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Abstract: In order to improve the exploration effect of deep non-ferrous mineral resources, multi-channel observation methods for 
induced polarization (IP) electrical sounding data and their inversion imaging technology are studied. First of all, four multi-channel 
observation methods are developed based on conventional IP electrical method, namely three-electrode and four-electrode arrays of 
unilateral and bilateral current transmitting. Then the maximum smoothness constrained inversion method of the least squares sense 
for IP electrical sounding data is proposed, and the inversion software is programmed. Finally, the simulation and inversion results of 
geo-electrical model for the proposed observation methods are analyzed. And the comparison results show that three-electrode array 
of bilateral current transmitting gives the best result, but the intensity in field work is larger than others; unilateral three-electrode and 
four-electrode arrays give the better results. Taking detection results and convenience of field exploration work into consideration, 
these two methods are more suitable for practical application; bilateral observation method of four-electrode array is not suitable for 
the detection of the steep ore bodies. 
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1 Introduction 
 

At present, electromagnetic sounding methods 
widely used in the exploration of deep mineral deposit, 
water resources and engineering are audio 
magnetotelluric method (AMT), controlled source audio 
magnetotelluric method (CSAMT), high-frequency 
magnetotelluric imaging method (EH-4) and transient 
electromagnetic method (TEM). Compared with 
geometric sounding methods, these methods have 
advantages of high efficiency, not shielded by high 
impedance layer, higher resolution for low resistivity 
layer and so on. And these methods are applied 
successively in these areas [1−5]. In near-surface 
application, from dozens of meters to several hundred 
meters, DC electrical methods, such as high-density 
resistivity, vertical resistivity sounding and IP electrical 
sounding, have obvious advantages of easy operation, 
low cost and relatively sophisticated quantitative 
inversion interpretation. These methods can obtain 

information at different depths by increasing the spacing 
between the current electrodes. However, for deep 
geological target, traditional observation of these 
methods (i.e., current electrode spacing is increased 
exponentially, potential electrode spacing is fixed or 
increased appropriately), has problems in survey 
efficiency with a high cost [6]. To this point of view, it is 
necessary to extend the existing electrical sounding 
methods with multi-channel techniques to achieve high 
data acquisition efficiency. 

In this work, an IP electrical sounding multi-channel 
observation system for three-electrode (AMN, MNA) 
and four-electrode (ABMN, AMNB) arrays is introduced. 
A receiver system with multi-channels is designed to 
improve the field data acquisition efficiency. During the 
survey, potential electrodes, P1, P2, … , Pn, along a 
survey line are set up once at a time. The spacing 
between the adjacent electrodes is determined by the size 
and depth of buried target, which can vary from a few 
meters to even hundreds of meters. The spacing can be 
equal or unequal to only coordinates of the electrode  
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position recorded. The transmitted system is the same as 
traditional one with the positive and negative current 
electrodes, placed within potential electrodes, or on one 
or both sides of them. Three-electrode and four-electrode 
arrays are re-divided into unilateral and bilateral current 
electrode mode for convenience in application. In order 
to obtain information on shallow target, current 
electrodes are placed within potential electrodes. Finally, 
these observation methods are proved to be feasible and 
effective by simulation and inversion of geological 
models, which can be widely used in deep target 
exploration. 
 
2 Multi-channel observation methods for 

three-electrode array 
 
2.1 Unilateral mode of three-electrode array 

Multi-channel observation method for three- 
electrode array is shown in Fig. 1. We may choose this 
method when the transmitting electrodes are difficult to 
be arranged on one side of the receiving array. During 
the survey, all potential electrodes are placed along the 
survey line. The current electrodes inject current into the 
underground with the negative electrode located 
sufficiently far from the survey line (usually more than 
five times of the maximum distance CP ). The survey 
starts with the positive current electrode placed at the 
midpoint of potential electrodes P1 and P2. All receiver 
channels are used to collect the response simultaneously, 
and the recording points are the midpoints of potential 
electrodes, with exploration depth equal to the distance 
between potential electrodes and current electrode. This 

