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SUMMARY

Trend drift is an annoying background interference in induced polarization (IP) exploration,
which has great influence on the final calculation of apparent complex resistivity spectrum
at low frequency (<0.1 Hz). This paper proposed a modified empirical mode decomposition
(EMD) detrending technique for multiperiod IP data. The method uses local extreme values of
the rising edges and the falling edges to form multiple envelopes and then to fit and eliminate
the trend term. Through comparing with the traditional EMD methods using IP data with
simulated trend drift, we find that the modified method can be used to obtain a more accurate
fitting trend and the computational cost is only a fraction of that of the conventional one.
Additionally, this detrending is little affected by other strong noise. We also used IP data with
and without trend interferences to analyse this method, respectively. The results show that, for
data without trend drift, the signals remain almost unchanged; however, for data with strong
trend drift, the data quality is greatly improved and the calculation error is reduced. This
technique is also applied to a large-scale multiperiod full-waveform IP data acquired in Zhegu
Zn-Sb-Ag polymetallic deposit in southern Tibet, China. The apparent complex resistivity
and phase of a survey line, a planar contour map and a pseudo-section with and without
using the modified EMD were compared, respectively. Overall, before EMD detrending, the
apparent phase results are rough and full of outliers. After detrending, the profiles are smooth
and reasonable, and the outliers disappear. Both the results demonstrated that our proposed
method can be adopted to effectively suppress trend drift interference without additional
deviation in distributed full-waveform IP exploration.

Key words: Electrical resistivity tomography (ERT); Fourier analysis; Time-series analysis.

1 INTRODUCTION

Induced polarization (IP; Bleil 1953; Wait 1959; Zonge & Wynn 1975; He1997) is an effective electrical resistivity tomography (ERT) method
for non-ferrous metallic mineral exploration (Xi et al. 2013; Mary et al. 2016; Tavakoli e al. 2016) and environmental investigations (Revil
et al. 2015; Maurya et al. 2018; Power et al. 2018). Currently, there has been great development of IP in forward modelling (Karaoulis et al.
2013; Commer et al. 2017; Belliveau & Haber 2018; Qi et al. 2019), data acquisition (Eaton ef al. 2010; Sun et al. 2012; Olsson et al. 2015;
Mo et al. 2017), inversion and interpretation (Li & Oldenburg 2000; Fiandaca et al. 2018; Kim et al. 2018; Soueid et al. 2018; Zhdanov
et al. 2018). However, electromagnetic (EM) interference is still a major limitation that restricts the further application of IP method, for
instance, EM coupling, civilization interference, low-frequency trend interference and so on (Peter-Borie ef al. 2011; Larsen et al. 2013; Li
et al. 2017). EM coupling is caused by EM induction between the power supply line and the Earth, which is strong in high-frequency IP data
and weak in low-frequency data and can be well removed in frequency domain (Dey & Morrison 1973; Johnson 1984; Routh & Oldenburg
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2001; Zonge et al. 2005). Civilization interference is caused by industrial current interference, major power lines and other electric power
equipment in survey area, which can be suppressed by time-series stacking, digital filtering and other nonlinear signal processing methods
(Deo & Cull 2015; Olsson et al. 2016; Liu et al. 2016¢; Liu et al. 2017). Apart from above-mentioned interferences, trend drift interference
is also annoying in IP data, especially in low-frequency IP data (<0.1 Hz). This interference is mainly caused by telluric current, change
of original electrode charge, spontaneous potential, zero drift of amplifier, variation of air temperature and other background low-frequency
noises. Due to this interference, the observed potential signal in time domain will contain a trend drift with the time, and the calculated
complex resistivity spectrum will be distorted after Fourier transformation. Several methods have been proposed in previous literatures for
detrending. The polarization potentials on the potential electrodes can be corrected for by subtracting the polarization potential measured
when no primary current and no IP signal are present (Dahlin ef al. 2002). Additionally, the trend drift can be removed by fitting using a
constant, linear or nonlinear mathematical model (Olsson et al. 2016). These methods are effective when the record of IP signal is short.
However, when the signal series is long, and the trend drift is compounded by a variety of interference sources, it is difficult to fit the trend
term drift with a specific mathematical function.

Empirical mode decomposition (EMD) is also an effective method for eliminating trend drift and does not require assumptions that trend
terms satisfy some mathematical functions. After the proposal of the EMD method with the Hilbert Huang transform (HHT; Huang et al.
1998), several modified approaches are proposed to solve the mode aliasing effect caused by the common EMD, including ensemble EMD
(EEMD; Wu & Huang 2009), complete ensemble EMD (CEEMD; Torres et al. 2011) and improved complete ensemble EMD (ICEEMD;
Colominas et al. 2014). These methods have been widely used in geophysical data processing now, especially in seismic signal processing,
including random noise reduction, coherent noise elimination, ground roll noise interference suppression, weak signal recognition, low-
frequency information extraction, time-frequency analysis and so on (Battista et al. 2007; Bekara & Van der Baan 2009; Chen et al. 2010;
Han & Baan 2013; Chen & Ma 2014; Xue et al. 2014; Chen et al. 2015; Han & van der Baan 2015; Chen 2016; Chen ef al. 2016; Chen et al.
2017a,b). EMD and Hilbert—Huang transform are also applied to non-seismic data processing. In microgravity signal processing, EMD based
analysis methods for the gravimeter records can improve signal-to-noise ratio (SNR) and extract gravity anomalies (Hassan 2005; Huang
et al. 2010; Shen & Ding 2014). In geomagnetic signal processing, the EMD method is used to analyse the records of globally distributed
geomagnetic field to study the effects of core fluid dynamics (Jackson & Mound 2010). In EM signal processing, EMD and HHT are applied
to process very low frequency EM (VLF-EM) and magnetotelluric data to obtain a more stable impedance estimation (Jeng et al. 2007; Cai
et al. 2009; Chen et al. 2012).

