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Abstract: Due to the strong electromagnetic interferences and human interference, traditional electromagnetic methods 
cannot obtain high quality resistivity data of mineral deposits in Chinese mines. The wide field electromagnetic method 
(WFEM), in which the pseudo-random signal is taken as the transmitter source, can extract high quality resistivity data 
in areas with sever interference by only measuring the electric field component. We use the WFEM to extract the 
resistivity information of the Dongguashan mine in southeast China. Compared with the audio magnetotelluric (AMT) 
method, and the controlled source audio-frequency magnetotelluric (CSAMT) method, the WFEM can obtain data with 
higher quality and simpler operations. The inversion results indicate that the WFEM can accurately identify the location 
of the main ore-body, which can be used for deep mine exploration in areas with strong interference. 
Key words: pseudo-random signal; frequency domain electromagnetic method; wide field electromagnetic method 
(WFEM); strong interference; anti-interference capability; Dongguashan copper deposit 
                                                                                                             

 

 

1 Introduction 
 

The technologies based on the electromagnetic 
field with natural sources, such as the 
magnetotelluric (MT) method and the audio 
magnetotelluric (AMT) method, have been widely 
used in mineral resources exploration and regional 
geological structure research [1,2]. And the AMT 
method performs better than the MT method in the 
mineral resources exploration of shallow surface 
within 2.0 km, due to its higher frequency. However, 
the MT and AMT methods are both susceptible to 
electromagnetic interferences, because of their 
weak natural field source signals and random 

polarization directions. So, they cannot obtain 
reliable resistivity data in areas with sever 
interferences [3,4]. Some technologies based on 
controllable artificial field source have been 
developed to solve geological problems [5], such as 
the controlled source audio-frequency magneto- 
telluric (CSAMT) method and the transient 
electromagnetic method (TEM). The CSAMT 
method has been widely used in fields such as 
mining, geothermal resource exploring and 
environmental sciences [6−9]. The TEM, an 
artificial source time-domain electromagnetic 
method, has been successfully used to identify 
water-bearing geology, coal mine goafs, and   
deep irregular water bodies [10,11]. However, these  
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methods cannot obtain reliable data in areas with 
strong interferences. Furthermore, some strong 
interferences cannot be removed by preprocessing 
methods, including smoothing, filtering, and data 
mining [12]. 

The wide field electromagnetic method 
(WFEM) based on the pseudo-random artificial 
field source was developed to obtain reliable 
resistivity information in areas with strong 
interferences [13]. The WFEM has many 
advantages. First, it can transmit multiple excitation 
signals of different frequencies simultaneously, and 
obtain multiple frequency geoelectric information at 
the same time, which avoids the electromagnetic 
interference caused by random signals. Second, 
WFEM is simple and efficient, since it only   
needs to measure the electric field component. 
Furthermore, with great transmission current, 
WFEM has strong anti-interference ability and has 
been widely used in metal ore and shale gas 
exploration. The WFEM can capture the low 
resistivity of carbonaceous shale and identify the 
electrical distribution patterns [14]. The WFEM 
could provide information about strata distribution, 
geological structures, and fracture zones to reveal 
the prospect of hydrocarbons, which may contribute 
to the shale gas exploration [15]. In addition, 
WFEM can be used to find some hidden gold 
deposits and delineate the favorable areas, which 
has been confirmed by excavation [16]. Thus, the 
method is effective and feasible in exploring deep 
metal mineral resources. 

The Dongguashan copper deposit in Tongling 
city of southeast China has strong interferences 
caused by the geological structure and human 

activities. Traditional methods, such as the MT, 
AMT and CSAMT methods, cannot extract reliable 
resistivity information for mine exploration. In this 
study, we attempt to extract resistivity information 
using the WFEM. Firstly, we analyze the 
distribution and characteristics of electromagnetic 
interference sources near a profile, BD-1. Then, we 
analyze the influence of the electric current on the 
effectiveness of the WFEM in the test area. After 
that, we compare the quality of the raw data 
acquired by the WFEM with that by AMT and 
CSAMT methods. Finally, we inverse the data 
acquired by the WFEM and compare the results 
with the known information. 
 
