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ABSTRACT

In induced-polarization (IP) surveys, the raw data are usu-
ally distorted significantly by the presence of electromagnetic
(EM) interferences, including cultural noise. Several methods
have been proposed to improve the signal-to-noise ratio of
these data. However, signal processing in an electromagneti-
cally noisy environment is still a challenging problem. We
have determined a new and simple technique based on the
analysis of the correlation between the measured potential
and the injected primary current signals. This processing is
applied to the data acquired using a new frequency-domain
IP method called the spread-spectrum induced-polarization
(SSIP) approach. In this approach, we use a pseudorandom
m-sequence (also called the maximum length sequence) for
the injected primary current. One of the advantages of this se-
quence is to be essentially spectrally flat in a given frequency
range. Therefore, complex resistivity can be determined

simultaneously at various frequencies. A new SSIP data set is
acquired in the vicinity of Baiyin mine, Gansu Province,
China. The correlation between potential difference and trans-
mitting current signals for each period can be used to assess
data quality. Only when the correlation coefficient between
the two signals is greater than 0.5 can the SSIP data be used
for subsequent processing and tomography. We determine
what threshold value should be used for the correlation coef-
ficient to extract high-quality apparent complex resistivity
data and eliminate EM-contaminated data. We then compare
the pseudosections with and without using the correlation
analysis. When the correlation analysis is used, the noisy data
are filtered out, and the target anomaly obtained through
tomography is clearly enhanced. The inversion results of
the apparent complex resistivity (amplitude and phase) for
the survey area are consistent with some independent geologic
and drilling information regarding the position of the ore body
demonstrating the effectiveness of the approach.

INTRODUCTION

Nowadays, electrical and electromagnetic (EM) methods are
broadly applied to environmental and geotechnical problems (see,
for instance, Pellerin, 2002). Induced polarization (IP) is a powerful
geophysical technique looking at the reversible charge storage in
porous media. The first IP investigations were conducted in the time
domain at the turn of the twentieth century (Schlumberger, 1920).
At the end of the 1950s, Collett (1959) and Seigel (1959) propose a

frequency-domain approach to IP (FDIP). In the following decades,
various variants of the FDIP methods have been proposed. For in-
stance, Wait (1959) proposes a variable-frequency method, Zonge
and Wynn (1975) develop the concept of complex resistivity mea-
surements (measuring the amplitude and the phase), whereas He
(1993) and Han et al. (2013) develop the concept of the dual-fre-
quency IP method. More recently, Chen et al. (2007) develop the
pseudorandom multifrequency method, and Xi et al. (2013, 2014)
introduce the spread spectrum IP (SSIP) method that is going to be
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used in this paper. The main difference between these different
FDIP methods is the type of signal used for the injected (primary)
current. The SSIP method is, therefore, a quite recent FDIP method
based on the use of an m-sequence for the primary current. The m-
sequence is a pseudorandom binary sequence that is periodic and is
able to mimic every binary sequence (except the zero vector). The
m-sequence is spectrally flat with the exception of the DC compo-
nent (Duncan et al., 1980). Because the m-sequence is intrinsically a
broadband signal (Ziolkowski et al., 2007), the complex resistivity
can be simultaneously determined at various frequencies. Then, the
subsurface can be imaged through tomography of the complex re-
sistivity data (amplitude and phase).
In geophysical exploration, the acquired or raw IP data may be

significantly distorted by the presence of a high level of noise. Vari-
ous methods have been proposed to improve the signal-to-noise ra-
tio (S/N) in IP surveys (Pelton et al., 1978; Brown, 1985; Routh and
Oldenburg, 2001; Li et al., 2013; Ilyichev and Bobrovsky, 2015;
Larsen, 2016; Larsen and Behroozmand, 2016; Olsson et al.,
2016). In SSIP, the survey is similar to the classical galvanometric
electrical prospecting methods, such as DC resistivity and magneto-
resistivity methods. The components of the electrical fields are
measured with voltage electrodes (stainless steel electrodes or even-
tually nonpolarizable electrodes), which can easily be contaminated
by EM interference caused by cultural and natural noise sources.
There are many sources that produce strong EM interference, such
as telluric currents, stray currents, power lines, the cathodic protec-
tion of underground pipes, and grounded equipment. These issues
are obviously more serious when the survey area is located in the
vicinity of mining operations (Szarka, 1988; Junge, 1996). The
noise interference can cause significant errors for the calculation
of complex resistivity, which could lead to wrong interpretations
of the subsurface structure and the localization of the geologic tar-
gets and ore bodies.
The digital filter and mean stack methods are commonly used for

noise suppression in various FDIP methods (see Chen et al., 2007,
2010). Digital filters, such as high-pass, low-pass, band-pass, and
notch filters, are simple methods that are widely used to suppress or
attenuate the effects of noise. However, there is a sometimes a large
overlap between the noise spectra of different noise sources and
SSIP signal spectra. This issue makes classical digital filters usually
ineffective. The mean stack method can suppress and improve the
S/N when the noise corresponds to a random Gaussian noise. It can
also attenuate the effect of occasional spike impulse noise by ex-
tending the observation time. That said, it cannot suppress repeated
spike impulse-type noise. Moreover, the stacking method cannot
evaluate the data quality for each period or select the data with high
S/N. Robust stacking is effective to reduce outliers caused by spike
impulse noise and improve data processing quality. However, the
percentage of outliers cannot exceed 50% for each sample (Buselli
and Cameron, 1996; Streich et al., 2013; Liu et al., 2015, 2016).
In this paper, we are interested in applying correlation analysis to