In recent years, many other new signal processing methods have been proposed and applied in geophysical data detrending and time-
frequency analysis, including mathematical morphological filtering (MMF; Serra 1986), empirical wavelet transform (EWT; Gilles 2013),
variational mode decomposition (VMD; Dragomiretskiy & Zosso 2014), EMD-seislet transform (Chen & Fomel 2017) and so on. MMF is
an automatic pattern recognition method with high efficiency, which has been used in magnetotelluric and microseismic signal processing (Li
et al. 2016; Huang et al. 2017). For MME, determining an optimal function and dimensions of structural elements is necessary. Variational
modal decomposition is insensitive to random noise and can reduce redundant components (Liu et al. 2016a). EWT is an adaptive signal-
analysis approach like the EMD with a consolidated mathematical theory (Liu ef al. 2016b). Now, both VMD and EWT are mainly used
for time-frequency analysis of signals. Their application in multiperiod series detrending needs to be further studied. EMD-seislet transform
combined the 1-D non-stationary seislet transform with EMD in the f~x domain, which has been used for sparsity-promoting seismic data
processing but requires large computational cost (Chen & Fomel 2017).

In the above researches, the EMD, improved EMD and other new methods are mainly used in the long-period stochastic signal processing,
such as microgravity, magnetotelluric and seismic signal. No one has yet applied these methods to multiperiod regular signal detrending,
such as: full waveform direct current signal, IP signal, etc. Although the EMD method has been developed and completed, it still faces the
problem of large computation. In this paper, we proposed a modified EMD method for multiperiod time detrending. Through comparison
with traditional EMD methods, we found that the modified method can avoid incomplete detrending and damage of useful signal. In addition,
the computational cost is only a fraction of that of the conventional EMD methods. By applying this method to large-scale practical IP data,
the quality of complex resistivity spectrum is greatly improved.

2 FULL-WAVEFORM INDUCED POLARIZATION DATA

Nowadays, several distributed full-waveform IP instrument systems are developed, such as Newmont distributed IP data acquisition system
(Eaton et al. 2010; Sun et al. 2012), Quantec’s 3-D system (Gharibi et al. 2012), IRIS instrument (Gourry ef al. 2003) and the distributed
spread spectrum IP system (SSIP; Chen et al. 2007; Xi et al. 2013; Xi et al. 2014). There are two advantages by using these distributed
instruments for electrical prospecting. The first one is that the work efficiency is improved by multichannel synchronous acquisition and the
other is that the multiperiod full-waveform current and voltage data are recorded, which are more suitable for the anti-interference processing.
Compared with traditional ERT methods, the method using distributed full-waveform acquisition has a larger detection depth and a larger
data volume. In this paper, we use the IP data acquired by distributed SSIP to test the signal processing method for removing low-frequency
trend interference.

In spread spectrum IP exploration, the transmitter can transmit various waveforms, including pseudo-random m-sequence, pseudo-
random 2"-sequence, rectangular wave and other combined waves. The frequency ranges from 1/256 to 128 Hz, which is spread and suitable
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Figure 1. (a) Supplying current signal in one period; (b) frequency spectrum of the supplying current (five basic frequencies show greater amplitude); (c)
synchronous IP potential difference signal in one period; (d) frequency spectrum of the synchronous potential difference (five basic frequencies show greater
amplitude).

for frequency-domain IP exploration. A pseudo-random sequence is a binary sequence that exhibits statistical behaviour like a truly random
sequence. In the time domain, the values of 0 and 1 occur randomly, and in the frequency domain, the signal energy is uniformly distributed
across multiple frequencies. Generally, two kinds of pseudo-random signals are used in IP electrical prospecting, including pseudo-random
m-sequence (Golomb 1982) and pseudo-random 2"-sequence (He ef al. 2015). In time domain, combinations of multiple rectangular waves
of different widths are used. In frequency domain, the energy of the m-sequence is uniformly distributed on multiple frequencies with linear
intervals, such as fo, fo*2, fo*3, fo*x4, etc., and the energy of the 2”-sequence is uniformly distributed on multiple frequencies with logarithmic
interval, such as fj, fox2', fox22, fox23, fox2* Hz, etc., where f; is the fundamental frequency. The above two sequences are suitable for EM
sounding and spectral IP exploration. The complex resistivity of multiple frequencies can be calculated simultaneously through one emission,
so the efficiency of the field work can be significantly improved.

Aiming to detect the concealed Pb-Zn deposit, SSIP data were acquired in Zhegu Zn-Sb-Ag polymetallic deposit in southern Tibet of
southwest of China. 10 survey lines (about 300 survey points in total) were arranged using non-conventional sweeping and sounding array
protocol. Transmitting current is a 23 pseudo-random sequence. In time domain, the sampling rate is 64 Hz and the period is 256 s. In
frequency domain, the fundamental frequency f; is 1/265 Hz and energies of this sequence are mainly distributed in 1/256, 2/256, 4/256,
8/256 and 16/256 Hz. The complex resistivity is calculated at the five main frequencies. Figs 1(a) and (c) show the transmitting current and
acquired potential difference signal of one period. Figs 1(b) and (d) show part of the frequency spectrum of current and potential difference.
From Fig. 1, we can see that the energies of current and potential are mainly distributed in 1/265 Hz (0.0039 Hz), 2/265 Hz (0.0078 Hz),
4/265 Hz (0.0156 Hz), 8/265 Hz (0.0313 Hz) and 16/265 Hz (0.0625 Hz).