2 WFEM method 
 
2.1 2n sequence pseudo-random signals 

The source of the WFEM is the 2n sequence 
pseudo-random signal, which seems random and 
irregular but is actually regular [17−19]. The 2n 
sequence pseudo-random signal is a pseudo-random 
binary signal with the period of 2i (i=1, 2, …, n). 
The number of its harmonic components increases 
with the period. The basic frequency and multiple 
harmonics are the main components of the 2n 
pseudo-random signal, and they have similar large 
amplitudes. Furthermore, the energy of 2n sequence 
pseudo-random signals in the frequency domain 
distributes uniformly in the logarithmic coordinates, 
which helps the exploration. Figure 1 shows the 
time series waveform and frequency spectrum of 
the 7-2 frequency group, in which the 7 main 
frequencies, 1, 2, 4, 8, 16, 32 and 64 Hz, have 
similar amplitudes. 

 

 
Fig. 1 2n sequence pseudo-random signal: (a) Time-series waveform; (b) Frequency spectrum 
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The WFEM uses the 2n sequence pseudo- 
random signal as the source, which can transmit and 
receive 7 frequencies simultaneously, and thus 
avoid the electromagnetic interference caused by 
random signals. It also reduces the data collection 
time and improves the working efficiency. 
 

2.2 WFEM apparent resistivity 
The WFEM is a frequency domain electro- 

magnetic method, collecting data in a wide field 
using the 2n sequence pseudo-random signal as the 
transmission source. The WFEM uses horizontal 
electric dipoles or perpendicular magnetic dipoles 
as the field source and extracts the apparent 
resistivity by only measuring one electromagnetic 
field component. Taking the E−Ex measurement 
method as an example, the WFEM only needs to 
measure the horizontal x-direction electric field: 
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where σ is the conductivity. 

According to Eq. (1), the WFEM apparent 
resistivity is defined as 
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where ρa is the WFEM apparent resistivity, I is the 
transmitting current, dL is the distance between 
horizontal electric dipoles, r is the transmit−receive 
distance, k is the wave number, φ is the azimuth, 

ΔVMN is the potential difference between Station  
M and Station N, (i )

xE EF kr  is the electromagnetic 
effect function with an unknown resistivity ρ, 

xE EK   is the coefficient only related to the 
geometry of the observing device, and MN is the 
distance between Station M and Station N. The 
WFEM employs the iterative method to solve the 
optimal value of apparent resistivity so that it can 
be used for mine exploration by only solving one 
electric field component. Therefore, the WFEM can 
effectively improve the data quality in ore cluster 
areas with strong interferences. 
 
3 Experiment 
 
3.1 Experiment area 

The Dongguashan copper mine is located in 
the middle of the Shizishan mining area in 
southeast China. The elevation of this area 
gradually decreases from southwest to northeast 
(Fig. 2(a)). The highest point is Laoyaling, located 
in the southwest of the mining area, with an 
elevation of about 250 m. The elevation of the 
lakeside section in the northern part is between 10 
and 15 m. We chose line BD-1 as the test profile 
(Fig. 2(b)), because the main ore body on this 
profile has been exposed by 4 drillings, providing 
information for validation. Line BD-1 is 2200 m 
long and has 45 test stations with a spacing of 50 m, 
including stations 78, 79, 88, 100, 101, 110 and 118. 
The distance between transmitter and receiver is 
7850 m and the dipole length AB is 1100 m. 

The main orebody of the Dongguashan copper 
deposit is strictly controlled by the lithology of the 
ore-containing layer and belongs to the stratabound 
skarn-type copper deposit [20−22]. The gangue 

 

 

Fig. 2 Location of study area (a) and profile BD-1 (b) 
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mineral mainly includes altered minerals, such as 
serpentine and talc, and skarn-type minerals, such 
as garnet and diopside. The ore mineral contains 
pyrrhotite, pyrite, chalcopyrite and magnetite. The 
main orebody is located in the axis and two wings 
of an anticline and is strictly controlled by the 
middle and upper Carboniferous Huanglong− 
Chuanshan Formation (C2+3) strata. The main 
orebody is stratified, and the occurrence of  
orebody is nearly consistent with the ore-control 
strata. The orebody possesses the highest elevation 
with an anticlinal uplift, showing an incomplete 
dome shape and undulations along the strike and 
dip. 