SSIP signal processing in very electromagnetically noisy environ-
ments. This technique has already been successfully applied to
magnetotelluric and seismic signals processing (Bahorich and
Farmer, 1995; Saraev et al., 2012). However, the method has never
been applied to FDIP data processing. For multiperiod SSIP data
obtained during the same survey, when the observed potential signal
is of good quality, the correlation between the primary current data
and the measured potential data is expected to be high. In contrast,

when the measured potential signals are contaminated significantly
by EM interferences and background Gaussian noise, the correla-
tion between the injected current and the potential data is low be-
cause the additive noise is uncorrelated with the primary current
data. We can therefore calculate the correlation coefficient between
the primary current data and the measured potential difference data
for each period and set a threshold for the correlation coefficient
according to the simulated noise and actual SSIP signals to extract
the data characterized by the highest quality and filter out low-qual-
ity data. By stacking the high-quality SSIP data kept after correla-
tion analysis, we can get a more accurate complex resistivity data
set compared with the complex resistivity data obtained using the
classical mean stack method. In this paper, we demonstrate the ef-
ficiency and effectiveness of our processing approach by analyzing
a new data set of SSIP data acquired in a very noisy survey area in
the vicinity of Baiyin mine, Gansu Province, China.

SSIP METHOD: PRESENTATION
AND CASE STUDY

The SSIP method is a new FDIP method using an m-sequence for
the primary source current in IP surveys (Xi et al., 2013, 2014). The
spread spectrum m-sequence is a binary sequence generated using
maximal linear feedback shift registers. The length of L-order m-
sequence is 2L − 1, where L is the number of shift registers. The
spectrum of the m-sequence is quite flat (except for the DC com-
ponent), similar to the spectrum of random signal. The use of the m-
sequence is very popular in digital communication systems that use
direct-sequence spread spectrum and frequency-hopping spread
spectrum transmission systems (see Golomb, 1994).
This paper is based on a new SSIP data set acquired with strong

injected primary currents (approximately 8–20 A) and long-time
data acquisition (maximum 40 min for current injection with strong
interferences) beside the Baiyin mine in Gansu province of north-
west of China. The survey area is located east of the Beiqilian
Caledonian fold (Liu et al., 2015). A decade ago, Baiyin was
the biggest copper producer in China, but its copper resources
are currently running out. This has prompted the need for new ex-
ploration surveys with the hope to keep industrial activity in this
region at its highest level. Different geophysical instruments and
methods have been applied in this area for the purpose of finding
new ore bodies. These methods include time-domain IP (TDIP),
controlled-source audio-magnetotelluric (CSAMT), and time-do-
main electromagnetic data (TEM). Because of the strong EM inter-
ference caused by many spurious sources, only a few instruments or
methods can satisfy the data quality requirement needed for ore
body localization. Recently, our group has carried out several sur-
veys using the SSIP approach in a specific area characterized by a
fault system hosting a lead and zinc deposit. The present paper is
focused on a 2D SSIP survey line using the general gradient array
protocol. This survey is centered on the top of the ore body. It con-
sists of 101 potential electrodes located over 2 km (from −1000 to
1000 m) with a 20 m spacing between the electrodes along the
survey.
During the acquisition, the spacing between current electrodes A

and B ranges from 20 to 5200 m. There are 34 current injections
inside and outside the receiver array to ensure the high resolution
of near-surface structures. The initial current electrode spacing
between A and B is set to be 20 m. Then, it is increased to
80 m each time linearly from 20 to 2020 m (e.g., AB ¼ 20, 100,

E244 Liu et al.

D
ow

nl
oa

de
d 

08
/3

1/
18

 to
 9

3.
17

4.
12

9.
11

7.
 R

ed
is

tr
ib

ut
io

n 
su

bj
ec

t t
o 

SE
G

 li
ce

ns
e 

or
 c

op
yr

ig
ht

; s
ee

 T
er

m
s 

of
 U

se
 a

t h
ttp

://
lib

ra
ry

.s
eg

.o
rg

/



180, 260, 340, : : : , 1860, 1940, 2020 m). Finally, this spacing is
increased to 400 m each time linearly from 2400 to 5200 m (e.g.,
AB ¼ 2400, 2800, 3200, 3600, 4000, 4400, 4800, and 5200 m).
The number of acquired quadrupoles is 100 × 34, so a total of
3400 quadrupoles can be used in principle for this survey. However,
the exact number of acquired quadrupoles is smaller than 3400 be-
cause of voltage signal saturation near the current electrodes and the
low S/N at some remote locations and at some frequencies. The
number of valid quadrupoles for the first frequency is 2631, approx-
imately 77.4% of the theoretical value of 3400 measurements. The
survey line (located along a north–south direction) is roughly
perpendicular to the fault system hosting the ore body. Survey sites
start from −1000 m in the south to 1000 m in the north. Figure 1
illustrates the gradient array protocol we used with various current
electrode spacings used along the survey line.
The receiver array is based on GPS sync and the ZigBee network

with a total of 25 receivers (100 channels, see details in Xi et al.,
2014). As mentioned above, the transmitting (primary) current is
five-order spread spectrum m-sequence at clock cycle of 0.5 s.
The period of the transmitting current is 16 s, and the sampling fre-
quency is 64 Hz. The amplitude of the transmit-
ting current is 8 A when the interference is the
strongest, and there are 1024 samples in each
period. The time for data acquisition is roughly
40 min (approximately 160 periods) when the in-
terference is the strongest. By using a five-order
m-sequence for the excitation current, the com-
plex resistivity can be obtained for a set of
frequencies simultaneously. The apparent com-
plex resistivity ρðfÞ in SSIP can be obtained
in a way similar to the traditional FDIP ap-
proaches; i.e.,