Because the frequency of IP signal is low, the spectrum of EM coupling can be ignored, and the complex resistivity is calculated using
the following formula:

_ g YV
PN =K M
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where, U(f) is the frequency spectrum of potential difference data, and /( f)is the frequency spectrum of synchronous current data, which
are calculated using fast Fourier transform (Oppenheim 1989). K is the array coefficient given by

K =27 ! )

1 1 1 1y’
AM  BM AN BN

where 4 and B are current electrodes. M and N are potential electrodes. AM, BM, AN, BN are electrode spaces (Bhattacharya & Patra

1968). In this study, the apparent complex resistivities of five basic frequencies are calculated.

3 A MODIFIED EMPIRICAL MODE DECOMPOSITION FOR DETRENDING OF
MULTIPERIOD TIME-SERIES

3.1 A modified empirical mode decomposition method

EMD was first proposed by Huang et al. (1998). Then, some advanced methods were proposed, such as EEMD, CEEMD and ICEEMD (Wu
& Huang 2009; Torres et al. 2011; Colominas et al. 2014), in which the model mixing problem and the residual random noise problem are
further solved. The conventional EMD method divides the original signal S(¢) into a series of intrinsic mode components ¢(?);_,-, and a
residue (¢), namely,

S) =Y exlt) +r(0). 3)
k=1

The residue, 7(¢), is a monotonic function. The EEMD method adds a variety of Gaussian white noises to the original signal to obtain
multiple groups of intrinsic mode functions (IMF) estimates, and then averages them to reduce the mode aliasing. However, residual noise
may still exist. The CEEMD method adds particular noises instead of rand noises at each stage of the decomposition to obtain each mode
with little noise. The ICEEMD was further proposed to obtain less noises in each IMF estimate and to reduce the occurrence of spurious
IMFs.

For the above methods, there are usually two ways to distinguish and extract trend terms. First, the residue () is regarded as the trend
term, and the data without trend term are obtained by summing all intrinsic mode components. Second, sum of the residue and last few intrinsic
mode components is taken as the trend term, the data without trend term are obtained by summing only the left intrinsic modal components
(Flandrin et al. 2004). However, still some problems exist in applying the above methods to the time-series detrending. Incomplete detrending
or loss of useful signals may be caused as it is difficult to determine which components are the real trend term. For multiperiod IP data, due
to the complexity of the signal itself, both IP information and trend terms exist in all the intrinsic modal components. Adopting the residue
as the trend will result in incomplete detrending, while adopting sum of the residue and last few IMFs as the trend will cause serious loss to
the IP signal. In addition, the above methods require high computational costs, which means that it is time-consuming if they are applied to
detrend large-scale data sets.

To reduce the distortion caused by the detrending algorithm itself, here, we propose a modified EMD method to detrend multiperiod
signal, such as square wave sequence, pseudo-random wave sequence, etc. For a multiperiod signal S(¢) with the period being T, there may
be several local intrinsic maxima A4, 4, ..., A, and minimaB,, B,, ..., B,, within a period. The local extreme points at different positions in
a period may not be equal, namely, 4, # A4, # ...4,,andB, # B, # ... B,,. However, the extreme points at the same position in different
periods should be equal when the signal is not disturbed by the trend drift and noise interference, namely,

Ai(ti+kT)=A4(t1) Bi(ti+kT)=B:(t))
Ax(ta+kT)=A5(1) and By(ta+kT)=B1(t2) )
An'l'étnl +kT)=An1(tn1) Bn'z'(.tnz +kT)=Bn2 (tnz)

When the original signal contains trend drift interference, the above formula (4) does not hold. The proposed modified EMD method using
the extreme points of all the periods is used to fit the trend. First, we construct upper and lower envelopes successively. 4;(#)),41(ty + T),A1(t; +
2T7),A1(ty +3T), ... ,Ai(ty + kT) are used to construct an upper envelope U,(¢)covering all the data by interpolation. B(#),B(t; +
T),Bi(ti +27),Bi(t1 +3T), ... ,Bi(t; + kT) are used to construct a lower envelope L(¢). By analogy, all the maxima 4,,..., 4,, and
minima B,, ..., B,, are used to form envelopes, namely,

U](f) = interp([tl, t| + T, ey tl -‘rkT], [A|(t]), A](f] + T), ey A](Z] +kT)], t)

U(t) = interp([ta, o + T, ..., o + kT, [A2(t2), Ao(ta + T), ..., Ao(ta + kT)], t) 5)

Uy, () = interp([ty, o, + T coos tyy + KT [An, (ta)s Aty + T, ooes Ay, (b, + KT, £)
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Figure 2. (a) The IP potential data of one period when the transmitted current is a pseudo-random wave (there are 12 maxima and 12 minima, but they’re not

equal even though there’s no trend interference); (b) the IP potential data of three period (the extreme points at the same position in different periods are equal
when there’s no trend interference).