According to the logging data (Table 1), all the 
strata have high resistivity (average 1000 Ωꞏm) and 
low polarization (2%−3%). However, the resistivity 
of the Permian Dalong Formation (P2d) and the 
Gufeng Formation (P1g) is much lower than that of 
other formations (10−350 Ωꞏm), and the 
polarizability of them is larger than 40%. So, these 
two formations may have impacts on electro- 
magnetic exploration. Invading rocks (diorite) have 
a resistivity of several hundred Ωꞏm and the 
polarizability of 2%−4%. The electrical properties 
of ore bodies vary with the mineralization 
properties and degree, and are mainly characterized 
by low resistivity (<100 Ωꞏm) and high 
polarizability (>60%) [23]. 

3.2 Interferences 
The residential areas of miners usually closely 

distribute around the mining area in China. With the 
increase of human activities, the electromagnetic 
field induced by human activities grows in both the 
spatial and time domains. The number of frequency 
points increase in the frequency domain, and the 
energy of different spectra also becomes stronger. 
The 50 Hz frequency interference consists of the 
electric field interference and magnetic field 
interference. The former is mainly caused by 
high-voltage transmission lines near the well head. 
The latter is mainly due to the power supply line of 
ore cars. As Fig. 3 shows, the interferences within  
2 km around the profile BD-1 include high-voltage 
lines, dressing plant, railways, and highways. There 
is a high voltage wire (110 kV) about 1 km 
southwest to the profile BD-1. WU et al [24] have 
tested electromagnetic interference characteristics 
of some measuring stations on the profile BD-1. 
The results showed that the electromagnetic 
interferences of the Dongguashan mining area are 
dominated by the power frequency odd harmonic 
interference, with strong even harmonics at some 
points. In addition, there is broadband background 
interference in the entire spectrum with a relatively 
stable amplitude. The long-term noise test showed 
that there is no weak interference period in the 
mining area [24]. 

 
Table 1 Physical properties of rock (ore) in logging 

System Series Formation Resistivity/(Ωꞏm) Polarizability, η/%

Quaternary     

Triassic 

Upper Huangmaqing (T3h)   

 
Middle 

Longtoushan (T2l) High 2−3 

Fenshuiling (T2f) High 2−3 

Nanlinghu (T2n) 1300 2−3 

Lower 
Tashan (T1t) 600−1500 (800) 2−3 

Xiaoliangting (T1x) 800−2300 (1500) 2−3 

Permian 

Upper 
Dalong (P2d) n×10−350 (>60) >40 

Longtan(P1l) 100−500 (300)  

Lower 
Gufeng(P1g) n×10−300 (250) >50 

Qixia (P1q) n×10−2800 (500) 2−3 

Carboniferous Upper−Middle Chuanshan−Huanglong (C2+3) 2000−3000 (>2000)  

Devonian Upper Wutong (D2w) 4×104 2−3 

 Ore body n×10−100 (<100) >60 

 Diorite n×100−1500 (700) 2−4 
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Fig. 3 Interference sources in area 

 

Figure 4 shows the natural MT field time 
domain signals of Station 118 on profile BD-1 
collected by V5-2000. The natural field signal is a 
kind of stationary random signal, which has random 
polarization with small amplitude, weak energy and 
irregularity [1]. However, the amplitude of the 
electromagnetic field signal is relatively large (up to 
105 order) over the entire MT measurement band, 
which means that the range of interference bands in 
the work area is wide and has large energy. The 
time domain signal has obvious large-scale 
class-step waves, triangular waves and charge− 
discharge waves, which have large amplitudes  
and strong energy. Note that, the magnetic field 
signal is more susceptible to interference in the 
medium and low frequency bands. The natural field 
signal is completely covered by large-scale 
interference, resulting in extremely low signal-to- 
noise ratio (SNR), which seriously reduces the data 
quality. 