ρðfÞ ¼ K
UðfÞ
IðfÞ ; (1)

where UðfÞ denotes the frequency spectrum of
the potential difference data, IðfÞ is the fre-
quency spectrum of synchronous primary current data, and K cor-
responds to the geometric factor given by (Schlumberger, 1920)

1

K
¼ 1

2π

��
1

AM
−

1

BM

�
−
�

1

AN
−

1

BN

��
: (2)

In equation 2, A and B denote the current electrodes, whereasM and
N denote the voltage electrodes (AM, BM, AN, and BN denote the
spacing between the corresponding electrodes, e.g., Schlumberger,
1920; Barker, 1981).
The frequency spectrum of the time series signal can be calcu-

lated through a discrete Fourier transform (DFT), which is effi-
ciently implemented via the fast Fourier transform algorithm
(Oppenheim, 1989). The sequence of real numbers is transformed
into a sequence of complex numbers by the DFT according to the
formula

Xk ¼
XN−1

n¼0

xne−
2πi
N kn; for k ¼ 0; : : : ; N − 1: (3)

The frequency spectrum of the m-sequence is relatively flat in the
frequency range of 1/16–1 Hz. Therefore, to guarantee the signal

strength, we only calculate the apparent complex resistivity data
in the frequency range of 1/16–1 Hz (the second to seventeenth fre-
quency points) using the injected primary current and the measured
potential difference data. For simplicity, we calculate the mean of
the complex resistivity only at four discrete frequencies. Finally, for
each independent quadrupole, we can get the complex resistivity
at 2.5/16 Hz (i.e., 0.16 Hz), 6.5/16 Hz (i.e., 0.41 Hz), 10.5/
16 Hz (i.e., 0.66 Hz), and 14.5/16 Hz (i.e., 0.91 Hz). Once the filter-
ing technique is accomplished, the resistivity and chargeability of
the subsurface can be imaged by inverting the apparent complex
resistivity data.
In contrast to the classical rectangular current waves with boxes

of constant durations, the m-sequence is a broadband signal. The
power of this signal, in the frequency range of 1/16–1 Hz, is quite
uniformly flat. Figure 2 illustrates the difference between the
classical rectangular and m-sequence transmitted current waves
of two periods, respectively (period of 16 s and amplitude of
8 A). The duty cycle of the rectangular wave is 50%. Figure 3 shows
the amplitude spectrum of these two signals in the frequency range
of 0–1 Hz. For the rectangular wave sequence, the amplitude varies

Figure 1. Nonconventional gradient array protocol for the survey line. Current was sup-
plied using 34 current electrodes groups with a maximum current electrode spacing of
5200 m and a minimum spacing of 20 m. The length of the line is 2000 m with spacing
between the potential electrodes of 20 m.

Figure 2. Waveform for the injected primary current I (in A).
(a) Classical rectangular wave with two periods. (b) Spread spec-
trum five-order m-sequence wave of two periods.

Spread spectrum IP signal processing E245
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inversely with the frequency. The power of the signal is mainly con-
centrated at odd harmonics. The sum of the amplitude for the first
three frequencies at 1/16, 3/16, and 5/16 Hz occupies 75.84% of all
the eight frequencies. The amplitude at 1/16 Hz is 10.2 A; however,
the amplitude at 15/16 Hz is only 0.7 A. In contrast, for five-order
m-sequence, the sum of the amplitude for the first three frequencies
at 1/16, 2/16, and 3/16 Hz occupies 21.53% of all 16 frequencies.
The amplitude at 1/16 Hz is 2.9 A, and the amplitude at 1 Hz is
1.8 A. Therefore, apparent complex resistivity data with similar
S/N at 16 frequencies can be calculated simultaneously by transmit-
ting the five-order m-sequence current and measuring the resulting
potential differences at the recording voltage electrodes.
From what was explained above, it is now clear that the main

advantage of the SSIP technique is the improvement of the effi-
ciency in getting a multifrequency survey done at once. In other
words, the time required to carry out the survey can decrease sub-
stantially compared with use of harmonic primary current at a set of
distinct frequencies (except possibly if several harmonic currents at
different frequencies are simultaneously injected and the deconvo-
lution of the signals is performed after the survey). In addition, in
traditional FDIP surveys, the excitation of the subsurface at a set of
distinct frequencies injected at different times implies that the noise
for each frequency may be different, so different processing meth-
ods may be required to process the raw data. For SSIP, the apparent
complex resistivity is measured at various frequencies, and at the
same time, so they can be processed simultaneously using the same
technique. However, a broad frequency band also produces a lower
S/N at each investigated frequency for SSIP, so high-power injected
current and effective signal processing methods are still necessary in
a very noisy environment.

