plays a larger role in the inversion, the 

inversion results of zero-frequency resistivity and 

chargeability are quite different from the true values, which 

can not reflect the trend of the models, and the vlue of 

chargeability appears negative. 

The above analysis shows that the real part of apparent 

complex resistivity is more sensitive to zero-frequency 

resistivity and chargeability. When inverting zero-frequency 

resistivity and chargeability, the weighting coefficient of the 

real part 1λ  should be larger than the weighting coefficient of 

the imaginary part 2λ  in order to get better results. 

As can be seen from Figure 5~6 and Figure 11~12, the 

inversion results of the frequency dependence and the time 

constant are different under different weighting coefficients. In 

the case of 1 2≥λ λ , the real part of apparent complex resistivity 

plays a major role in the inversion, and the inversion results of the 

frequency dependence and the time constant are worse than those 

when 1 2<λ λ . For the two-layer model, when 1 100000=λ , 

2 1=λ , as shown in Figure 5(a) and Figure 6(a), the inversion 

results of the frequency dependence are worse than those of the 

other three weighting cases (the largest difference from the true 

values), while the inversion of the time constant does not get the 

results that can correctly reflect the original trend of the two-layer 

theoretical model, and the pseudo-extreme value appears at the 

depth of 300 m. When 1 2 1= =λ λ , as shown in Figure 6(b), the 

inversion results of the time constant is not obvious. For the 

three-layer model, the inversion results of the frequency 

dependence can reflect the trend of the theoretical model when 

1 2 1= =λ λ , as shown in Figure 11(a) and Figure 12(b), but the 

error of the inversion results of the frequency dependence is the 

greatest compared with the other three weighting cases. The time 

constant appears obvious pseudo-extreme value at the depth of 

200m. When 1 2 1= =λ λ , as shown in Figure 11(b) and Figure 

0 0001f .=
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12(b), the inversion results of the frequency dependence can 

reflect the trend of the three-layer model, but the error is larger 

than that when 1 2<λ λ . The inversion results of the time 

constant cannot reflect the original trend of the three-layer 

theoretical model correctly, and there is a pseudo-extreme value 

at the depth of 200 m. 

When 1 2<λ λ , the imaginary part of apparent complex 

resistivity plays an increasing role in the inversion, and the 

inversion results of frequency dependence and time constant 

can well reflect the original trend of the theoretical model. 

Compared with Figure 6(c), Figure 6(d), Figure 12(c) and 

Figure 12(d), the inversion results under 1 1=λ , 2 100=λ
are slightly better than those under 1 1=λ , 2 100000=λ . It 

is speculated that this is due to the fact that the imaginary part 

of apparent complex resistivity plays a greater role in the 

inversion when 1 1=λ , 2 100000=λ . For the frequency 

dependence, we find that the inversion results under 1 1=λ , 

2 100=λ are slightly better than that under 1 1=λ , 

2 100000=λ  in the two-layer model when compared with the 

weights in Figure 5(c) and Figure 5(d). In the three-layer 

model, by comparing the inversion results of Figure 11(c) and 

Figure 11(d), we can also find that in the inversion results 

under 1 1=λ , 2 100=λ , although the value of the last layer 

is slightly different from the true value, the first two layers are 

closer to the true value. It is not known that the inversion 

results of the frequency dependence are better with respect to 

that 2λ  is larger than 1λ . 

The above analysis shows that the imaginary part of 

apparent complex resistivity is more sensitive to the frequency 

dependence and the time constant. 2λ the weighting 

coefficient of imaginary part of apparent complex resistivity 

should be larger than 1λ  the real part of apparent complex 

resistivity to obtain better inversion results of the frequency 

dependence and the time constant. 

3.2. Inversion Results and Analysis of 1D Weighting 

Inversion of Real and Imaginary Parts of SIP Data 

Containing the Regularization Constraint 

Table 3 lists the values of the parameters of the theoretical 

model. The initial inversion model is assumed to be a 

polarized homogeneous half space. Using dipole-dipole 

device to collect data, a total of 100 arrays are arranged, each 

with a channel spacing of 5m, seven transmission frequencies: 

0.00000001Hz, 0.0000000001Hz, 0.000001 Hz, 0.00001Hz, 

0.0001Hz, 0.001 Hz, 0.01Hz, respectively. The real part and 

the imaginary part of the actual observation data are obtained 

by forward modeling. Four weighting coefficients are selected 

for weighting inversion. They are: 1 2100 1= =λ λ, ,

1 21 1= =λ λ, , 1 21 100= =λ λ, and 1 21 10000= =λ λ, . 

The one by one inversion of Cole-Cole model parameters is 

used to reduce the multi-solution of inversion. The inversion is 

carried out in four steps, in order of zero-frequency resistivity, 

chargeability, frequency dependence and time constant. 

In the first step, the zero-frequency resistivity is inverted 

fixing chargeability, frequency dependenceand time constant 

unchanged (the initial value); in the second step, the 

zero-frequency resistivity obtained from the first inversion is 

taken as the initial value, and the chargeability is inverted 

fixing zero-frequency resistivity, frequency dependence and 

time constant unchanged; in the third step, the zero-frequency 

resistivity and chargeability obtained from the first two 

inversion steps are taken as the initial values. The frequency 

dependence are inverted fixing the zero-frequency resistivity, 

chargeability and time constant unchanged. In the fourth step, 

the zero-frequency resistivity, chargeability and frequency 

dependence obtained from the first three steps are taken as 

initial values, and the time constant is inverted fixing the 

zero-frequency resistivity, chargeability and frequency 

dependence unchanged. That is to say, the Cole-Cole model 

parameters obtained by the four-step inversion are 

zero-frequency resistivity, chargeability, frequency 

dependence and time constant. 

