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Abstract: The induced polarization (IP) effects in transient electromagnetic (TEM) responses pose
difficulties to the TEM data interpretation and inversion. The IP effects break the monotony in TEM
decay curves and can even cause sign reversals and lead to the singularity and non-monotony of
inversion. The singularity problem is still urgent to be solved. In this paper, the forward modeling
method of IP-affected TEM responses is developed using the Cole–Cole model and a frequency-time
domain transformation. A TEM data acquisition scheme using a dual-source method without a
significant increase in field work is proposed to weaken the singularity and improve the inversion
quality finally. Based on the modeling and analysis, the dual-source scheme is designed to guarantee
all stations be measured twice with different loops. The joint inversion of dual-source datasets is
realized by using an objective combing function and the particle swarm optimization (PSO) algorithm.
The synthetic data test proved the validity of the algorithm and illustrated that the joint dual-source
method greatly weakened the singularity and stabilized the inversion. The field example of the
Baiyun golden deposit showed well consistency with resistivity logging and TEM logging results
and predicted the gold mineralization below 2000 m.

Keywords: inversion; TEM method; induced polarization; PSO algorithm; dual source; gold deposit

1. Introduction

The transient electromagnetic method (TEM) has been widely used in metallic mineral
exploration, geological survey, and other prospecting fields as an effective geophysical
technique [1–8]. Conventionally, TEM data are interpreted based on the assumption that
the earth is purely resistive. The resistivity distribution of the stratum can be obtained by
methods including TEM response analysis [9,10], apparent resistivity definition [11–13], and
inversions [14–18]. However, due to the widespread polarizable medium [19,20] (typically,
graphite and sulfide), the earth has inherent dispersion properties [21–25]. With the
electromagnetic field propagating, the induced polarization (IP) response will occur in the
stratum and superimpose on the TEM response. The superposition will distort the normal
attenuation of TEM response or even cause sign reversals [26,27]. It brings difficulties and
interference to TEM data processing and finally leads to incorrect interpretations [28].

The physical mechanism of the IP effect in TEM response can be explained by some
simplified theories, such as the interaction of two polarizable circuits [29]. The process of
the IP effect that occurs in TEM response can be divided into two stages [30]. The first stage
is the charge stage, which starts immediately after the primary field turnoff. The induced
electromotive force is strong and decreases rapidly. The polarizable medium is charged by
the induced eddy current (TEM current), and the IP voltage increases slowly. The IP and
the TEM current are in the same direction at this stage. When the IP voltage exceeds the
induced electromotive force, the charge stage ends, and the second stage, i.e., the discharge
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stage, begins. At this stage, the IP current has an opposite direction to the TEM current,
and a negative TEM response may occur.

The forward modeling of the IP-affected TEM response is mainly based on the Cole–
Cole complex conductivity model [19], which is widely used in electromagnetic exploration.
The asymptotic analytical solution of polarizable uniform ground excited by a loop has been
derived, and the distortion of TEM response caused by the IP effect has been proved [31].
Forward modeling of layered earth has been realized by time-frequency conversion [26,32],
and the TEM response of a complex 3D model considering the IP effect has been simulated
by numerical algorithms such as integral equation and finite difference method [33,34]. The
previous simulations have shown the complexity of IP-affected TEM response.

Various identification, separation, and interpretation methods of IP effects in TEM
have been developed to handle the IP-affect TEM data [35–37]. Generally, the identification
methods delineate polarizable bodies by the spatial range of sign reversals that occur.
The separation methods always separate IP responses from TEM responses using basis
function fitting and sign constraint methods, and then the pure TEM responses are inverted
to obtain the resistivity of the earth. The TEM-IP joint inversion method can recover
the resistivity and polarization parameters simultaneously and has the best applicability
and accuracy. However, the joint inversion has a strong singularity and non-monotony
due to the complexity of IP-affected TEM responses and more unknowns, which results
in difficult convergence of the linear inversion algorithm and algebraic non-uniqueness.
Zhi et al. proposed a global optimization inversion strategy using the particle swarm
optimization algorithm, which preliminarily solved the convergence difficulty caused
by non-monotonic IP-affected TEM response [38]. Kozhevnikov et al. proposed a joint
inversion method [39,40], the TEM responses were observed at the same station twice using
central loop and coincident loop configurations with different side lengths, respectively,
and then the two datasets were combined for joint inversion. A survey station was observed
by central loop configuration with 200 m × 50 m loop and coincident loop configuration
with 50 m × 50 m loop successively in their experiment, and the inversion combining
the two TEM datasets showed higher recover rates of geoelectrical parameters than the
inversion using single dataset directly. The method can provide additional data constraints
and weaken the singularity problem of inversion. However, the combination of different
configurations requires two transmitting loops with different sizes to be laid out at each
survey station, and the measurement needs to be repeated twice, which brings notably
supernumerary field work.