CORRELATION ANALYSIS METHOD

Correlation analysis algorithm

Correlation analysis is a mathematical technique used to measure
the similarity and to study changes in measured (possibly 2D or
multidimensional) signals. This method has been successfully

applied to process magnetotelluric and seismic data. In the magne-
totelluric method, the correlation between the natural electric and
magnetic fields can be used to evaluate the S/N of magnetotelluric
signals. When the S/N is high, correlation is also high. In contrast,
when the S/N is low, the correlation is also low (see Reddy and
Rankin, 1974; Lamarque, 1999). This method has also been used
in the realm of seismic exploration. The correlation coefficient
between seismic traces can be used to represent the trace-to-trace
similarity. Similar traces are mapped with high correlation coeffi-
cients and discontinuities have low coefficients (Bahorich and
Farmer, 1995).
There are several types of correlation analysis algorithms to

characterize the strength of the statistical relationship between
two random variables, including the Spearman rank-order correla-
tion (Ramsey, 1989), the biserial correlation approach (Tate, 1954),
the Phi correlation method (Kuhn, 1973), and the product moment
correlation coefficient (PMCC) method (Gayen, 1951), just to cite
few of them (for a discussion on this family of methods, see Stigler,
1989). PMCC is a convenient algorithm that has been broadly used
in geophysics. We consider the random vectors xi and yi,
i ¼ 1; 2; 3; : : : ; n. The PMCC correlation coefficient is computed
as

C ¼
P

n
i¼1ðxi − x̄Þðxi − ȳÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

n
i¼1ðxi − x̄Þ2 Pn

i¼1ðyi − ȳÞ2
p ; (4)

where x̄ and ȳ denote the mean value of the components of the vec-
tors x and y, respectively. The PMCC coefficient lies in the range of
−1 to 1. A value of zero indicates that there is no correlation be-
tween the two variables. A value greater than 0 indicates a positive
correlation; that is, the value of one variable increases with the in-
crease of the other variable and vice versa. A PMCC value of less
than 0 indicates some anticorrelation between the two variables.
There are advantages in taking the PMCC approach to calculate
the correlation coefficient of two variables. These two variables
can be measured in entirely different units. The PMCC of the
two variables will stay unchanged if one variable is multiplied
by a constant or a constant number is added to the variable. These
properties allow the correlation to be comparable and not affected
by the units and scale of the variables such as transmitted current
and potential difference data in IP surveys.
In SSIP, the acquired potential signal in one period can be mod-

eled as

U ¼ Uo þ N; (5)

where Uo denotes the standard potential signal and N denotes the
added noise. The correlation between the acquired potential signal
U and the transmitted (primary) current I is therefore given as

CðU;IÞ ¼
P

n
i¼1ðUi − ŪÞðIi − ĪÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

n
i¼1ðUi − ŪÞ2 Pn

i¼1ðIi − ĪÞ2
p ; (6)

where Ū and Ī are the mean value of the noisy potential difference
U and injected primary current I, respectively, and n denotes the
number of potential or current samples in one period. Then, equa-
tion 5 was substituted to equation 6:

Figure 3. Amplitude spectrum between 0 and 1 Hz of the five-order
m-sequence and the classical rectangular wave sequence (used usu-
ally in time-domain IP) with the same current amplitude of 8 A.
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CðU;IÞ ¼
P

n
i¼1ðU0i − Ū0ÞðIi − ĪÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

n
i¼1ðUi − ŪÞ2 Pn

i¼1ðIi − ĪÞ2
p

þ
P

n
i¼1ðNi − N̄ÞðIi − ĪÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

n
i¼1ðUi − ŪÞ2 Pn

i¼1ðIi − ĪÞ2
p ; (7)

where Ū0 and N̄ are the mean value of standard potential signal U0

and added noise N, respectively. Because the current signal I and
noise N are generally not correlated (at least for noise coming from
spurious sources that are located outside the survey system itself),
this method is used to identify good data. Note that electromagnetic
coupling and capacitive coupling between cables cannot be identi-
fied by this method. Increasing the distance between the transmit-
ting cable and the receiving cable can reduce capacitive and EM
couplings. The distance between the transmitting cable and receiv-
ing cable is kept at least at 50 m to reduce such couplings in our
survey. It follows that the term

Xn
1

ðNi − N̄ÞðIi − ĪÞ ≈ 0; (8)

and therefore,

CðU;IÞ ≈
P

n
i¼1ðU0i − Ū0ÞðIi − ĪÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

n
i¼1ðUi − ŪÞ2 Pn

i¼1ðIi − ĪÞ2
p : (9)

CðU;IÞ ≈
P

n
i¼1ðU0i − Ū0ÞðIi − ĪÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

n
i¼1ðU0i − Ū0 þ Ni − N̄Þ2 Pn

i¼1ðIi − ĪÞ2
p :

(10)

Because the measured potential signal Uo and injected current I are
stationary, when the noise variance is high, the correlation coeffi-
cient of contaminated potential U and supplying
current I is low.

