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Abstract: In the field of frequency-domain electromagnetic detection, skin depth is an important
parameter for electromagnetic data interpretation and imaging. The classic skin depth formula is
calculated based only on conductivity; the induced-polarization effect in real earth is not considered,
so the imaging results have obvious errors. To solve these problems, based on plane wave theory and
the Cole–Cole conductivity model, a generalized skin depth formula of polarized media is derived in
the frequency domain. The accuracy of the generalized skin depth is verified through comparison
with the classical skin depth. To show the practicability of this study, the theoretical data with induced
polarization (IP) effects are used to explain the generalized skin depth for polarized porous media.
The generalized skin depth calculation for a typical porous polarization model is related not only to
conductivity, but also to polarization parameters, such as chargeability, characteristic time constant,
and frequency dependence. At low-frequency excitation, the generalized skin depth formula can be
used to calculate the propagation depth of electromagnetic waves relatively accurately for porous
polarized media. This method can be applied to the calculation of electromagnetic wave propagation
depths in complex dispersive media. Compared with non-polarized media, in porous polarized
media, under low-frequency excitation, the electromagnetic wave propagates deeper, allowing the
detection of deeper objects. The data interpretation and imaging of polarized porous media by the
generalized skin depth formula have higher accuracy.
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1. Introduction

In practical work, the calculation of the detection depth of the electromagnetic (EM) method is
very important for survey design and data interpretation. However, due to the influence of instrument
accuracy and noise, the actual detection depth is limited [1]. In the field of EM exploration, the skin
depth is usually used to calculate the exploration depth, which is an important parameter for EM data
interpretation and imaging [2,3].

At present, research on skin depth is based mainly on the plane wave skin depth formula. Reid
(1990) proposed the concept of effective skin depth for artificial-source EM methods and discussed
the effective skin depth of vertical dipole sources and horizontal dipole sources under different
parameters [4]. It was pointed out that the effective skin depth is affected by the emission frequency,
conductivity, and size of the emitter source. Singh (2002) studied the effective skin depth of horizontal
electric dipoles and large horizontal loop sources using the concept of plane wave skin depth [5]. It was
found that the skin depth of the local source is closely related to the EM response. The skin depth of the
local source can be used as the optimum parameters in the interpretation of EM measurement design
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and data solution. Beamish (2004) studied the skin depth for an airborne electromagnet, summarized
the influence of altitude on this skin depth, and pointed out that the dipole skin depth was much
smaller than that of the plane wave skin depth at low frequencies of less than 50 Hz [6]. Chen (2014)
calculated the effective skin depths of different EM components and studied their variations with
different parameters using the expression of a horizontal ground electric dipole magnetic field in a
uniform half space, comparing the field with the skin depth of a plane wave and calculating the effect
of the offset on the effective skin depth [7]. Xue (2014) used a large loop transient electromagnet (TEM)
to study the detection depth of a small loop system and a large loop and pointed out that the detection
depths of the two systems are similar [8]. Xue (2017) studied the relationship between the electrical
source offset and detection depth in a transient EM method [9]. It was noted that the maximum
detection depth can be obtained when the offset is equal to 0.7–1 times the depth of the target body.

Many scholars have studied the detection depth of EM methods, and most studies have been
based on the classical formula of skin depth; however, the effect of induced polarization (IP) has
not been considered. In fact, the structure of underground media is very complex. Especially in the
detection of underground porous polarized media or metallic ore, the classical definition of skin depth
is no longer applicable. Therefore, it is of great significance to redefine the generalized skin depth based
on a fractional conductivity model that can satisfy the propagation law of an underground EM wave.

The IP effect is related to conductivity and frequency and its dispersion characteristics can be
expressed by the Debye model and the Cole–Cole model [10,11]. Ghorbani, A. (2009) proposed a
generalized Cole–Cole model [12]. Duvillard, P. (2018) proposed new equations for both electric
conductivity and normalized chargeability [13].

In this paper, we take the classic Cole–Cole model as an example. Based on the Cole–Cole
conductivity model of underground polarized media and the principle of plane wave propagation,
a generalized skin depth formula is deduced to calculate the skin depth for polarized media, and
the characteristics of skin depth under the polarized media model are analyzed. Particle swarm
optimization (PSO) is used to extract polarization parameters and image the mineral resources with IP
effects. The purpose of this paper is to improve the interpretation accuracy of underground polarized
media and to illustrate the application of the proposed method in survey design and data interpretation.