and
Ll(l) = interp([tl, h+T,...t+ kT], [B](ll), Bl(ll + T), ceey Bl(ll + kT)], [)
Lz(t) = interp([tz, lz + T, eey lz + kT], [Bz(lz), Bz(lz + T), ceey Bz(tz + kT)], t) (6)
Ly (t) = interp([tuy, tny + T, ooy tuy + kT, [Buy(tny), Buy(tuy + 1), .oy By (1, +£T)], 1)
All above interpolations use cubic spline interpolation method as in Huang et al. (1998). Finally, multiple upper envelopes U, (¢), U(¢),
..., Uy, (¢) and lower envelopes L (), La(t), ... ,L,,(t) are obtained. Then all the envelopes are stacked to get the first-order trend /,(¢),
1 < 1 &
h)=—> U0+ — Y Li(t), @)
i o
and, 4,(¢) is separated from the original data by

s1(0) = S(1) — hy(0). (3)

Since the residue s(7) may still contain trend variations, it is furtherly treated as the new data S(z) and recursively subjected to the same
processing as the above formulae (5)—(8) until the difference between the mth residue 4,,(¢) and the 0-value line is less than a given threshold.
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Figure 3. Using modified empirical mode decomposition (EMD) method to remove the trend drift of the IP signal. (a) The original sequence, (b) the local
maxima and minima, (c) the multiple upper and lower envelopes, (d) the fitting trend term, (e) the signal after detrending and (f) the final IP signal obtained by
repeating the above process (a)-(e).

The above detrending process can be represented by a formula:

S(t) = s1(t) + hi(7)
= 52(t) + ha(t) + (1)
= 53(1) + h3(t) + ha(t) + (1)
....... , ©)
— 5 (1) + I (E) A oy 1)+ oo 4 1 ()

m

= Sm([) + ; hi(t)

where s,,(7) is the filtered signal without trend drifts. All the extreme points in different periods at the same position of the s,,(7) are equal,
and formula (4) will be satisfied approximatively. The Y 4;(¢) is the fitting trend.

The whole process of the modified EMD is like tlﬁé calculation of an IMF in the traditional EMD method, but the envelope formation
methods are different. Traditional EMD interpolates all extremum to form an envelope. The modified method uses the extreme points of many
groups to form multiple envelopes. Now, we use a pseudo-random combined square wave IP signals to show these. Fig. 2(a) shows the IP
potential data of one period, there are 12 local maxima and 12 local minima in a period, which are not equal. Fig. 2(b) shows the IP potential
data of three periods. We use the extreme points in a same position of all the three periods to construct an upper or lower envelope. 12 upper
envelopes and 12 lower envelopes can be obtained (only two were plotted in the figure). Subsequently, we calculated the mean value/ (¢ )of
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Figure 4. Using the empirical mode decomposition (EMD) method to decompose the IP potential difference data signal. [The subplots are transmitted current
data, observed voltage data contaminated by trend drift interference, all the IMFs and the residue in turn, the x-coordinate is time (s) and the y-coordinate is
amplitude (mV)].

all the 12 upper and 12 lower envelopes and subtract the mean/ (¢)from the original series. Assume the difference is the first components (7).
After several iterations using formula (9), the trend term and the filtered IP signal are obtained. Finally, all the extreme points satisfy formula
4.

For common multiperiod signals, the location of local extremum is uncertain. However, for IP signal of rectangular waveform, the local
maxima and minima are located in rising and falling edges, such as the voltage spikes in Fig. 2(a). The origin of voltage spikes at the current
switches is an EM effect. These spikes arise from inductive interactions between conductive near-surface ground and the wires carrying
transmitter current. When current switches, secondary currents generated by the Earth’s EM induction cause the observed potential to peak,
and the induced secondary current rapidly decays as the primary current is stationary (Nabighian & Macnae 1991). The form of EM effect on
the measured data is similar regardless of which waveform is supplied. According to the EM induction law, EM effect is mainly shown in the
rising and falling edges of current mutation. It is represented by the sharp pulse of the voltage signal with large amplitude and fast attenuation.
When a different current waveform (rectangular wave, bipolar wave, m-sequence wave, 2"-sequence wave, etc.) is used, the number of local
extremities in a period may change, but the extremities remain in rising and falling edges.

€20z Jequisydag 9z uo Jasn younz H13 Aq 6¥¥90£5/8501/2/L1.z/e1one/IB/wod dnoolwepese//:sdiy woly papeojumoq



Modified EMD detrending technique for multiperiod IP data 1065

50 S 20 5
— E A
< — TR
< o0 5 0 S 0
-50 < -20 -5
5O 1000 2000 50 1000 2000 50 1000 2000
o e N
s 0 s 0 s 0
-5 -5 -5
50 1000 2000 50 1000 2000 50 1000 2000
i i N
s 0 s 0 s 0
-5 -5 -5
0 1000 2000 0 1000 2000 0 1000 2000
5 5 - 8
i 2 5
= O = Y = 0
-5 -5 5
0 1000 2000 0 1000 2000 0 1000 2000
_ 10 ~ 10 - 10
L 0 L 0 L 0
= = S
-10 -10 -10
0 1000 2000 0 1000 2000 0 1000 2000
S 10 2 10 2 5
L 0 L 0 L 0,/\’\/\/\/\/\/\'\
> Lo &
-10 -10 -5
0 1000 2000 0 1000 2000 0 1000 2000
. 5 - 5 o 2
>
Lo _"7Lo0 N_ 3 of T~ |
= = S
-5 -5 © 2
0 1000 2000 0 1000 2000 0 1000 2000

Figure 5. Using the ensemble empirical mode decomposition (EEMD) method to decompose the IP potential difference data signal. [The subplots are
transmitted current data, observed IP voltage data contaminated by trend drift interference, all the IMFs and the residue in turn, the x-coordinate is time (s) and
the y-coordinate is amplitude (mV)].