Actual noise and simulated noise
analysis

In our survey area, the recorded potential sig-
nals suffer from strong EM interferences pos-
sibly coming from at least three nonferrous
metal smelters in operation at the mine site dur-
ing the acquisition of the data. These smelters’
use is indeed powered by high-power electric
sources. In addition, a drilling machine was in
operation near the data acquisition station. On
the top of these spurious signals, the data were
contaminated by the 50 Hz power line interfer-
ence (and its harmonics), radio communication
interferences, and other environmental noises lo-
cated in the vicinity of the survey line. The 50 Hz
power line interference is not a problem because
the frequency band of SIP acquisition is only
1/16–1 Hz. The attenuation of digital decimation
filter is greater than 120 dB. We found that the
stray current caused by the mining and drilling
processes was the major causes of EM interfer-
ences. The use of a low-pass RC filter applied

before the preamplifiers is good enough to suppress the radio com-
munication interferences because the frequency band associated
with radio communications is much greater than the frequency band
of the IP data.
Background noises were acquired before the current injection at

different sites, and they can be mostly divided into two types (Fig-
ure 4). The first type of noise is a continuous noise caused by envi-
ronmental interferences and can be seen as a stationary signal. For
this noise, the mean stack approach is the most effective processing
method because the average of such a random noise amplitude is
nearly zero. The second major component of the noise is observed
to be a discontinuous strong EM interference caused by cultural
activity including production activity, drilling operations, and other
electric power sources. For this second interference, the noise am-
plitude in different segments was changing significantly. Amplitude
distribution of this noise is unsymmetrical, and its average is not
equal to zero. This paper focuses on the recognition and elimination
of these discontinuous interferences.
To analyze the influence of different noise amplitudes on the

SSIP signal, high-quality measured potential difference data and as-
sociated primary current data are first used as the standard signals.
The potential difference data set is contaminated with simulated
noises with mean zero and various standard deviations. The stan-
dard potential, the current signal, and an example of potential data
contaminated by the added synthetic noise are shown in Figure 5.
Subsequently, the correlation coefficients between the contaminated
potential and primary injected current, the S/N of the potential data,
and the error of apparent resistivity are calculated and compared
when the root-mean square (rms) of the noise ranges from 0.5 to
10 (rms is used to measure the power of the noise). The correlation
coefficients were calculated using equation 6, the apparent resistiv-
ity data were calculated using equation 1, and the error was calcu-
lated using the following equation:

Figure 4. Two types of background noises acquired in the field prior the current injec-
tion. (a) Continuous noise caused by environmental interferences. (b) Discontinuous
strong EM interferences caused by cultural activity. (c) Histogram of the continuous
noise. (d) Histogram of the discontinuous noise.
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ε ¼ 100

���� ρn − ρ0
ρ0

����ðin%Þ; (11)

where ρ0 denotes the apparent resistivity calculated using current
data and potential data without simulated noise and ρn denotes
the apparent resistivity calculated using current data and the poten-
tial data with the simulated noise added to them. The S/N of the
contaminated potential signal was calculated according to

S∕N ¼ log10

�Pn
i¼1 ðU0i − Ū0Þ2P
n
i¼1 ðNi − N̄Þ2

�
; (12)

where U0 is the standard potential signal and N denotes the simu-
lated noise. Figure 6 shows the results for the correlation coeffi-
cients, S/N, and apparent resistivity errors. From Figure 6, we
can see that the correlation coefficients and S/N decrease with in-
creasing the noise power. When the rms of the noise is smaller than
4, the correlation coefficient is larger than 0.5, the S/N is larger than
0 dB, and the apparent resistivity error is less than 10%. This thresh-
old can be used to meet approximately the requirement of data qual-
ity. In other words, a value of 0.5 for the correlation coefficient can
be used as a threshold to decide the fate of the data. This is done for
our survey as explained below.
We use now the data filtering method described above to detect

and extract SSIP measurements with high S/N from the original data
set contaminated by the simulated discontinuous noise. The multi-
period current data and the synchronous multiperiod potential data
were used as the reference signals. Then, simulated discontinuous
interferences are added to these reference potential data, and the
correlation coefficients between the contaminated potential data
and the primary current data of different segments were calculated.

Finally, the high-quality data and the bad data were extracted, re-
spectively, according to the threshold value of the correlation coef-
ficient. Figure 7 shows the reference current data, the potential data,
and the simulated discontinuous interferences. Figure 8 shows the
contaminated potential data, the correlation coefficients, and the ex-
tracted potential data for different segments.

Correlation analysis of acquired actual contaminated
potential signal

Then, we used the acquired actual contaminated potential signal
and the associated primary current data to analyze the correlation
coefficients and data quality for each period. Two test examples of
data, acquired in the survey points no. 44 and no. 96 (i.e., when
current electrodes A and B are located at −2200 and 2200 m)
are used for the test. For the survey point no. 44, the potential elec-
trodesM and N are located at −60 and −80 m. For the survey point
no. 96, the potential electrodes M and N are located at 900 and
920 m. In these survey points, the potential difference and primary
current data of 160 periods were acquired. In survey point no. 96,
the potential response is high and EM interference is relatively
weak. Figure 9 shows the injected primary current and the acquired
potential signals in one synchronous period (16 s). Figure 9 shows
that the potential data and current data are characterized by a high S/
N. Then, we determine the correlation of the current data and po-
tential data using equation 6, and we compute the apparent complex
resistivity through equation 1 in each period, respectively. The ap-
parent phase and apparent amplitude of the resistivity at four
frequencies and the correlation coefficient for all the 160 periods
are shown in Figure 10. In Figure 10a, the correlation coefficients

Figure 5. Obtention of the contaminated data. (a) Injected current
sequence IðtÞ (t is the time) at one period (16 s). (b) Measured refer-
ence potential signal ΔUðtÞ in the synchronous period. (c) The po-
tential time series ΔUðtÞ is contaminated by some synthetic noise.