As exhibited in Fig. 5, the apparent resistivity 
of Station 118 fluctuates severely, but the electric 
field shows a stable growing trend with the 
decreasing frequency, except the small fluctuations 
at frequency lower than 1 Hz. The SNR of electric 
field Ex is low, especially in the low frequency 

bands, so the signal cannot be a natural field signal, 
though the waveforms and characteristics of  
natural field signals cannot be accurately defined 
yet [25−27]. In addition, the sharp pulses in the 
signal may be caused by a floating current or the 
shut-off of a large power supply. Therefore, the 
analysis on the natural field signals in the time 
domain shows that there are strong electromagnetic 
interferences in the work area and passive source 
exploration methods will not be able to obtain 
reliable data. These strong interfering signals 
cannot be removed by time or space-domain  
based denoising methods, such as the remote- 
reference, robust estimation, wavelet transform, 
empirical mode decomposition, and morphological   
filtering [28−34]. 
 
3.3 Current test 

In this study, the transmission currents of the 
WFEM and the CSAMT method were 100 and 18 A, 
respectively. In order to verify the anti-interference 
ability of the WFEM method itself rather than the 
high transmission current, we compared the 
apparent resistivity obtained by WFEM using 
different transmission currents (Fig. 6). 

As shown in Fig. 6, the apparent resistivity 
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Fig. 4 Natural field time series at Station 118 on profile BD-1 recorded by V5-2000 with different sampling rates:    
(a) 2400 Hz; (b) 150 Hz; (c) 15 Hz 
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Fig. 5 MT data of Station 118: (a) Apparent resistivity, electric field Ex and phase; (b) Coherence and signal-to-noise 

ratio 

 

 

Fig. 6 Comparison of apparent resistivity obtained by WFEM using different transmission currents: (a) Station 100;   

(b) Station 101 
 
curves of 100, 50 and 20 A overlap with each other 
and have a smooth and continuous trend, with a few 
‘flying points’, which means that the emission 
currents have no great influence on the performance 
of WFEM. Even the emission current of 20 A 
provides reliable apparent resistivity data. But in 
this study, we choose the 100 A emission current to 
suppress the strong electromagnetic interference 
more effectively and improve the SNR. 
 

4 Raw data comparison 
 

We compared the raw data acquired by the 
AMT method using natural source with that 
obtained by the CSAMT method and WFEM using 
controlled source. The mean square error (MSE) 

from data of some checkpoints collected by the 
three methods (Table 2) and the variations in the 
electric and magnetic fields before and after power  

 
Table 2 MSE of three methods  

Method Station 
MSE of ρ/% 

ρxy/% ρyx/% 

AMT 

79 79.41 87.33 

101 42.14 22.72 

110 42.91 34.09 

CSAMT 

102 18.12 − 

104 12.79 − 
106 10.76 − 
108 14.38 − 

WFEM 
100 4.73 − 
101 5.24 − 
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supply show that the controlled source electro- 
magnetic methods, especially WFEM, perform 
better in mining area with strong interferences. 

In the comparison, the data of AMT Station 79 
are from the hybrid field source high-frequency 
magnetotelluric measurements [12], which were 
collected with the conductivity imager EH4. In  
their experiment, tensor was used to measure the 
AMT, and the frequency ranged from 100 kHz to  
10 Hz [12]. Artificial field sources were used within 
the frequency range to increase the SNR. Signals of 

natural fields were collected in the frequency range 
from 1 kHz to 10 Hz. At Station 79 of profile BD-1, 
the ρxy error is 79.41% (Fig. 7(a)) and the ρyx error  
is 87.33% (Fig. 7(d)). The natural field high- 
frequency magnetotelluric measurements of AMT 
stations 101 and 110 were also collected by EH4 
(Fig. 7) [12]. The tensor measuring method was 
also used, with the operating frequency ranging 
from 92 kHz to 10 Hz. The MSE between stations 
101 and 110 is shown in Table 2. It can be seen  
that the errors of second measurement and the first 

 

 
Fig. 7 Apparent resistivities of AMT checkpoints: (a) Station 79, ρxy; (b) Station 101, ρxy; (c) Station 110, ρxy; (d) Station 
79, ρyx; (e) Station 101, ρyx; (f) Station 110, ρyx 
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measurement of Station 79 are the largest, and the 
curves of the two measurements severely fluctuate. 
In comparison, the ρyx error of Station 101 and 
Station 110 is small, and the curves of the two 
measurements are smooth, but the measurement 
error still exceeds the specification requirements, 
10%. The AMT method cannot obtain reliable data 
due to the strong electromagnetic interference in the 
mining area. 