2. Calculation of the Generalized Skin Depth of Polarized Media

2.1. The Cole–Cole Model

The conductivity form with the IP effect can be represented by the Cole–Cole model [14]:

σ = σ∞(1−
η

1 + (1− η)(iωτ)c ) (1)

where σ∞ is the conductivity at infinite frequency, τ is the characteristic time constant, η is the
chargeability, and c and ω are the frequency dependence and angular frequency, respectively. With
A = (1− η) × (ωτ)c, the conductance expression of the Cole–Cole model is rewritten as follows:

σ = σ∞ −
σ∞η

1 + Aic
(2)

We define ic = a + ib, where a is the real part and b is the imaginary part. Substitution into
Equation (2) results in:

σ = σ∞ −
σ∞η

(1 + Aa) + Abi
(3)

The numerator and denominator are both multiplied by (1 + Aa) −Abi:

σ = σ∞ −
σ∞η(1 + Aa)

(1 + Aa)2 + (Ab)2 +
σ∞ηAb

(1 + Aa)2 + (Ab)2 i (4)
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We define:

σ′ = σ∞(1−
η(1 + Aa)

(1 + Aa)2 + (Ab)2 ) (5)

σ′′ =
σ∞ηAb

(1 + Aa)2 + (Ab)2 (6)

The expression of the Cole–Cole model can be abbreviated as follows:

σ = σ′ + σ′′ i (7)

2.2. Calculation of the Generalized Skin Depth with Polarized Media

Generally, the skin depth δ is defined as the depth at which the amplitude of the plane wave falls
to 1/e (approximately 37%) of its surface value [15]. The mathematical expression of the skin depth is
given by [16]:

δ =

√
2
ωµσ

(8)

where ω is the angular frequency, σ is the conductivity, and µ is the magnetic permeability tensor.
As seen from Equation (8), the skin depth of the classical plane wave is related only to the conductivity
and frequency, and the conductivity is usually considered constant. If we can obtain the underground
conductivity, we can obtain the skin depth of the model according to the measured frequency. However,
when considering the earth-induced polarization effect, the conductivity is not constant. Therefore, the
classical definition of the skin depth is no longer applicable. It is necessary to redefine the generalized
skin depth based on the conductivity model of polarized media.

The wave number expression is as follows:

k2 = ω2µε− iωµσ(ω) (9)

where µ is the magnetic permeability tensor and ε is the dielectric constant. Substituting Equation (7)
into Equation (9), the following results can be obtained:

k2 = ω2µε− iωµ(σ′ + σ′′ i) (10)

With the definition k = α + iβ inserted into Equation (9), the imaginary and real parts can
be separated.

α2
− β2 = ω2µε+ωµσ′′ (11)

2αβ = −ωµσ′ (12)

The attenuation constant α and phase shift constant β can be obtained:

α =

√
ωµ

2

(√
(σ′2 + (σ′′ +ωε)2 + (ωε+ σ′′ )

)
(13)

β =
−ωµσ′

2

√
ωµ
2

(√
(σ′2 + (σ′′ +ωε)2 + (ωε+ σ′′ )

) (14)

According to the definition of skin depth, the generalized skin depth formula of porous polarized
media can be obtained as follows:
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δcole-cole =
1
α
=

√√√√√√ 2

ωµ

(√
(σ′2 + (σ′′ +ωε)2 + (ωε+ σ′′ )

) (15)

where the dielectric constant ε = 8.85 ∗ 10−12 F/m and the permeability of free space µ = 4 ∗ π ∗
10−7 H/m. In the generalized skin depth formula, the termω2µε is not ignored. When the chargeability
is 0 and the term ω2µε is ignored, Equation (15) can be converted back to the traditional skin depth
Equation (8).