The main goal of the method proposed in this paper is to weaken the singularity of the
inversion of TEM data considering the IP effect without a significant increase in field work,
and then obtain the resistivity and polarization parameters of the earth synchronously. We
first outline the problems caused by the singularity of inversion and discuss the methods to
weaken the singularity. A dual-source configuration is proposed to acquire IP-affected TEM
datasets under different excitation conditions. Then the joint inversion strategy is adopted
to obtain the resistivity and polarization parameters of the earth. Previous studies have
shown the necessity to utilize a global optimization algorithm on account of the complex
non-monotony of IP-affected TEM responses. The particle swarm optimization algorithm
is a novel population-based search algorithm that simulates cooperative society behaviors.
It has attracted a lot of attention because of its advantages of easy implementation, high
accuracy, and fast global convergence. Its superiority and good performance in solving
practical problems have been shown in our previous papers [38]. Hence, particle swarm
optimization is adopted for global optimization of the joint inversion in this paper. Finally,
synthetic and field examples are tested to verify the effectiveness of the algorithm.

2. Materials and Methods
2.1. Forward Modeling of IP-Affected TEM Response

The forward modeling of electromagnetic response is performed in the frequency
domain first, and then the response is converted to the time domain by the discrete sine
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transform. The IP effect of the earth is described by the Cole–Cole complex conductivity
model [19]:

σ∗(ω) = σ0
1 + (jωτ)c

1 + (1−m)(jωτ)c (1)

where j is the imaginary unit, and j2 =−1; ω represents the angular frequency; σ0 represents
conductivity of the earth at zero-frequency; m represents the chargeability, and 0 ≤ m ≤1;
c represents the exponent describing the variation of phase with frequency, and 0 ≤ c ≤ 1;
τ represents the IP relaxation time constant.

The layered earth model and right-handed Cartesian coordinate system are established
as Figure 1. The layers are uniquely determined by their electrical parameters (σi, mi, ci, τi)
and the z-coordinate of its top interface Zi. Assuming a time-harmonic factor of e−iωt, the
governing equations can be written as

∇× E = iωB (2)

∇× B = µσE + µJ (3)

where B represents the magnetic field, E represents the electric field, µ represents the
permeability, and J represents the source current density vector. The magnetic vector
potential A in the Coulomb gauge ∇·A = 0 can be expressed by

B = ∇×A (4)

E = iωA +
1

µσ
∇(∇·A) (5)
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Figure 1. The 1D layered-earth model.

Considering the model shown in Figure 1 excited by an electric dipole, the magnetic
vector potential can be obtained by Hankel transformation [41]:

A(r) =
1

2π

∫ ∞

0

^
A(λ, z)J0(λr)λdλ (6)

where J0 is the 0-order Bessel functions of the first kind, r is the separation of the receiver
from the dipole source, r is the position vector from the dipole source to the receiver. The

kernel
^
A can be obtained by recursion of each layer, and then the electromagnetic fields E

and B in the frequency domain can be obtained using Equations (4) and (5).
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The transient electromagnetic responses are obtained by Fourier transform. For the
widely used step waveform:

I(t) =
{

I0 t < 0
0 t > 0

(7)

the corresponding Fourier transform pair is:{
F(ω) =

∫ ∞
−∞ f (t)eiωtdω

f (t) = 1
2π

∫ ∞
−∞ F(ω)e−iωtdω

(8)

where F(ω) represents the response in the frequency domain, and f (t) represents the
response in the time domain. When considering the symmetry of the real and imaginary
parts of F(ω), f (t) can be obtained by sine transformations in the real number field. A double
precision 160-point digital filter with high precision and fast calculation speed are adopted
to carry out sine transform in this paper, and the transient electromagnetic response of the
arbitrary shape source is calculated by the electric dipole superposition technique [38].

The forward modeling algorithm above is validated for three geoelectrical models
designed by Lee, referring to the Lornex, Copper Cities, and Kidd Creek sulfide deposits,
respectively [31]. The observation parameters are: the coincident loop configuration is
adopted, the radius of the transmitting loop is 25 m, the z-component attenuation voltage ε
is recorded, and the transmitting current is 1 A. The parameters of the models are shown in
Table 1. The calculated responses by the algorithm above and Lee’s results are both shown
in Figure 2. It can be seen that the results using the above algorithm are consistent with
Lee’s. The mean square relative deviations of the responses are 3.52%, 2.76%, and 5.95%,
respectively. The turning point of the attenuation curve at about 1 ms represents the sign
reversal of the TEM response, which indicates that the discharge current intensity of the IP
effect exceeds the TEM current, and they have an opposite direction. The responses after
the sign reversal are negative and predominantly contributed by the IP current.