process is repeated down to the midpoint of Pn−1 and Pn, 
and the measurement within potential electrodes is 
completed. To increase the exploration depth, the current 
electrode C is moved far away gradually by the way of 
exponentially increasing the spacing from the previous 
current electrode position. During the movement of the 
current electrode, current electrode points can be 
densified appropriately when anomalous data are 
observed, and also can be rarefied in places where 
houses, cliffs or other obstacles exist. After the sequence 
of such measurement completed, the whole receiving 
array is moved forward a distance of P1Pn (the distance 
between points P1 and P2), and the current electrode 
moves backward to the middle point of updated points P1 
and P2, from the position of last sequence in the reverse 
manner as the previous survey. The whole survey is 
carried out by repeating the above process. Compared 
with traditional methods, its efficiency of data collection 
can be greatly improved. 
 
2.2 Bilateral mode of three-electrode array 

Bilateral multi-channel observation for three 
electrode array is shown in Fig. 2. Compared with the 
unilateral mode, the amount of work is almost doubled, 
but the information obtained about the underground is 
nearly doubled as well, and the ability of distinguishing 
anomalies will be enhanced. The current electrodes can 
start at any middle position of two neighbor potential 
electrodes within the receiving array, then moves 
backward and/or forward. When the current electrodes 
are outside the current electrode array, they move in the 
same manner as the unilateral mode. Once the series of 

 

 
Fig. 1 Unilateral measurement configuration for three-electrode array 
 

 
Fig. 2 Bilateral measurement configuration for three-electrode array 
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measurement are completed, the whole receiver array is 
moved forward as the unilateral mode. The new 
measurement is carried out by moving the current 
electrodes back to any middle point of two neighbor 
potential electrodes in the reverse manner as the  
previous measurement sequence. Then repeat the above 
process. 
 
3 Multi-channel observation methods for 

four-electrode array 
 
3.1 Unilateral mode of four-electrode array 

Traditional dipole−dipole measurement, with 
spacing between current electrode pair equal to that of 
potential electrode pair, is used to detect deep structures 
via increasing the distance between current and potential 
electrodes 1BP . Whereas, as the separation coefficient 
defined by ABBP /1  increases, the observed signal is 
attenuated gradually with extraordinary weak signal for 

ABBP /1 =10, which makes it unsuitable for deep 
geological exploration. In this section, the spacing AB , 
with 21/ PPAB =n, between two current electrodes is 
increased to improve the signal-to-noise ratio, and 
geology information at greater depth can be obtained by 
increasing the distance from the current electrode B to 
the potential electrode P1 with 211 / PPBP =m, as shown 
in Fig. 3. With appropriate m and n, the four-electrode 
array can be extended to map the subsurface resistivity 
distribution at great depth. 
 

 
Fig. 3 Unilateral measurement configuration for four-electrode 
array 
 

During the survey, when each time current is 
injected into the underground, potential electrodes of n 
channels with an interval of a for neighbor electrodes, 

are used to carry out the measurement along the survey 
line simultaneously, with AB =n·a, 1BP =m·a. After the 
measurement, both current and potential electrodes are 
moved together along the survey line, by a distance of a, 
and the measuring process is repeated until the survey 
line is completed. However, in practice, it may be 
difficult to move the whole electrodes, along the survey 
line. This can be solved by moving the current electrodes 
by a distance of a, and removing one potential electrode 
at one end close to the transmitter and placing one on the 
other end. When the electrodes A and B inject current 
into the underground and the adjacent potential 
electrodes Pi and Pi+1 receive signal, generally, apparent 
horizontal position of data point is (xA+xB+xPi+xPi+1)/4 or 
(xB+xPi)/2, with apparent vertical exploration depth equal 
to (xA+xB−xPi−xPi+1)/4. However, this recording way of 
apparent position can result in the offset of anomaly in 
the transverse direction when the spacing of AB  is 
relatively large. 
 