Although the EM effect is affected by a variety of factors including earth resistivity, observation device, instrument system response,
etc., for multiperiod IP signal, EM effect of different periods at the same position should be equal as shown in formula (4), when there is no
tend drift and noise interference. Since local maxima and local minima within a period may be affected by noise practically, using only one
envelope to fit the trend will lead to distortion. Using the average of multiple envelopes can suppress the influence of noise interference on
the trend line estimate. In Section 3.2, the detrending effects in the background of strong interference are illustrated with examples.

3.2 Comparison with conventional empirical mode decomposition methods

We use three data sets to compare the detrending effects of the proposed modified EMD method, the traditional EMD, EEMD, CEEMD and
ICEEMD. The standard IP data was collected in a high SNR area with no trend item interference. The first data set is the IP signal that is
disturbed by a simulated sinusoidal trend trend, (¢). The second one is the IP voltage data without trend-term interference, namely,trend,(¢) = 0.
The third one is the IP voltage data contaminated by trend drift trend, (), background noise and burst noise interference. Expressions of these
three simulated trends are:

trend, () = 2sin(2x fit) + 2 sin(27 fot)+ sin(27 f3t)
/1 = 174000, f, = 1/2000, f3 = 1/1000,¢ = 0: 0.0156 : 2560s, (10)
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Figure 6. Using the complete ensemble empirical mode decomposition (CEEMD) method to decompose the IP potential difference data signal. (The subplots
are observed IP voltage data contaminated by trend drift interference, all the IMFs and the residue in turn, the x-coordinate is time (s) and the y-coordinate is
amplitude (mV)).

trend,(¢) = 0
t =0:0.0156 : 2560s, (11)

trend;(¢) = trend,(7) + Random noise + impulse noise

t =0:0.0156 : 2560s. (12)

First, we use the proposed modified EMD method to deal with the first data set (Model 1 in Table 1). Fig. 3(a) shows the original
sequence, Fig. 3(b) shows the local maxima and minima, Fig. 3(c) shows the multiple upper and lower envelopes, Fig. 3(d) shows the fitting
trend term, Fig. 3(e) shows the signal after detrending. Then, it is treated as the new signal, and subjected to the same processing as shown
in Figs 3(a)—(e). The total number of iterations is approximately the number of iterations needed to solve an IMF in conventional EMD.
Finally, a pure signal without trend drifting is obtained in Fig. 3(f). The difference between the original signal and the obtained signal is the
fitting trend term, and the comparison with the real trend term is shown in Fig. 8(a). Then, we use conventional EMD methods to process
the contaminated signal. All the above methods decompose the original signal S(#) into a series of intrinsic mode components (IMFs) and a
residue. Figs 4-7 show the decomposition results using EMD, EEMD, CEEMD, and ICEEMD, respectively.
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Figure 7. Using the improved ensemble empirical mode decomposition (ICEEMD) method to decompose the IP potential difference data signal. [The subplots
are transmitted current data, observed IP voltage data contaminated by trend drift interference, all the IMFs and the residue in turn, the x-coordinate is time (s)
and the y-coordinate is amplitude (mV)].

We use the residue or the sum of the residue and last several IMFs to fit trend drift. Fig. 8 shows the comparison of the real trend and the
fitted trends for all the methods, where, the solid line is the real trend term, and the dotted line is the calculated trend term. Figs 8(al)—(a4)
look the same, representing the trend obtained by the modified EMD method and the real trend term, which have completely overlapped.
Figs 8(b1)—(b4) show the fitting trends using the EMD method. In Fig. 8(b1), the dotted line is the residue; in Fig. 8(b2), the dotted line is the
sum of the residue and the last IMFs; in Fig. 8(b3), the dotted line is the sum of the residue and the last two IMFs; in Fig. 8(b4), the dotted
line is the sum of the residue and the last three IMFs. Figs 8(c1)—(c4) show the fitting trends using the EEMD method, Figs 8(d1)—(d4) show
the fitting trends using the CEEMD method, Figs 8(el)—(e4) show the fitting trends using the ICEEMD method, and the subfigures in each
column represent the sum of the different components.

From Fig. 8, we can find that taking the residue as a trend term will result in incomplete fitting (such as Figs 8al—el), while taking the
sum of the residue and the last three IMFs will lead to overfitting (such as Figs 8ad4—e4), which results in a loss of useful signals. For the
EMD and ICEEMD methods, taking the sum of the residue and the last component as the trend term will obtain the best effect (see Figs 8b2
and e2). For the EEMD and CEEMD methods, taking the sum of the residue and the last two components as the trend term will obtain the
best effect (see Figs 8c¢3 and d3). However, the best fitting effects of the conventional methods are not as good as that of the modified EMD
method.
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Figure 8. Comparisons of the real trend (solid line) and the fitting trend (dotted line) using different methods when the original data are contaminated by
sinusoidal trend drift interference. (al)—(a4) show the same figure, representing the trend obtained by the modified EMD method (dotted line) and the real
trend term (solid line), which have completely overlapped. (b1)—(b4) show the fitting trends using the EMD method: in (bl), the dotted line is the residue; in
(b2), the dotted line is the sum of the residue and the last IMF; in (b3), the dotted line is the sum of the residue and the last two IMFs; in (b4), the dotted line is
the sum of the residue and the last three IMFs. (c1)—(c4) show the fitting trends using the EEMD method, (d1)—(d4) show the fitting trends using the CEEMD
method, and (e1)—(e4) show the fitting trends using the ICEEMD method.