The data qualities of profile BD-1 before and 
after adding power supply to Stations 78 and 83 are 
compared in Fig. 8. The electromagnetic field 
values fluctuate severely before adding power 
supply, and they become stable after adding power 
supply. Furthermore, after adding the power supply, 
both the electric field and magnetic field curves are 
more continuous in the low frequency band than in 
the high frequency band. 

Figure 9 shows the apparent resistivity of the 
CSAMT checkpoints [12]. Compared with the 
results of the AMT method (Fig. 7), the values of 
the CSAMT checkpoints are more stable and have 
less flying points. The curves of the two 

measurements almost overlap except for a few 
points. However, the mean square error (MSE) is 
greater than 10% (Table 2). The resistivity range is 
106−108 Ωꞏm, which is inconsistent with the actual 
value. Although the CSAMT method can suppress 
part of the electromagnetic interference and 
strengthen the signal of some frequency bands, it 
cannot obtain the reliable data of the full frequency 
band in the area with strong interference. 

The WFEM adopts the wide-field electro- 
magnetic observation system and uses a pseudo- 
random signal with 7-frequency wave as the 
transmitted signal. In this study, the emission 
current was 100 A and the transmit−receive distance 
was 7850 m. We adopted 28 frequencies ranging 
between 0.75 and 8192 Hz. Figure 10 compares the 
electric field of Stations 100 and 101 on profile 
BD-1 before and after adding the power supply. The 
electric field curves of artificial source are smooth 
and continuous, and have a similar trend at these 
two stations. The value increases with the 
decreasing frequency before it reaches the peak   
at 1×102 Hz, and then decreases. Due to the strong  

 

 

Fig. 8 Comparison of electromagnetic field value of profile BD-1: (a) Electric field of Station 78; (b) Electric field of 

Station 83; (c) Magnetic field of Station 78; (d) Magnetic field of Station 83 
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Fig. 9 Comparison of BD-1 line data collected by V8 instrument: (a) Station 102; (b) Station 104; (c) Station 106;    

(d) Station 108 

 

 

Fig. 10 Comparison of electric field data before and after power supply: (a) Station 100; (b) Station 101 

 

electromagnetic interference, the natural field data 
distort severely. So, the WFEM performs well in 
suppressing interference. 

We measured the resistivity at Stations 100 and 
101 on profile BD-1 by WFEM twice and compared 
the results. As Fig. 11 shows, all curves overlap 
with each other, which means that results of the two 
measurements are in good agreement, except a few 
points. The MSE values of Station 100 and Station 
101 are 4.73% and 5.24%, respectively. This means 
that the results of WFEM are reliable. 

The quality of the raw data collected by 
WFEM in the area with strong interference is better 

than that collected by the AMT and CSAMT 
methods. Even in areas with strong electromagnetic 
interferences, WFEM can select appropriate test 
parameters and obtain reliable data. 
 
5 Inversion results 
 

As has been illustrated in Section 4, natural 
field electromagnetic methods, such as the AMT 
method, cannot obtain effective data in mines with 
strong interferences. Although the CSAMT method 
performs better than the AMT method in reducing 
interference and obtaining high quality raw data, it 
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cannot obtain reliable data in the full frequency 
band. The raw data obtained by the WFEM have 
better quality than those of other methods. 
Therefore, we inversed the raw data of the study 
area got by the WFEM using the GME_3DI 
software system [35]. In order to verify the 
inversion method, we established a five-layer 
theoretical geoelectric model using the logging 
resistivity information, the electrical characteristic 
of the specimen and the known geological profiles 

(Fig. 12(a)). The first layer is the high resistivity 
formation (1000 Ωꞏm). The second layer is an    
80 m-thick low resistivity formation (100 Ωꞏm). 
The resistivity of the third layer is 500 Ωꞏm. The 
fourth layer is the target stratum of the ore body, 
with a thickness of about 100 m and a resistivity  
of 30 Ωꞏm. The fifth layer has the highest  
resistivity (5000 Ωꞏm). The grid is 10 m × 20 m and 
the site spacing is 50 m. The frequency used is 
0.0117−8192 Hz. 