Figure 6. The effect of different levels (with rms range from 0 to
10) of Gaussian noise to the measured potential signals. (a) Corre-
lation coefficients between the contaminated potentials and the sup-
plying currents. (b) The S/N of the contaminated potential signal.
(c) Apparent resistivity error when the rms-simulated Gaussian
noise ranges from 0 to 10.
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between the injected currents and the measured potentials are higher
than 0.9 in most periods; meanwhile, the results of apparent phase
(see Figure 10b) and resistivity (Figure 10c) appear stationary for
most segments. However, in some segments including the 15–20
periods, 30–35 periods, and 50–55 periods (and few others), the
correlation coefficient decreases slightly. There are also some slight
deviations of apparent resistivity and phase in the corresponding
segments shown in Figure 10b and 10c.
The potential response at survey point no. 44 is in contrast with

the response shown previously. The S/N is low, and the noise in-
terference appears to be much stronger. The cause of this difference
may be associated with the presence of EM interferences associated
with a drilling machine that was working in the vicinity of the sur-
vey point. We determine the correlation coefficients and apparent
complex resistivity in each period for this survey point (see Fig-
ure 11). The correlation coefficients in most periods are less than
0.5 because of the strong EM interferences. Only the correlations in
the first 20 periods are stable with values higher than 0.5 (Fig-
ure 11a). The apparent complex resistivity for these 20 periods
is also stable. When the correlation coefficient decreases below
0.5, there is a great deviation in the apparent phase and apparent
resistivity data (as we can see from Figure 11b and 11c). In this
case, the phase deviation is more than 1000 mrad, and the resistivity
deviation is more than 100 Ωm. In some periods, the correlation
coefficients appears even to be negative. This phenomenon could
be attributed to the vibration of the drilling machine near the po-
tential electrodes M and N. Indeed, the vibration of the ground
may change the contact resistance of these potential electrodes dur-
ing the acquisition of the data. In turn, the change in the contact
resistances can change the recorded potentials at the voltage electro-
des, and the correlation between the acquired noisy voltages and the

injected current may be slightly negative. These data segments were
also discarded for further processing and tomography. Figure 12
shows the injected current and the measured potential signals when
the correlation coefficient is 0.12 (below the threshold) and 0.65
(above the threshold), respectively. In Figure 12b, the original po-
tential signals are distorted by the presence of the strong EM inter-

Figure 7. Time series of multiperiod current, potential, and simu-
lated spike interferences. (a) The standard multiperiod current data.
(b) Synchronous multiperiod potential data. (c) Simulated discon-
tinuous interferences.

Figure 8. Potential signal contaminated by simulated spike interfer-
ences and corresponding correlation coefficients. (a) Potential sig-
nal contaminated by the simulated noise, (b) correlation coefficients
between the contaminated potential and the supplying current in
different segments, (c) the potential signal when the correlation co-
efficient is at 0.45, and (d) the potential signal when the correlation
coefficient is 0.75.

Figure 9. Time series of current IðtÞ and measured potential signal
ΔUðtÞ characterized a low noise level. (a) Supplying current IðtÞ in
one period for the survey point no. 96. (b) Acquired potential signal
ΔUðtÞ in the synchronous period.
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ferences, which should be rejected before stack-
ing. In contrast, in Figure 12c, the potential data
are contaminated by relative weak EM interfer-
ences, which can be used for stacking and sub-
sequent processing.
We finish this section with a remark. For the

SSIP data measured in the same survey point
over a long time period, the correlation coeffi-
cients between the injected primary current
and the measured potential in different segments
are mostly affected by noise present in the mea-
sured potential signals. Indeed, there is almost no
noise in the injected current, which can help us to
select the good data and filter out the noisy data
from original SSIP data before stacking. This
procedure yields more accurate apparent com-
plex resistivity results that can be further proc-
essed and used for tomography.

APPLICATION TO SSIP DATA
PROCESSING

Calculation error of complex resistivity
for survey points with different S/N

To demonstrate the effectiveness of the corre-
lation analysis method, we use the original SSIP
data with different S/Ns in two typical survey sta-
tions: stations no. 96 and no. 44. This is done to
compute the apparent complex resistivity and
compare their uncertainties. For each survey
point, we adopt a mean stacking and correlation
analysis method to process the SSIP data and to
calculate the apparent complex resistivity data.
For the first method, the current data and poten-
tial data in all the periods are stacked, and then,
the apparent complex resistivity at four frequen-
cies is determined using equation 1. For the
second method, we compute the correlation co-
efficients for the current and potential data for
each period. Then, we set a threshold to extract
the high-quality data and remove the noisy data.
When the mean value of the correlation coeffi-
cient for 160 periods is higher than 0.5, the value
0.5 is set as the threshold. When the mean value
of the correlation coefficient for 160 periods is
lower than 0.5 and the maximum correlation co-
efficient is higher than 0.5, the value 0.5 is set as
the threshold. When the maximum correlation
coefficients of all the periods is lower than
0.5, the quality of original data of all the periods
is considered to be very poor, so new measure-
ments at this survey point are required. After cor-
relation analysis, only the data with high quality
are used for stacking and to calculate the appar-
ent complex resistivity data used for the
tomography.
At survey points no. 96 and no. 44, the poten-

tial difference and the supplying current data of
160 periods have been acquired. First, the origi-

Figure 10. Correlation coefficients and complex resistivity computed from the high-
quality signals. (a) Correlation coefficients of potential difference and supplying current
for each period (160 periods in total) in survey point no. 96. (b) Apparent phase calcu-
lated using data in each period. (c) Apparent resistivity calculated using data in each
period.