Next, we use another two data sets (Model 2 and model 3 in Table 1) to analyse the detrending effect of different methods, including
IP voltage data without trend-term interference and IP data containing trend drift, background noise and burst noise interference. In order to
save space, only trend fitting results are shown below, and the empirical modal components and residuals obtained by decomposition are not
shown here. Fig. 9 shows the comparison of the real trend and the fitted trends using different methods, when the observed IP voltage data
are not contaminated by trend drift interference. From Figs 9(al)—(a4), when the original signal does not contain the trend-term interference,
the fitting result is a 0 value curve using the proposed method. From Figs 9(b)—(e), all the fitting results of the conventional methods are
biased. Fig. 10 shows the comparison of the real trend and the fitted trends using different methods, when the observed IP voltage data are
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Figure 9. Comparisons of the real trend (solid line) and the fitting trend (dotted line) using different methods, when the original data are not contaminated
by trend drift interference. (al)—(a4) show the same figure, representing the trend obtained by the modified EMD method and the real trend term, which have
completely overlapped. (b1)—(b4) show the fitting trends using the EMD method: in (b1), the dotted line is the residue; in (b2), the dotted line is the sum of the
residue and the last IMF; in (b3), the dotted line is the sum of the residue and the last two IMFs; in (b4), the dotted line is the sum of the residue and the last
three IMFs. (c1)—(c4) show the fitting trends using the EEMD method, (d1)—(d4) show the fitting trends using the CEEMD method, (e1)—(e4) show the fitting
trends using ICEEMD method, and the subfigures in each column represent the sum of the different components.

contaminated by trend drift, background noise and burst noise interference. Through comparing Fig. 10(a) with Figs 10(b)—(d), the proposed
method is still superior to the conventional methods.

Finally, we compare the computational costs of different methods using the three data models as shown in Table 1. All the calculations
are done on an Intel core i5 processor at 2.50 GHz. The length of all three data sets is 163840. From modified EMD to EMD, EEMD,
CEEMD and ICEEMD, the calculation cost increases gradually. The modified method is the most efficient in detrended item processing. This
is because traditional methods require to compute multiple IMFs, and each IMF requires multiple iterations. If each IMF solution requires
n iterations on average, m X n iterations are needed for m IMFs. However, for the modified method, the number of iterations needed is only
equivalent to an IMF calculation.
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Figure 10. Comparisons of the real trend (solid line) and the fitting trend (dotted line) using different methods, when the original data are contaminated by
sinusoidal trend drift, random noise and impulse noise interference. (al)—(a4) show the same figure, representing the trend obtained by the modified EMD
method and the real trend term, which have completely overlapped. (b1)—(b4) show the fitting trends using the EMD method: in (bl), the dotted line is the
residue; in (b2), the dotted line is the sum of the residue and the last IMF; in (b3), the dotted line is the sum of the residue and the last two IMFs; in (b4), the
dotted line is the sum of the residue and the last three IMFs. (c1)—(c4) show the fitting trends using the EEMD method, (d1)—(d4) show the fitting trends using
the CEEMD method, and (el)—(e4) show the fitting trends using the ICEEMD method.

Table 1. Comparisons of computational costs of various detrending methods (modified EMD, EMD, EEMD, CEEMD
and ICEEMD) using three multiperiod time sequence models.

Method

Computational costs (s) Modified EMD EMD EEMD CEEMD ICEEMD
Model 1 0.92 11.06 69.79 154.88 124.48
Model 2 1.64 12.70 71.75 144.81 125.27

Model 3 0.87 15.69 70.32 135.38 138.41
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Figure 11. Using modified EMD to extract IP signal from raw data contaminated by practical trend interferences. Data of the left-hand column were the
original IP signal, data of the median column were the extracted IP data and data of the right-hand column were the separated trend interference.

From the comparisons in Figs 8-10 and Table 1, we find that the modified EMD method can obtain a more accurate fitting trend, and the
computational cost is only a fraction of the conventional EMD methods. It is, therefore, suitable for multiperiod signal detrending. However,
it should be noted that this method is not applicable when the original signal is not a multiperiod signal. In addition, this method is only
suitable for detrending, not for multiscale decomposition and reconstruction of signals. The method in this paper cannot completely replace
the traditional method.

3.3 Comparison of the complex resistivity using IP data with and without tend drifting

To further investigate whether the modified EMD method will bring in additional phase shift and amplitude shift to the high-quality data, we
use IP potential data with and without trend drifting to analyse the processing effect. Fig. 11 shows the separation of IP signal and practical
trend interferences using the modified EMD method. Comparing Figs 11(a) and (b), we find that when the practical data are free of trend
drifting, no significant change exists in the IP signals before and after processing. Figs 11(d), (g) & (j) and (e), (h) & (k) imply that when the
trend is strong, the pure IP signal can be effectively separated from the interference.