3.2 Bilateral mode of four-electrode array 

Bilateral multi-channel observation system is 
illustrated by Fig. 4. Firstly, all the potential electrodes 
are placed along the survey line, and measurements are 
carried out for each movement of the two current 
electrodes, towards two opposite directions from the 
middle of the potential electrode array. Inside the array, 
in order to obtain shallow information of the 
underground, the current electrode spacing increases 
arithmetically. Outside the array, it increases 
logarithmically or exponentially, which depends on the 
data information. The data point measured is horizontally 
recorded at the midpoint of the adjacent potential 
electrodes, O, and the vertical apparent depth is the 
minimum distance of AO (the distance between the 
current electrode A and O) , BO (the distance between 
the current electrode B and O) 
 
4 Two-dimensional inversion imaging of IP 

sounding 
 

Generally the inversion of IP sounding is divided 
 

 
Fig. 4 Bilateral measurement configuration for four-electrode array 
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into two steps: firstly, complete the inversion of 
resistivity data [7], and then complete the inversion of 
polarizability data on the basis of the fixed underground 
resistivity parameters. For resistivity inversion, the linear 
inversion equation of resistivity can be expressed as 
 
A∆m=∆d                                    (1)  
where ∆d is the data residual vector, namely, the 
difference between the measured apparent resistivity and 
the simulated apparent resistivity in the logarithm 
(∆di=ln ρai−ln ρci, i=1, 2, …, N); ∆m represents the 
correction vector of the model parameter (∆mj=ln ρi, j=1, 
2, … , M); A is the partial derivative matrix (aij=     
∂ln ρci/∂ln ρj); ρj is the resistivity of the jth node. 

For 2D inversion process of IP electrical sounding, 
the problem in Eq. (1) is often underdetermined. To 
improve the stability of the inversion process and the 
accuracy of the solutions, some constraints are required 
to be introduced into the model space [8,9]. The overall 
constraint can be expressed as 
 

2 T
2( [ ( )] [ ( )]mΦ = + Δ = + Δ + ΔC m m C m m C m m)    (2) 

 
where m is the vector of model parameter; C is the 
Thkhonov stabilization operator which usually is given 
in the form of differential, integral, and matrix. The 
elements of the one-order stabilization operator in matrix 
form can be defined as [10−12]  
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0,   else
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where l is the number of adjacent nodes which are 
connected to the node i and rij is the distance between the 
node i and j. Combining Eq.(1) with Eq.(2), the objective 
function Φ in the least square sense can be constructed as 
[13] 
 

22
2 2

)(Φ λ= Δ − Δ + + Δd A m C m m              (3) 
 

For the right side of Eq. (3), the first item is the 
fitting difference in the data space, and the second item is 
functional constraint of the model space; λ is the 
regularized factor. Then the following least-square linear 
inversion equation can be derived by differentiating both 
sides of Eq. (3) and setting to zero, 
 

T T T T( )λ λ+ Δ = Δ −A A C C m A d C Cm             (4) 
 

The model parameter modification vector ∆m can 
be calculated by solving Eq. (4) with the variable 
damping conjugate gradient method [14], which is 
substituted into the following formula: 

( ) ( 1)k k μ−= + ⋅Δm m m                         (5) 
 

A new forecasting model parameter vector m(k) will 
be obtained. And μ is the correction step, which can be 
obtained by golden section linear searching method [12]. 
The above process is repeated until the root-mean- 
square error between the measured and the simulated 
data meets the requirements. The root-mean-square error 
can be expressed as 
 

TRMS n= Δ Δd d  
 

For polarizability inversion, according to the Seigel 
induced polarization theory [15], it is assumed that the 
geoelectrical model can be described by the two physical 
parameters, namely the conductivity σ(x, y, z) and the 
polarizability η(x, y, z). The polarizability is defined in 
the interval [0, 1], whose variation is much smaller than 
that of the conductivity. So assuming that the apparent 
resistivity ρa is the function based on the conductivity σ(x, 
y, z) as independent variables. When induced 
polarization exits on the subsurface, it can be expressed 
as 
 

*
a a [ (1 )]ρ ρ σ η= −                            (6) 

 
where *

aρ  is the equivalent apparent resistivity, and η is 
the polarizability. Again assuming that the underground 
model consists of M pieces of rock and ore with different 
σj and ηj (j=1, 2, …, M). The right side of Eq. (6) is 
unfolded by Taylor series with respect to conductivity σ, 
and then the item is omitted which is higher than second 
order. So *

aρ  can be described as 
 

* a
a a a

1
( ) ( )