Figure 11. Correlation coefficients and complex resistivity computed from the low-
quality signals. (a) Correlation coefficients of potential difference and supplying current
for each period (160 periods in total) in survey point no. 44. (b) Apparent phase calcu-
lated using data in each period. (c) Apparent resistivity calculated using data in each
period.
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nal potential and current data were divided into two groups. The
first group corresponds to the 1–80 periods, and the second group
corresponds to the 81–160 periods. Then, we used the method

described above to process these two groups of data and to calculate
the apparent complex resistivity data. The quantities ρ1 and φ1 de-
note the apparent resistivity and phase calculated using the 1–80
periods data, and ρ2 and φ2 are the results calculated using the
81–160 periods data. Then, we estimated the relative error of com-
plex resistivity measurement to determine the data quality using

ερ ¼ 100

���� ðρ1 − ρ2Þ∕2
ðρ1 þ ρ2Þ∕2

����ðin%Þ (13)

and

εφ ¼ 100

���� ðφ1 − φ2Þ∕2
ðφ1 þ φ2Þ∕2

����ðin%Þ; (14)

where ερ and εφ denote the errors associated with the apparent re-
sistivity and phase, respectively. We took ðρ1 þ ρ2Þ∕2 and
ðφ1 þ φ2Þ∕2 as the final results.
The computations of the results and their associated error bars

using and not using the correlation analysis for survey points
no. 96 and no. 44 are provided in Tables 1 and 2. For the survey
points characterized by a high S/N, such as no. 96 (Table 1), the
calculated complex resistivity and error show a good consistency
between the two approaches (i.e., with and without correlation
analysis). However, for the survey stations characterized by low
S/N, such as station no. 44 (see Table 2), the obtained results
and associated uncertainties are quite different. Indeed, after using
the correlation analysis, the apparent phase errors decrease from the
range of 110–700 to 18–64 mrad. Meanwhile, the apparent resis-
tivity error decreased from 28–43 to 6–16Ωm, so the apparent com-
plex resistivity data are clearly more accurate after using the
correlation analysis.

Figure 12. Time series of current signal and potential signal with
low- and high-data quality. (a) Supplying current in one period for
the survey point no. 44. (b) Acquired potential signal when the cor-
relation coefficient is 0.12. (c) Acquired potential signal when the
correlation coefficient is 0.65.

Table 1. Apparent complex resistivity and error for survey point no. 96. The numbers 1 and 2 represent the results and errors
using mean stack (averaging) method without correlation analysis and mean stack (averaging) with correlation analysis,
respectively.

Frequency (Hz) 0.16 0.41 0.66 0.91

Phase 1 (mrad) 20.7� 3.8 65.9� 2.6 102.8� 2.6 133.5� 0.4

Phase 2 (mrad) 20.0� 0.5 65.1� 0.3 102.8� 0.4 134.4� 0.2

Resistivity 1 (Ωm) 971.8� 2.9 979.2� 0.8 992.8� 0.2 1005.7� 3.2

Resistivity 2 (Ωm) 972.9� 0.5 978.2� 0.6 991.2� 0.3 1007.0� 0.2

Table 2. Apparent complex resistivity and error for survey point no. 44. The numbers 1 and 2 represent the results and errors
using mean stack (averaging) method without correlation analysis and mean stack (averaging) with correlation analysis,
respectively.

Frequency (Hz) 0.16 0.41 0.66 0.91

Phase 1 (mrad) 339.3� 111.1 1016.6� 697.6 1028.6� 538.0 1157.3� 286.6

Phase 2 (mrad) 127.5� 56.9 298.6� 18.0 385.6� 64.3 487.2� 45.4

Resistivity 1 (Ωm) 44.8� 43.0 52.9� 43.1 74.8� 28.4 89.5� 34.9

Resistivity 2 (Ωm) 155.4� 5.5 161.5� 7.6 170.5� 13.0 180.1� 15.6
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Apparent complex resistivity and phase pseudosections

To further validate the apparent complex resistivity calculated us-
ing the correlation analysis method, we apply this processing to all
the SSIP data for the survey line when the distance AB between the
current electrodes range from 20 to 5200 m. Then, we calculate the

apparent complex resistivity and relative phase at four frequencies
for different values of AB. The pseudosections of apparent resistiv-
ity and apparent phase at four frequencies are shown in Figure 13
with and without using the correlation analysis. Figure 14 shows the
pseudosections of the apparent phase for comparison using the
same approach. For the full profiles, the horizontal distance ranges

Figure 13. Pseudosections of apparent resistivity at (a1) 0.16 Hz, (a2) 0.41 Hz, (a3) 0.66 Hz, and (a4) 0.91 Hz without using correlation
analysis. Pseudosections of apparent resistivity at (b1) 0.16 Hz, (b2) 0.41 Hz, (b3) 0.66 Hz, and (b4) 0.91 Hz using correlation
analysis.
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from −990 to 990 m, and the pseudodepths AB∕5 range from 4 to
1040 m. The pseudosections at four frequencies can provide more
information compared with measurements at single frequency espe-
cially for ore bodies (for the modeling of the spectral response of
disseminated semiconductor in a porous material, see, for instance,
Revil et al., 2015a, 2015b). We can see that there is a significant
deviation in the apparent phase and apparent resistivity after using
the correlation analysis. The resulting complex resistivity data

obtained without using the correlation analysis for these stations
are contaminated by noise interferences. In contrast, the resulting
complex resistivity data using the correlation analysis appear more
reasonable because the noisy data point has disappeared and the
target anomaly seems enhanced. After denoising, there is indeed
an anomaly of high-phase and low-resistivity amplitude located
from the curvilinear position −200 to 200 m along the profile. This
anomaly is further interpreted below by inverting the complex