Then, we use these IP potential data in Fig. 11 and their synchronous current data to calculate the complex resistivity by formula (1).
In this survey area, potential difference and supplying current data of more than 10 periods are acquired. First, the original potential and
current data are divided into two groups, including 1-5 periods and 6—10 periods. Then we use one method to process the two groups of data
and calculate the apparent complex resistivity, respectively. Assume that p; and ¢, are the apparent resistivity and phase calculated using the
1-5 periods data, and p, and ¢, are the results calculated using the 610 periods data. The error between the two data are used to show the

€20z Joquieaydag 9z uo Jesn younz H13 Aq 6y¥90€S/8501/2/. L Z/o1IMe/IIB/W00 dno dlwapes.)/:Sd)Y WOl) POPEOjUMO(



1072 W, Liu et al.

—>— Without detrencling
—@— With detrending

96 3 N
= o (a) g , _( )
S 92¢ 5
QN — 1 L
90 o
88 : < 0 -
103 102 10™ 107 102 107
Frequency (Hz) Frequency (Hz)
-30 y —~ 15 T
~ | B |9
©
® -40 g 1071
E [
— o
<° -50 1 5 5
-60 - o :
103 102 107 107 102 107"
Frequency (Hz) Frequency (Hz)
60 . 8 :
e) E |
E 55¢ <
S 5 4
<" 50 S 9|
45 : 0 :
103 102 107" 107 102 107"
Frequency (Hz) Frequency (Hz)
100 g ~ 100 T
_ | 3 |
®  Of £
E _ § 50 .
° -100 i
@
-200 : S0 :

103 102 107" 103 102 107"
Frequency (Hz) Frequency (Hz)

Figure 12. Apparent resistivity, apparent phase, resistivity error and phase error calculated with and without using the EMD processing for high-quality IP
data (a—d) and low-quality IP data (e-h). (a) apparent resistivity of high-quality IP data; (b) apparent phase of high-quality IP data; (c) calculation error of
apparent resistivity of high-quality IP data; (d) calculation error of apparent phase of high-quality IP data; (e) apparent resistivity of low-quality IP data; (f)
apparent phase of low-quality IP data; (g) calculation error of apparent resistivity of low-quality IP data; (h) calculation error of apparent phase of low-quality
IP data.

computation of error, which can be expressed as
ep=1p1 — p2| and e, = g1 — o], (13)

where ¢, and ¢, are errors of apparent resistivity and phase. We took (p;+p2)/2 and (¢,+¢,)/2 as the final calculated apparent parameters.

First, we use IP potential data in Fig. 11(a) to calculate apparent parameters and error. Figs 12(a)—(d) show the results and errors with
and without detrending. From Figs 12(a) and (c), there is no obvious phase shift and amplitude shift after detrending. From Figs 12(b) and
(d), the range of resistivity error increases a little bit, and the phase error decreases slightly after detrending. Both the change of apparent
resistivity and phase can be ignored overall. Then, the potential data in Fig. 11(j) and the synchronous current data are used to calculate the
apparent complex resistivity with and without using the modified EMD processing. The results and errors are shown in Figs 12(e)—(h). Before
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Figure 13. Apparent resistivity and phase profiles at five frequencies with and without the modified EMD processing. The left-hand column is the apparent
resistivity with and without the modified EMD processing. The right-hand column is the apparent phase at the five frequencies with and without the modified
EMD processing. From top to bottom, the frequencies are 0.0039, 0.0078, 0.0156, 0.0313 and 0.0625 Hz, respectively.

using EMD, both apparent resistivity and phase spectrum are rough. The resistivity error is 1-7 2m, and the largest phase error is nearly 100
mrad. After EMD processing, both resistivity and phase spectrum are smooth. The resistivity error is 0—4 Qm, and the largest phase error
is about 20 mrad. The results show that our proposed method can be used to improve the quality of IP data sets without causing additional
phase shift or amplitude shift for the high-quality data.

4 COMPARISONS OF PRACTICAL LARGE-SCALE INDUCED POLARIZATION DATA
PROCESSING WITH AND WITHOUT USING THE MODIFIED EMD METHOD

4.1 Comparisons of processed results for a survey line

To further test the effectiveness of the EMD method, we used the IP data of one survey line with and without EMD processing to calculate the
apparent complex resistivity. The survey line is 1600 m long and arranged using intermediate gradient array protocol. The current electrode
space AB/2 is 2500 m. Both the survey point space and potential electrode space are 20 m. Supplying current and 80-channel potential data
were acquired synchronously. After the completion of data collection, for each survey point, first, we calculated complex resistivity at five
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Figure 14. The plane contour maps of the apparent resistivity (the left-hand column) and phase (the right-hand column) at five frequencies by using the
modified EMD processing (from top to bottom: 0.0039, 0.0078, 0.0156, 0.0313 and 0.0625 Hz).

frequencies using current data and potential data after general correction using conventional polynomial fitting methods. Then, we used the
modified EMD method to separate the IP potential data and trend drift interference. Detrending data were used to calculate the complex
resistivity. The left-hand column in Fig. 13 shows the apparent resistivity profiles for this survey line with and without EMD processing; from
top to bottom, the frequencies are 0.0039, 0.0078, 0.0156, 0.0313 and 0.0625 Hz, respectively. The right-hand column in Fig. 13 shows the
apparent phase profiles for this survey line with and without EMD processing.

As shown in Fig. 13, there is a little change in apparent resistivity with and without EMD processing. However, there is a huge change in
apparent phase. Before detrending, the phase profiles are rough and there are many outliers, especially for the results at 0.0039 and 0.0078 Hz.
After detrending, the profiles are smooth and reasonable, and the outliers disappear. As shown in Fig. 13, there is an anomalous body with
high phase and low resistivity from distances 100 to 200 m, which can be used for the location forecasting of the buried ore body.
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Figure 15. The plane contour maps of the apparent resistivity (the left-hand column) and phase (the right-hand column) at five frequencies without using the
modified EMD processing (from top to bottom: 0.0039, 0.0078, 0.0156, 0.0313 and 0.0625 Hz).