3. Generalized Skin Depth Characteristic Analysis Based on the Cole–Cole Model

3.1. Verification of the Generalized Skin Depth Formula

Because item ω2µε is not ignored in this paper, to verify the accuracy of the generalized skin
depth calculation method, the chargeability is set to η = 0 and the generalized skin depth is calculated
by Equation (15) and compared with the classical skin depth (Equation (8)). The conductivity values
are σ∞ = 0.01 S/m, σ∞ = 0.05 S/m, and σ∞ = 0.1 S/m. The frequency sampling range is 100–104 Hz.
The results are shown in Figure 1.
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Figure 1. The η = 0 generalized skin depth of polarized media ((a) calculation of depth, (b) relative
error).

Figure 1a shows a comparison of the generalized skin depth of polarized media with the classical
skin depth. Figure 1b shows the relative error. When η is zero, there is no polarization, and the
generalized skin depth of polarized medium is consistent with the calculation results of the classical
skin depth expression. From Figure 1b, the calculation error is less than 1%, which verifies that the
generalized skin depth can be equal to traditional skin depth when chargeability is zero.

3.2. Effect of the Polarization Parameters on the Generalized Skin Depth

3.2.1. Influence of the Conductivity on the Generalized Skin Depth

Conductivity is an important parameter affecting the generalized skin depth. To analyze the
effect of conductivity on the generalized skin depth, we chose the chargeability as η = 0.5 and the
conductivities as σ∞ = 0.1 S/m, σ∞ = 0.3 S/m, and σ∞ = 0.5 S/m. The calculation results are shown
in Figure 2. From comparison with the classical skin depth formula, the absolute error is shown in
Figure 3.
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Figure 2. Generalized skin depth of polarized media at different conductivities (red, purple, and blue
represent the σ∞ = 0.1 S/m, σ∞ = 0.3 S/m, and σ∞ = 0.5 S/m generalized skin depths of the polarized
media, respectively, and the black curve represents the classical skin depth).
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Figure 3. The absolute errors of the generalized skin depth and classical skin depth under different
conductivities ((a) and (b) represent the magnified maps of different frequency bands and red, purple,
and blue represent the absolute error between the two when the conductivity is 0.1 S/m, 0.3 S/m, and
0.5 S/m, respectively).

As shown in Figures 2 and 3, the generalized skin depth increased with decreasing conductivity.
Compared with the classical skin depth, the generalized skin depth was deeper. The absolute error
increased with decreasing conductivity and frequency. The effect of conductivity on the generalized
skin depth was mainly concentrated at f < 10 Hz; when the frequency f > 10 Hz, the absolute error
between the generalized skin depth and classical skin depth was less than 5 m. As the frequency
continued to increase, the final generalized skin depth and classical skin depth tended to coincide.

3.2.2. Effect of the Chargeability on the Generalized Skin Depth

The chargeability is one of the most important parameters of a polarized medium based on
the Cole–Cole model, which can well reflect the charging and discharging ability of the medium.
To calculate the effect of chargeability on the generalized skin depth of polarized media, we chose
the frequency range 10−1–104 Hz, frequency dependence c =0.5, characteristic time constant τ= 1 s,
and conductivity at infinite frequency σ∞ = 0.3 S/m. The skin depth varied with frequency and
chargeability, as shown in Figure 4. To quantitatively analyze the skin depth of generalized polarized
media, we give the absolute error between the generalized skin depth and classical skin depth at
different chargeability δabsolute error = |δcole-cole − δClassical| in Figure 5.
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Figure 4. Skin depth of generalized polarized media at different chargeability values (black curve
represents the traditional skin depth without polarization and red, blue, and green represent the
generalized skin depth of polarized media with a chargeability of η = 0.3, η = 0.5, and η = 0.7,
respectively).
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Figure 5. Absolute error between the generalized skin depth of polarized media and classical skin depth
under different chargeability values ((a) and (b) represent magnified maps of different frequencies; red,
blue, and green represent the absolute errors when the chargeability is 0.3, 0.5, and 0.7, respectively).

Figures 4 and 5 show that the generalized skin depth of polarized media and the classical skin depth
decreased with increasing frequency. When other parameters remained unchanged, the generalized
skin depth and absolute error increased with increasing chargeability. The effect of chargeability on
generalized skin depth was mainly concentrated in the low-frequency band, approximately f < 10 Hz.
When the frequency f < 10 Hz, the generalized skin depth was deeper than the classical skin depth,
which also shows that the effective propagation distance of the EM wave was greater. When the
frequency f > 10 Hz, with increasing frequency, the effect of chargeability on the generalized skin
depth decreased, and the generalized skin depth under each chargeability was close to the classical
skin depth.