Figure 14. Pseudosections of apparent phase at (a1) 0.16 Hz, (a2) 0.41 Hz, (a3) 0.66 Hz, and (a4) 0.91 Hz without using correlation analysis.
Pseudosections of apparent phase at (b1) 0.16 Hz, (b2) 0.41 Hz, (b3) 0.66 Hz, and (b4) 0.91 Hz using correlation analysis.
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resistivity data and comparing the results with the existing geologic
information.
In some pseudosections, when the current electrode space AB is

large, the apparent phase values are positive. The presence of these
positive phases can be associated with the distribution of array sen-
sitivity and chargeable units (i.e., the pore bodies). These data
should not be misled with the noise contaminated data and therefore
should not be removed from the data set because they are associated
with the targets (Dahlin and Loke, 2015). In the following, we use
the positive and negative phase values in the tomography. In addi-
tion, to suppress the EM coupling in the original apparent complex
resistivity data, the relative phase spectrum measurements were also
used in the inversion procedure (Chen et al., 2009).

Inversion results and interpretation

We inverted the resistivity and IP data to check our approach. The
data are inverted by ZondRes2D. The thickness of the first layer is
set up to be 10 m, and the incremental factor for the next layers
is 5%.The total number of layers is 42, and the maximal depth
is 1352 m for the inversion. The fitting error is 9.9% for the resis-

tivity data and 21.5% for the relative phase data. The big fitting error
may be caused by the strong 3D topography for the near-surface
part of the survey plus the strong EM couplings when the current
electrode spacing is greater than 4000 m. Figure 14 shows clearly
the effect of EM coupling at large current electrode spacings. Fig-
ure 15 shows the result of resistivity and chargeability and the lo-
cation and shape of the known Pb-Zn ore body defined by
eight wells.
Figure 15a shows the resistivity model derived from the apparent

resistivity data at 0.16 Hz. We found that the resistivity model cor-
relates to the known fault and geologic structure very well. The lo-
cation and shape of the Pb-Zn ore body are also shown in the figure.
The ore-body is in a zone of transition from high resistivity to low
resistivity. However, we cannot determine the exact location of the
ore body from the resistivity data alone. This is quite consistent with
the results obtained recently by Mao and Revil (2016) demonstrat-
ing that resistivity is not a good indicator of ore bodies.
Figure 15b shows the results in term of chargeability, which is

known to be directly proportional to the volume content of metallic
grains (Revil et al., 2015a, 2015b). The chargeability tomogram
shows a clear highly chargeable anomaly associated with the posi-
tion of the fault zone. Although the fitting error of the apparent
phase data is 21.5% (a relatively high value), and the shape and
location of the chargeable body are consistent with the position
of the ore body (Figure 15b). We found that the fitting error is
the largest in the area located directly below the ore body. This
is likely due to strong EM coupling effects with the ore body itself.
The resistivity and IP inversion including EM induction may pro-
duce a better result, and we plan to devote future works to inves-
tigate these effects.

CONCLUSION

We have developed a simple and effective correlation analysis
approach to extract high-quality data from noisy IP data based
on the SSIP approach. The essence of the correlation analysis is
to extract data with high S/N and eliminate data with low S/N from
the original SSIP data before stacking. Only data with high quality
are retained for subsequent processing and tomography. This
method is applied to a multiperiod SSIP 2D data set obtained in
China and contaminated by strong EM interferences associated with
mining operations and drilling activities. The correlation analysis
method produces a better complex resistivity data set with a low
level of errors compared with traditional methods. Because the prin-
ciple of correlation analysis is very simple, the PMCC algorithm
can be easily implemented on a laptop computer, which can allow
the use of the SSIP data processing in the field, and the acquisition
procedure can be improved in the field to improved data quality.
When original data in all the periods are contaminated by strong

EM interference, correlation analysis processing is not enough to
suppress noise. Under these circumstances, stronger injected pri-
mary currents and longer time acquisition times are necessary. In
addition, when there are coherent noises in the current and potential
data, this method is less effective. However, this requirement can
easily be met because there is almost no strong noise in the current
data.
With the SSIP method, the complex resistivity and phase can be

calculated at four frequencies with a single current injection. There-
fore, it offers the opportunity of mineral discrimination (through
spectral analysis of the computed response) and EM coupling re-

Figure 15. Final tomogram with topography. (a) The 2D resistivity
model and (b) 2D IP model (chargeability). Both tomograms are
derived from the apparent complex resistivity data at 0.41 Hz.
The thick black lines show the shape and location of Pb-Zn ore
bodies defined by the eight wells. The thin black lines show the
location of 10 wells. The location of these wells is not exactly
in the plan of the profile.
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moval. We inverted the processed apparent resistivity and relative
phase data. The 2D resistivity model is consistent with the known
geologic structure and borehole data. The chargeability anomaly
shows a strong correlation with the presence of a known ore body
in terms of location and shape. The relative phase is not good
enough to totally suppress EM coupling effects when the current
electrode spacing is greater than 4000 m. Lower signal frequencies,
different array types, or resistivity and IP inversion procedures in-
cluding EM induction effects are required to improve the data
processing and imaging.
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