4.2 Comparisons of processed results for a contour map

To further validate the apparent complex resistivity and phase calculated using the modified EMD method, we applied this processing to
IP data of multiple survey lines using intermediate gradient array protocol. The apparent complex resistivity and phase contour maps were
plotted. Fig. 14 shows the contour maps of the apparent complex resistivity and phase at five frequencies using the modified EMD processing
respectively. Fig. 15 shows these contour maps of the apparent phase and phase without using the processing respectively. Both in Figs 14
and 15, from top to bottom, the frequencies are 0.0039, 0.0078, 0.0156, 0.0313 and 0.0625 Hz, respectively. Apparent resistivity shows very
similar plane contour maps using and without using the modified EMD processing; however, there is a remarkable improvement with much
smoother contour maps and higher anomalies for the apparent phase by EMD processing in Fig. 14. Through comparison, the influence of
trend interference is very large at low frequencies (0.0039, 0.0078 and 0.0156 Hz) and small at high frequencies (0.0313 and 0.0625 Hz). In
Fig. 14, IP data of these survey lines revealed that high-phase anomaly conforms with low-resistivity anomaly on 100-300 m; additionally, a
high resistivity with low phase anomaly was revealed on —700 to —500 m.

€20z Jequieidag 9z uo Jasn yaunz H13 Aq 6y¥90£5/8501/2/. LZ/aonue B w0 dno-oiwspese)/:sdny woiy papeojumoq



1076 W, Liu et al.

Iog10(pa) (2 m) b, (mrad)
3.1 -1 100

-150 50
-750 2.7 -750 60
-1350 23 1350 20
-1950 1.9 -1950 -20
-800 400 0O 400 800 -800 400 0 400 800
-160 3.1 -150 100

-750 27 -750 60

-1350 23 1350¢ 20

-1950 1.9 1950 -20
800 400 O 400 800 800 400 0 400 800
-150 3.1 -150 " - 100
é -750 2.7 g/ 750t : 60
N [aN]
o -1350 23 51350 20
< <
-1950 1.9 1950 -20
-800 400 0 400 800 -800 400 0 400 800

-150 100

31 -150 gr i -

750 27 750} 60
-1350 23 1350} 20
-1950 19 1950 -20

800 -400 O 400 800 800 -400 0 400 800

-150 3.1 -150 100

750 27 750 60
-1350 23 4350 20
1950 19 1950 -20

800 400 O 400 800 800 -400 0O 400 800
X Distance (m) X Distance (m)

Figure 16. The pseudo-sections of the apparent resistivity (the left-hand column) and phase (the right-hand column) at five frequencies by using the modified
EMD processing (from top to bottom: 0.0039, 0.0078, 0.0156, 0.0313 and 0.0625 Hz).

4.3 Comparisons of processed results for a pseudo-section

Then, we applied this processing method to IP data of non-conventional sounding device. The survey line is 1600 m long. Both the survey
point space and potential electrode space are 20 m, and the current electrode space AB/2 is 150, 300, 450, 600, 750, 900, 1050, 1200,
1350, 1500, 1650, 1800 and 1950 m, respectively. Figs 16 and 17 show the pseudo-sections with and without the modified EMD processing.
Through comparison, we found that the pseudo-sections of apparent resistivity are almost the same before and after EMD processing. The
pseudo-sections of apparent phase changed a lot after processing, especially at the low frequency (f= 00039 Hz and f'= 0.0078 Hz). Before
processing, due to the existence of the outliers, the target body’s abnormality is suppressed. After processing, the outlier disappears, and
the deep anomaly is highlighted. A low-resistivity and high-phase anomaly was also found in 0—400 m. The anomalies will be inversed and
interpreted combined with other geological data in the future.

Overall, the influence of low-frequency trend interference on the apparent phase is stronger than that on the apparent resistivity. This is
because the resistivity is determined by the total potential (the sum of primary potential and secondary potential), which is strong. However,
phase of the potential and current is determined by the secondary potential, which is weak. Additionally, when the frequency is low and the
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Figure 17. The pseudo-sections of the apparent resistivity (the left-hand column) and phase (the right-hand column) at five frequencies without using the
modified EMD processing (from top to bottom: 0.0039, 0.0078, 0.0156, 0.0313 and 0.0625 Hz).

current electrode space is large, the influence of trend interference is increasing because the SNR is reduced. The EMD method is necessary
for the deep SIP exploration, when the electrode distance AB is large and the frequency is low.

5 CONCLUSION AND DISCUSSION

A modified EMD detrending method is developed to filter the IP data contaminated by low-frequency trend interference. Through comparing
with the traditional empirical mode methods, testing the IP data with simulated and practical interference, and analysing the complex
resistivity profiles before and after detrending, the following conclusions can be drawn: The modified EMD method with low computational
costs and strong anti-interference capability can obtain a more accurate fitting trend drift than conventional EMD methods. The quality of
complex resistivity data can be improved by detrending the IP time-series, and full profiles of apparent parameters are smooth and reasonable
after processing. Overall, the modified EMD method can improve multiperiod full-waveform IP data reliability and quality to advance the
application of large-scale distributed IP exploration.
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In recent years, many new signal processing methods have also been proposed and applied in geophysical signal processing, including
MME, EWT, VMD, EMD-seislet transform and so on. Due to limited space, this paper does not compare the above methods and the proposed
modified EMD method in detail. For MMF, a suitable structural element function for IP signal is needed to be developed. For EWT, VMD
and EMD-seislet, the computational cost needs to be further reduced for large-scale data processing. The application of the above methods

in the detrending of IP multiperiod time-series should be researched in the future.
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