Table 1. Geoelectrical parameters of verification models.

Model σ (S/m) τ (s) c 1 − m

Lornex 7.90 × 10−3 1.00 × 10−4 0.160 0.540
Copper cities 6.45 × 10−3 6.90 × 10−3 0.280 0.580
Kidd Creek 6.40 × 10−2 3.08 × 10−2 0.306 0.089
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Figure 2. Validation of the modeling results. (a) The Lornex model; (b) The Copper cities model;
(c) The Kidd Creek model.

2.2. Singularity of IP-Affected TEM Data Inversion

The singularity of the TEM-IP joint inversion has been discovered in previous stud-
ies [39,40]. It is suggested that the singularity, which means that different models can
produce identical responses, can be attributed to the complex responses and more un-
knowns. In consequence, the inversion quality greatly depend on the selection of initial
model. Here we illustrate the singularity problem with a numerical example.
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The model has three layers, and the parameters of each layer are shown in Table 2.
The observation parameters are: the central loop configuration is adopted, the length of the
sides of the square transmitting loop is 100 m, the z-component attenuation voltage ε is
recorded, the ramp length is 500 µs, and the transmitting current is 16 A. The responses
are shown in Figure 3a with green line. An equivalent model can be easily found by data
fitting, and its responses are shown in Figure 3a with red dash line. It can be seen that the
parameters of the two models are significantly different, while the responses are almost
exactly the same, with a small relative deviation of 0.21%. It is also worth mentioning that
if the data fitting is performed with different starting points, a different equivalent model
will be obtained. This explains the dependence on initial model and the non-uniqueness in
the inversion. In order to recover reasonable layer parameters effectively using TEM-IP
joint inversion, the singularity problem must be handled properly first. For the purpose of
convenience, the model in Table 2 is named Model 1, and the equivalent model in Table 3 is
named Model 2.

Table 2. Parameters of the three-layer model (Model 1).

Parameters h (m) ρ (Ω·m) m c τ (s)

Layer 1 100 400 0.06 0.55 10−2

Layer 2 50 100 0.06 0.55 10−2

Layer 3 - 800 0.60 0.55 10−2
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Table 3. Parameters of the equivalent three-layer model (Model 2).

Parameters h (m) ρ (Ω·m) m c τ (s)

Layer 1 100 517 0.70 0.06 3.96 × 10−3

Layer 2 50 195 0.66 0.36 3.98 × 10−3

Layer 3 - 251 0.26 0.26 3.26 × 10−3

Kozhevnikov and Antonov have proved that the normally TEM currents and the IP
currents have different patterns depending on loop configuration, and the IP effects in
TEM data vary by different transmitting loop sizes [39,40]. Analogously, the IP effects in
TEM data also vary with the changing of offset between the transmitter and the receiver.
Figure 3b,c show the responses of Model 1 and Model 2 with an offset of 80 m and 120 m,
respectively. We can see that the difference between the responses of Model 1 and Model 2
increases as the offset changes. It indicates that the TEM responses with different offsets
can provide additional valid constraints for the inversion and weaken its singularity.

2.3. TEM Data Acquisition Using Dual Source

In the actual TEM exploration, a survey line is usually measured by a transmitting
loop. One loop governs one or several stations on the survey line and moves forward
after the measurement of one or several stations are completed. An example is shown
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in Figure 4, there are 16 stations on the survey line, and the fixed-loop configuration is
adopted. Conventionally, the loop is placed at position T1 first, and the stations R1~R4
are measured. After that, the loop is moved to position T2, and the stations R5~R8 are
measured. Other stations are measured successively until the survey line is completed. The
alternative scheme using dual source is a modification of the conventional scheme. When
the loop is moved to the next position, the stations governed by the last loop are measured
again. Concretely, when the loop is moved to position T2, we measure the stations R1~R8,
and when the loop is moved to position T3, we measure the stations R5~R12, and so forth.
The modification guarantees every station to be measured twice with different offsets.
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2.4. Joint Inversion of Dual-Source TEM Responses

The two datasets obtained by the TEM data acquisition scheme using dual source at
each station can be combined for the joint inversion. For the purpose of fitting the TEM data
over a wide dynamic range and suppressing the normally distributed noise, a least squares
objective function is constructed based on the relative difference between the observed data
and fitting data:

ϕ = rTCmr + mTDm , r =
dobs − d f it∣∣∣dobs

∣∣∣ , d =

(
d1
d2

)
(9)

where d represents the TEM responses, the superscript ‘obs’ and ‘fit’ represent the obser-
vation and modeling responses, respectively, the subscript ‘1’ indicates that the dataset is
acquired with the first offset, and the subscript ‘2’ indicates that the dataset is acquired
with another offset, Cm is the weight matrix, m is the model parameter vector, D is the
regularization matrix; generally, a smoothness or roughness matrix is adopted to improve
the ill condition of the inversion problem. The particle swarm optimization is adopted for
global optimization of the objective function (9) to recover the geoelectrical parameters.

3. Results
3.1. Synthetic Data Test

A numerical experiment is carried out to test the effect of the TEM data acquisition
scheme using a dual source. A three-layer model (named Model 3) is designed, and the
electrical parameters of each layer are shown in Table 4. The transmitting loop size is
100 m × 100 m, the ramp length is 500 µs, and the transmitting current is set to 16 A.
Preliminarily, the TEM responses are acquired using a central-loop configuration. The
measuring station is located in (50 m, 50 m, 0 m). The transmitting loop is placed where its
center coincides with the measuring station (zero offset). In order to evaluate the inversion
quality, inversion of the single TEM dataset using central-loop configuration is conducted.

The PSO algorithm involves random search and is endowed with inherent random-
ness. The single dataset is an insufficient constraint for the inversion possibly, which
would result in significantly different inversion models with good fitting. The inversion is
conducted repeatedly for ten times, and the inversion parameters of each layer are plotted
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in Figure 5a–e, and the relative data fit errors of each inversion are shown in Figure 5f. The
relative data fit errors are calculated as:

δ =

√
rTr

N − 1
× 100% , r =

dobs − d f it∣∣∣dobs
∣∣∣ , d =

(
d1
d2

)
(10)

where d represents the TEM responses, the superscript ‘obs’ and ‘fit’ represent the obser-
vation and modeling responses respectively, the subscript ‘1’ indicates that the dataset is
acquired with the first offset, and the subscript ‘2’ indicates that the dataset is acquired
with another offset, N is the number of elements in vector d. We can see that the true
solution can be obtained occasionally, while the parameters of each inversion fluctuate
greatly with a stable small fitting error. It indicates that all the ten inversion models are
algebraic approximate solutions of the inversion problem, actually proves the singularity
of inversion using the single central-loop dataset.
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Table 4. Parameters of the three-layer model (Model 3).

Parameters h (m) ρ (Ω·m) m c τ (s)

Layer 1 100 800 0.05 0.55 10−3

Layer 2 50 100 0.30 0.55 10−3

Layer 3 - 800 0.05 0.55 10−3

The dual-source TEM responses are acquired by an additional transmitting loop. It
has the same geometry as the first loop except for its central location in (200 m, 50 m,
0 m). As a result, the datasets with the offset of zero and 150 m are both obtained. Then
the joint inversion of the two datasets is also conducted repeatedly for ten times, and
the inversion parameters of each layer are plotted in Figure 6. It is easily found that the
parameters of each inversion are obviously stabilized and converge to the designed value.
The convergence indicates that the TEM datasets using dual sources can provide effective
constraints for the TEM-IP joint inversion problems.
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It is worth noting that the fit errors of single-loop data are slightly larger than the ones
of dual-loop data. This can be due to the more adequate constraints possibly. Inversion
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using single-loop data only fits one of the two datasets with different offsets, has fewer
constraints and is easy to achieve a small fitting error, and the inversion combining the
dual loop fits both the two datasets at the same time, the fitting error is the compound of
the two datasets, which is more complex and not easy to decline iteratively, so it is slightly
larger. However, the inversion combining the dual loop has more sufficient constraints on
the inversion model, and the inversion parameters are more accurate.

The PSO takes longer to compute than traditional linear inversion methods. In our
previous paper [38], the PSO was compared with the Gauss–Newton method, which is
widely used in the inversion of geophysics data. After 50 iterations, the Gauss–Newton
method took 1.6 min, while the PSO took 23 min. It indicates that the time cost of PSO
may be 10 times more than that of the traditional quasilinear inversion algorithm. This
can mainly be due to the large number of particles that require forward modeling in
each iteration to ensure its global optimization capability. The results also show that
although PSO requires more inversion time, the inversion converges to a small fitting error
after 50 iterations, while the Gauss–Newton algorithm falls into a local minimum after
15 iterations with a large fitting error. Therefore, the time cost is worthwhile. Meanwhile,
the PSO has the ability to learn and record the good solutions, and this guarantees its time
cost to be much less than the complete Monte Carlo method and acceptable.