3.2.3. Influence of the Frequency Dependence and Characteristic Time Constant on the Generalized
Skin Depth

In addition to the conductivity and chargeability, the generalized skin depth was also affected by
the frequency dependence and characteristic time constant. Consider a frequency range of 10−1–104 Hz,
a characteristic time constant τ = 1 s, a conductivity at infinite frequency σ∞ = 0.3 S/m, chargeability
η = 0.5, and frequency dependence values of c =0.2, c =0.4, c =0.6, and c =0.8. The generalized skin
depth under different frequency dependence values is shown in Figure 6.
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Figure 6. Generalized skin depth under different frequency dependence values.

As shown in Figure 6, the generalized skin depth decreased with increasing frequency dependence.
The effect of the frequency dependence on the generalized skin depth was concentrated mainly in
the low-frequency band at approximately f < 10 Hz. When the frequency f > 10 Hz, with increasing
frequency, the effect of the frequency dependence of the generalized skin depth decreased gradually, and
the generalized skin depths under different frequency dependence values converged. The frequency
range over which the frequency dependence had the most obvious effect on the generalized skin depth
was approximately 0.3 Hz–3 Hz.

Keeping the other parameters unchanged, we chose a frequency dependence of c =0.5 and the
characteristic time constants τ = 0.01 s, τ = 0.1 s, and τ = 1 s. The generalized skin depth under
different characteristic time constants is shown in Figure 7.
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Figure 7. Generalized skin depth curves with different characteristic time constants.

Figure 7 shows that the generalized skin depth tended to decrease with the increasing characteristic
time constant, and the effect of the characteristic time constant on the generalized skin depth was
most prominent in the low-frequency band (approximately f < 10 Hz). With increasing frequency, the
generalized skin depths under different characteristic time constants tended to converge.

3.3. Characteristic Analysis of the Generalized Skin Depth at Low Frequency

Four polarization parameters affected the generalized skin depth, and all of them were concentrated
in the low-frequency band (approximately f < 10 Hz). According to the existing transmitter frequency
in the laboratory, we chose a frequency of 6.25 Hz. The characteristics of the generalized skin depth at
low frequencies were analysed, with the conductivity range 10−2 < σ∞ < 100, c = 0.5, and τ = 0.1 s.
The chargeability values were η = 0.2, η = 0.4, η = 0.6, and η = 0.8. The effect of the conductivity
at infinite frequency (σ∞) and the chargeability (η) on the skin depth is shown in Figure 8 for a
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chargeability range of 0.1 < η < 0.9 and frequency dependence values of c =0.2, c =0.4, c =0.6, and
c =0.8. The effect of the chargeability (η) and frequency dependence (c) on the skin depth is shown in
Figure 9 for a characteristic time constant range of 10−2 s < τ < 100 s and η = 0.6. Figure 10 shows
the effect of the characteristic time constant (τ) and frequency dependence (c) on the skin depth for
the same characteristic time constant range, c =0.5 and τ = 0.1 s. Figure 11 shows the effect of the
characteristic time constant (τ) and chargeability (η) on the skin depth.
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Figure 8. The effect of the conductivity at infinite frequency and the chargeability on the skin depth
((a) 2D curve, (b) 3D view).
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Figure 9. The effect of the chargeability and the frequency dependence on the skin depth ((a) 2D curve,
(b) 3D view)
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Figure 10. The effect of the characteristic time constant and the frequency dependence on the skin
depth ((a) 2D curve, (b) 3D view).

Figures 8–11 show that in the low-frequency band, the conductivity at infinite frequency decreased
gradually and the effects of the chargeability on the generalized skin depth became increasingly obvious.
When the chargeability and frequency dependence changed simultaneously, the chargeability was
proportional to the generalized skin depth, and the frequency dependence was inversely proportional
to the generalized skin depth. When the characteristic time constant and the frequency dependence
changed simultaneously, the characteristic time constant was inversely proportional to the generalized



Appl. Sci. 2020, 10, 1456 9 of 17

skin depth, and the decreasing rate was determined by the frequency dependence. At the same
conductivity at infinite frequency, the chargeability was proportional to the generalized skin depth.
When the chargeability was small, the frequency dependence had little effect on the generalized
skin depth. With increasing chargeability, the frequency dependence had a more obvious effect
on the generalized skin depth. When the chargeability and characteristic time constant changed
simultaneously, the chargeability was proportional to the generalized skin depth, and the characteristic
time constant was inversely proportional to the generalized skin depth. The characteristic time constant
was relatively small, and the effect of chargeability on the generalized skin depth was prominent.