Figure 15 (a), (b), (c), (d) are the inversion results of 

zero-frequency resistivity under four weighting coefficients 

respectively. Compared with the inversion results under 

1 2100 1= =λ λ， , 1 21 1= =λ λ，  and 1 21 100= =λ λ,  are 

similar to each other, the inversion results under 

1 2100 1= =λ λ, are closest to the theoretical model, and the 

zero-frequency resistivity values of the first and third layers 

are relatively different from the theoretical model under 

1 21 10000= =λ λ, . 

Figure 16 (a), (b), (c), (d) are the inversion results of 

chargeability under different weighting coefficients. The 

inversion results under 1 2100 1= =λ λ, can better reflect the 

shape of the theoretical model, but the values of the first and 

third layers are quite different from those of the theoretical 

model; the inversion results under 1 21 1= =λ λ, are similar to 

those under 1 21 100= =λ λ, , and the inversion results under 

1 21 10000= =λ λ,  are closer to the theoretical model; when 

1 21 10000= =λ λ, , there is a pseudo-extreme value in depth 

of 25 m to 30 m. 

Figure 17 (a), (b), (c), (d) are the inversion results of 

frequency dependence under four weighting coefficients 

respectively. The inversion results under 1 2100 1= =λ λ,  can 

reflect the shape of the theoretical model, but the value of the 

first layer is quite different from that of the theoretical model; 

the inversion results under 1 21 1= =λ λ,  and 

1 21 100= =λ λ, can not reflect the shape of the three-layer 

model better. The inversion results under 1 21 10000= =λ λ,  

can better reflect the theoretical model, and the shape is 

closest to the theoretical model. 

Figure 18 (a), (b), (c), (d) are the inversion results of time 

constant under four weighting coefficients respectively. The 

inversion results under 1 2100 1= =λ λ,  fail to converge, so 

the inversion results are a straight line. The inversion results 

under 1 21 1= =λ λ, , 
1 21 100= =λ λ,  and 1 21 10000= =λ λ,  

are similar, and the inversion results under 1 21 1= =λ λ,  does 

not reflect the shape of the three-layer model obviously. 
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Table 3. Polarization model. 

Parameters 
Zero-frequency resistivity chargeability time constant frequency dependence Layer thickness 

ρ1 ρ2 ρ3 m1 m2 m3 τ1 τ2 τ3 m1 m2 m3 h1 h2 h3 

True value 500 50 500 0.2 0.3 0.2 10 15 10 0.18 0.22 0.19 150 20 +∞ 

Initial value 10 0.4 20 0.3 - - +∞ 

 

1 2 1 2 1 2 1 2(a). 100, 1; (b). 1, 1; (c). 1, 100; (d). 1, 10000= = = = = = = =λ λ λ λ λ λ λ λ  

Figure 15. The inversion results of the resistivity under different weighting coefficients. 

 

1 2 1 2 1 2 1 2(a). 100, 1; (b). 1, 1; (c). 1, 100; (d). 1, 10000= = = = = = = =λ λ λ λ λ λ λ λ  

Figure 16. The inversion results of the chargeability under different weighting coefficients. 
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1 2 1 2 1 2 1 2(a). 100, 1; (b). 1, 1; (c). 1, 100; (d). 1, 10000= = = = = = = =λ λ λ λ λ λ λ λ  

Figure 17. The inversion results of the frequency dependence under different weighting coefficients. 

 

1 2 1 2 1 2 1 2(a). 100, 1; (b). 1, 1; (c). 1, 100; (d). 1, 10000= = = = = = = =λ λ λ λ λ λ λ λ  

Figure 18. The inversion results of the time constant under different weighting coefficients. 

4. Conclusion 

On the premise of considering electromagnetic coupling, 

this paper studies the weighting inversion of real and 

imaginary parts of 1D spectrum induced polarization data, and 

draws the following conclusions: 

1. The real part and imaginary part of apparent complex 

resistivity are sensitive to different Cole-Cole parameters. The 

real part of apparent complex resistivity is sensitive to 

zero-frequency resistivity and chargeability. The imaginary 

part of apparent complex resistivity is sensitive to frequency 

dependence and time constant. The imaginary part of apparent 

complex resistivity is less sensitive to time constant than 

frequency dependence. 

2. Two-step inversion method is feasible. In the first step, 

the zero-frequency resistivity and chargeability are inverted 
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by fixing the values of frequency dependence and time 

constant unchanged. Then, the zero-frequency resistivity and 

chargeability obtained by the first step inversion are taken as 

the initial values of the second step inversion and fixed. Then, 

the frequency dependence and time constant are inverted. The 

feasibility of this method is verified by the trial calculation of 

theoretical model. 

3. Using the weighting inversion of real and imaginary parts 

of apparent complex resistivity, the proportion of real and 

imaginary parts in inversion is controlled by weighting 

coefficients. Through model trial calculation, we find that the 

results under different weighting coefficients are different. 

When inversing zero-frequency resistivity and chargeability, 

we should add more weight to the real part, and when 

inversing frequency dependence and time constant, we should 

add more weight to the imaginary part. The algorithm can 

better invert the zero-frequency resistivity and chargeability, 

and effectively improve the inversion results of frequency 

dependence and time constant, and the results are more 

reliable. 
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