3.2. A Field Example: Baiyun Gold Deposit

The Baiyun gold deposit is one of the largest ore deposits in the Qingchengzi ore con-
centrated area, eastern Liaoning. The local strata in the Baiyun area are mainly composed
of the third member of the Dashiqiao Formation and Gaixian Formation. The third member
of the Dashiqiao Formation has a low resistivity commonly, which is mainly caused by the
diopside diorite schist and graphite bearing marble. The Galaxian Formation is mainly
composed of schist and granulite, which have middle to high resistivity. The strata have
high chargeability due to the wide presence of graphite and pyrite [42]. In order to evaluate
its deep metallogenic potential, the TEM survey was applied to the exploration of its strata
and structures.

The TEM survey line consists of three 400 m × 900 m transmitting loops, and the
vertical component of the dB/dt response is measured with a station spacing of 50 m. In
consideration of the polarizable formation, the dual-source TEM geometry is adopted.
Figure 7 shows the corresponding relationship between the transmitting loops and measur-
ing stations using it. Table 5 shows the acquisition parameters. Finally, each station was
measured twice with different loops, and we obtained 102 TEM datasets at 51 stations.
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Table 5. Parameters of field data collection.

Terms Parameters Terms Parameters
Instrument SMARTem24 Receiver type Crone probe

Current 23 A Receiver area 3850 m2

Time Base 50 ms Stack times 512
Ramp time 122 µs Receive signal dBz/dt
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The joint inversion of dual-source TEM responses is conducted to fit the observation
datasets and recover the electrical parameters of the formation. The initial model is not
essential for the PSO algorithm, while the number of layers of the inversion model must
be provided to determine the number of unknown variables. An eight-layer model which
leads to 39 model parameters was employed for this example. For the stability of the
inversion, a 1-order smooth regularization matrix was applied to ρ, m, c, and τ, respectively.
In order to improve horizontal continuity, the inversion model of every station was set to a
member of the initial particle swarm of the next station.

Data-fitting curves of several stations are shown in Figure 8a–c, where the dotted lines
represent the negative TEM responses, and the fitting error of each measuring station is
shown in Figure 8d. According to Figure 8, we can see that there is a good agreement
between the observed and predicted data. The average fitting error of all stations is 10.66%,
which indicates that the PSO inversion method is applicable in fitting dual-source TEM data.
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Figure 9a–d shows the inversion cross-sections of ρ, m, c, and τ, respectively. For
the purpose of validating the inversion results, the resistivity logging and TEM logging
data from a drill hole located 100 m west of station 2000 were collected and shown in
Figure 10a and Figure 10b, respectively. The sign reversals of TEM logging curves below
1400 m indicate that the formation has a high chargeability. Figures 9 and 10 show that
the inversion results agree well with the logging results on the parameters of resistivity
and chargeability. A large fault extending deeper than 2000 m can be inferred according
to the inversion resistivity and chargeability profiles. The fracture is characterized by
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low resistivity, high chargeability, low c, and large τ, which indicates the existence of
pyritization and graphitization and implies the gold mineralization in depth.
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4. Discussion and Conclusions

The forward modeling of IP-affected TEM responses using the Cole–Cole model and
a frequency-time domain transformation was conducted and validated by Lee’s analyti-
cal solutions. A three-layer equivalent model pair illustrated the singularity of TEM-IP
joint inversion clearly. The further simulation indicated that the joint of TEM responses
with different offsets could provide additional constraints for the inversion and weaken
its singularity.
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The dual-source TEM data acquisition scheme was proposed based on forwarding
modeling and analysis. The scheme modifies the conventional scheme to guarantee all
stations to be measured twice with different offsets. The modification is slight and avoids a
significant increase in the field work.

The global joint inversion method was established to handle non-monotonicity and
singularity simultaneously. The objective inversion function was constructed by combining
the relative error of dual-source TEM responses. The PSO algorithm was adopted to achieve
global convergence.

The synthetic data test illustrated that the joint of the dual-source method greatly
weakened the singularity and stabilized the inversion. The comparison showed the de-
signed model parameters could be recovered with a much higher probability than the
conventional single source inversion.

We applied the dual-source scheme and joint inversion method in this paper to actual
data collected from the Baiyun gold mine. The inversion results were validated by resistivity
logging and TEM logging results and showed well coincidence. The combining of the four
parameters (ρ, m, c, and τ) revealed a large fault and predicted the gold mineralization
below 2000 m.
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