M

j j
jj

ρ
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Then, according to the equivalent apparent 

resistivity formula, the response can be given as 
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After the second approximation, Eq. (8) can be 

written as  
a a

a
a

ln
ln

j
j j

j jj j

σ ρ ρ
η η η

ρ σ σ
⋅∂ ∂

≈ − = −
⋅∂ ∂∑ ∑             (9) 

 
So, the response on the point ith is [16]  

a a
a

ln ln
ln ln

i i
i j j ij j

j jj j
A

ρ ρ
η η η η

σ ρ
∂ ∂
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i=1, 2, …, N                          (10) 
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The linear approximation relationship Aij between 
the polarizability and the apparent polarizability is the 
partial derivative of the observed apparent resistivity to 
the model resistivity, which has been obtained after the 
resistivity inversion ends. Equation (10) can be written as 
 

a=Aη η                                    (11) 
 
where ηa is the measured apparent polarizability and η is 
the vector of model parameters. Similarly, based on the 
regularized resistivity inversion method, background 
smooth constraint information ηb is introduced into Eq. 
(11) and the linear inversion equation can be expressed 
as [17] 
 

T T T T
a b( )λ λ+ = +A A C C η A η C Cη              (12) 

 
The parameter η will be obtained by solving Eq. (12) 

with conjugate gradient method and the amount of 
calculation is small. 

The computing procedure of 2D inversion of IP 
sounding can be summarized as shown in Fig. 5. 
 
5 Calculation and analysis of model 
 

For further comparative analysis on the detecting 
capacity of four multi-channel observation methods, 
numerical simulation and inversion imaging of a 

geoelectric model are carried out as follows. It is 
assumed that there is a tilt vein orebody with resistivity 
of 5 Ω·m, and polarizability of 10% in the underground 
half-space. The resistivity is 100 Ω·m and polarizability 
is 2% on the overlying strata of orebody. The resistivity 
and polarizability of surrounding rock beneath the 
orebody are 500 Ω·m and 3% respectively; the resistivity 
and polarizability of near-surface formation are 50 Ω·m 
and 1% respectively. The details for the geoelectric 
model are shown in Fig. 6(a). 

Receiver system of this model comparison test has 
21 channels, which are placed along the survey line from 
0 to 800 m at equal interval of 40 m. Taking the 
complexity and variability of field work in practice into 
consideration, transmitter system is designed as 2 
channels, and the current point gradually increases from 
the minimum spacing, 602/ =AB m to the maximum 
spacing, 30002/ =AB  m. After the data acquisition of 
a receiving array accomplished, the receiving array can 
be moved forward depending on the exploration 
requirements. If necessary, the current point should 
gradually reduce from the maximum spacing to the 
minimum spacing, and then data acquisition of 40 IP 
sounding points are completed. Compared with 
conventional vertical electrical sounding methods, its 
efficiency can be improved by 20 times. 

 

 
Fig. 5 Flow chart of 2D inversion imaging of IP electrical sounding data 
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Fig. 6 Pseudo section for different observation methods: (a) True model; (b), (c) Apparent resistivity and apparent polarizability 
respectively for right unilateral multi-channel observation of three-electrode array; (d), (e) Apparent resistivity and apparent 
polarizability respectively for corresponding left unilateral observation; (f), (g) Apparent resistivity and apparent polarizability 
respectively for left unilateral multi-channel observation of four-electrode array; (h), (i) Apparent resistivity and apparent 
polarizability respectively for corresponding bilateral observation 
 

Based on the geoelectric model shown in Fig. 6(a), 
the finite element method is applied to simulating 
apparent resistivity and apparent polarizability data of 
four observation methods above, and plot pseudo-section 
maps, as shown in Figs. 6(b)−(i). The figures show that 
pseudo section for four observation methods reflect the 
existence of underground anomalous structure, but the 
buried depth and shape of the anomalous body are 
obscure, especially the vertical resolution is lower. In the 
aspect of deduction and interpretation of the buried scope 
of the ore body, it is difficult to obtain reliable 
interpreted results by only analyzing the pseudo-section 
maps of apparent resistivity and apparent polarizability. 