 

 
Fig. 11 Electric field (a, b) and resistivity (c, d) data collected by WFEM at checkpoints of Station 100 (a, c) and Station 

101 (b, d) 

 

 
Fig. 12 Five-layer geoelectric model (a) and inversion results (b) 
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Figure 12(b) shows the 2D inversion result of 
the geoelectric model. There are two low-resistance 
layers, one between −400 and −600 m, and the 
other between −800 and −1000 m. The upper 
low-resistance layer has a significant influence on 
the lower one, which brings errors to the 

interpretation of the ore body beneath it. The 
inversion reflects two low-resistance layers, and the 
layering is obvious, indicating the feasibility of the 
inversion method. 

Figure 13 shows the inversion results of the 
raw data collected by WFEM using the GME_3DI 

 

 
Fig. 13 Geological section and inversion results of data on line BD-1 collected by WFEM: (a) Inversion results;      

(b) Known geological section; (c) Interpretation 
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software system and the known geological sections 
of the BD-1 profile. According to the logging data 
and the statistical results of the rock ore specimens, 
there are two low-resistance layers in the BD-1 
section: the layer of the Permian coal-bearing strata 
and the layer of the low-resistivity ore body. The 
main ore body is located on the axis and two wings 
of the Qingshan anticline, and it is controlled by the 
middle and upper layers of the Carboniferous 
Huanglong−Chuanshan Formation. The top of the 
ore body is about 1000 m deep and is located 
between stations 88 and 105. According to the 
electrical characteristics of rock ore in the mining 
area, the Triassic layer has high resistivity and low 
polarizability. As Fig. 13(c) shows, the Permian 
upper layers (P2d+P2l) and the lower Gufeng 
Formation layer (P1g) exhibit low resistivity. The 
Permian Qixia Formation (P1q) exhibits relatively 
high resistivity. The inversion results of the data 
collected by the WFEM show that there are two 
low-resistance layers between −200 and −1000 m 
(Fig. 13(b)). The one located between −550 and 
−400 m is interpreted as the Permian coal-bearing 
stratum. The other is located between −800 and 
−1000 m and is interpreted as the target ore body. 
The copper ore body of the mining area is 
controlled by the interbedded slippage of the 
Devonian and Carboniferous systems. The main ore 
body mainly distributes in the Carboniferous strata, 
which is consistent with the known information. 
There is obvious discontinuity among Stations 
107−110 (Fig. 13(b)), which may be caused by 
diorite veins that correspond to the geological 
section diorite. Below and at the two sides of the 
inferred ore body, there are low-resistance 
anomalies, which is a sign of mineralization. 
 
6 Conclusions 
 

(1) The interference in the experiment area has 
wide band range and large energy. There are 
large-scale class-step waves, triangular waves and 
charge-discharge waves in the time domain, with 
large amplitudes and strong energy. These strong 
interfering signals cannot be removed by the time 
and space domain based denoising methods. 

(2) The current test and the comparison 
between the WFEM and the AMT and CSAMT 

methods in terms of electric field before and after 
adding the power supply show that the WFEM can 
obtain data with a quality higher than other 
electromagnetic methods by much simpler 
operation. This also has been confirmed by the 
apparent resistivity data of the checkpoints. 

(3) The inversion result shows that the location 
of the main ore-body identified by the WFEM is 
consistent with the known geological information. 
Therefore, the WFEM is a promising method for 
detecting large-depth, complex and concealed ore 
bodies in mine areas with serious interferences. 
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摘  要：为了寻求生产矿山深边部找矿的有利手段，在安徽冬瓜山铜矿区进行多种电磁方法的对比研究。由于该

地区受到严重的人文电磁干扰，传统的电磁法无法取得有效的数据。然而，广域电磁法(WFEM)采用伪随机信号

作为发射源，只需测量一个电磁场分量便可达到勘探效果，具有抗干扰能力强、工作效率高的优点。将广域电磁

法应用于冬瓜山矿区，对比分析音频大地电磁法(AMT)、可控源音频大地电磁法(CSAMT)和 WFEM 的原始数据。

结果表明，WFEM 在强干扰矿区能获得高质量的数据，其反演结果对主矿体位置的反映与已知资料结果吻合，说

明 WFEM 是一种强干扰矿区深边部找矿的有利手段。 

关键词：伪随机信号；频率域电磁方法；广域电磁法；强电磁干扰；抗干扰能力；冬瓜山铜矿床 
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