In order to improve the detection results of the four 

exploration methods, 2D inversion imaging of simulated 
IP data shown in Figs. 6(b)−(i) are carried out by the 
method described here and the results are shown in Figs. 
7(a)−(h). The results show that bilateral multi-channel 
observation methods for three-electrode array give the 
best result on the buried depth and shape of anomalous 
body. The main reason is that it belongs to a differential 
device, the lateral resolution is high and the quantity of 
observed data is relatively large, which is substantially 
twice that of other observation devices. Unilateral 
multi-channel methods for three-electrode and four- 
electrode array give better results. Taking these   
aspects into consideration, such as detection results   
and convenience of field exploration work, these two 
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Fig. 7 Inversion section of resistivity and polarizability data of different observation methods for Fig. 6: (a), (b) Inversion section of 
resistivity and polarizability respectively for right unilateral multi-channel observation of three-electrode array; (c), (d) Inversion 
section of resistivity and polarizability respectively for corresponding left unilateral observation; (e), (f) Inversion section of 
resistivity and polarizability respectively for left unilateral multi-channel observation of four-electrode array; (g), (h) Inversion 
section of resistivity and polarizability respectively for corresponding bilateral observation 
 
methods are worth widely using in practice. Bilateral 
multi-channel observation methods for four-electrode 
array give relatively poor results and lower lateral 
resolution, which is decided by the features of integral 
observation device itself and it is not suitable for the 
detection of the steep orebody. For unilateral observation 
method of four-electrode array, in order to further 
improve its detection results through obtaining the 
optimum coupling between observation device and 
abnormal body, so some research work on how to make 
reasonable choice of coefficients m and n according to 
the approximate depth of underground objects needs to 
be done. 

 
6 Conclusions 
 

1) Unilateral and bilateral multi-channel observation 
methods for three-electrode and four-electrode arrays are 
developed, and the efficiency of data acquisition can be 
improved greatly. 

2) Modeling results show that observation methods 
proposed are able to demonstrate the existence of 
underground anomalous structure. However, the buried 
depth and shape of the underground target are relatively 
vague. For the four observation modes, inversion 
imaging interpretation of simulated IP data is carried out. 
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Inversion results show that bilateral multi-channel 
observation method for three-electrode array gives the 
best result, but the intensity in field work is larger than 
others; unilateral multi-channel methods for three- 
electrode and four-electrode arrays give better results. 
Taking detection results and convenience of field 
exploration work into consideration, the methods are 
suitable for practical application; bilateral multi-channel 
observation method for four-electrode array gives 
relatively poor results, especially it is not suitable for the 
detection of the steep orebodies. In the field applications 
of the four observation methods, it will be a better 
solution to the exploration problems for mineral 
resources with great depth by means of taking the site 
conditions and the occurrence of orebodies into 
consideration, and combing with the present inversion 
imaging technology. 

3) For unilateral mode of four-electrode array, 
which belongs to a differential device, it has a relatively 
high lateral resolution for anomalous bodies. However, 
for underground objects at different depth, choices of 
coefficients m and n, and arrangement of the current 
electrodes A and B will influence the exploration effect, 
which needs still further study. 
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激电测深多通道观测方法及反演成像 
 

刘海飞 1,2，柳建新 1,2，郭荣文 1,2，童孝忠 1,2，龚 露 1，彭艳华 1 

 
1. 中南大学 地球科学与信息物理学院，长沙 410083； 

2. 中南大学 有色资源与地质灾害探查湖南省重点实验室，长沙 410083 
 

摘  要：为了改善中深部有色金属矿产资源的勘探效果，对激电测深多通道观测方法及反演成像技术展开研究。

首先，提出 4 种多通道观测方法，包括单边和双边供电的三极和四极模式。然后，给出最小二乘意义下激电测深

最大光滑约束反演方法，编制反演程序。通过对模拟和反演结果进行分析，双边供电的三极观测方法勘探效果最

佳，但野外工作强度较大；单边供电的三极和四极观测方法的勘探结果较好，从探测效果及野外施工的角度考虑，

它们更适合于实际应用；双边供电的四极观测方法不适于探测产状较陡立的脉状矿体。 

关键词：激电测深；多通道观测；中深部勘探；反演成像 
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