Figure 11. The effect of the characteristic time constant and the chargeability on the skin depth ((a) 2D
curve, (b) 3D view).

4. Skin Depth of Porous Media with Metallic Particles

The skin depth of polarized media depends on not only the frequency and conductivity, but also
the chargeability and other parameters. Therefore, when calculating the skin depth of porous media,
we need to understand the chargeability and other characteristics. Here, the polarization parameters of
metal particles can be fitted by the Cole–Cole model. The polarization parameters of graphite, pyrite,
silver, copper, and magnetite were obtained from the experiments conducted in Reference [17]. The
range of polarization parameters of frozen rock was given in Reference [18]. The specific parameters
selected in this paper are shown in Table 1.

Table 1. Polarization parameters of common metal particles.

Metallic
Particles

Chargeability
η

Conductivity at Infinite
Frequency σ∞ (S/m)

Frequency
Dependence c

Characteristic Time
Constant τ(s)

Graphite 0.308 0.0479 0.6 2
Pyrite 0.275 0.0472 0.78 0.0155
Silver 0.037 0.0325 0.62 0.004

Copper 0.221 0.0289 0.41 0.0042
Magnetite 0.13 0.0307 0.38 0.01

Frozen rocks 0.46 0.01 0.8 0.00005

δGraphite, δPyrite, δSilver, δCopper, δMagnetite, and δFrozen rocks were used to represent the skin depth
of graphite, pyrite, silver, copper, magnetite and frozen rock, respectively. Here, we took the actual
orebody model as an example to calculate the skin depth using the proposed method and the classical
skin depth calculation method, as shown in Figure 12a–f.



Appl. Sci. 2020, 10, 1456 10 of 17

Figure 12. Six models were used to calculate the skin depth (among them, the black curve is the
result of the classical skin depth formula and the curve in colour is the result of the generalized skin
depth formula).

Compared with the results of the classical skin depth calculation method, when polarization
parameters, such as the chargeability, characteristic time constant, and frequency dependence, were
taken into account, the predicted skin depth of the polarized media was deeper. Among the samples
characterized here, the frozen rock had the largest skin depth and the graphite had the smallest skin
depth. The skin depth of a polarized medium is not determined by a specific parameter. That is,
the skin depth of an EM wave in a porous polarized medium depends not only on conductivity, but
also on polarization parameters, such as chargeability, characteristic time constant, and frequency
dependence. The influence of these parameters cannot be ignored. Therefore, for the depth calculation
of the porous polarized medium model, accurate results can be obtained by using the generalized skin
depth formula. The relative error between the generalized epidermal depth and classical epidermal
depth is shown in Figure 13.

δrelative error =

∣∣∣∣∣δcole-cole − δclassical

δclassical

∣∣∣∣∣× 100% (16)
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In the range of 10−1–104 Hz, the maximum relative errors of silver, graphite, copper, pyrite,
magnetite, and frozen rock were 1.84%, 5.145%, 11.88%, 16.89%, 5.63%, and 26.51%, respectively.
With decreasing frequency, the relative error increased gradually, as did the effect of the polarization
parameters on the skin depth. Therefore, in low-frequency EM detection, to obtain accurate depth
interpretation imaging, when implementing the porous polarized metal particle model, the generalized
skin depth must be used.

As shown in Figure 13, at the same frequency, the relative error of frozen rock was the largest and
that of silver was the smallest. We assumed that a relative error of less than 5% was acceptable. For
silver, the chargeability was very small, only 0.037. In the frequency range 10−1–104 Hz, the classical
skin depth and generalized skin depth were used in the calculation, and the error was acceptable in
practical applications. For the graphite model and magnetite model, when the EM detection frequency
f < 0.1 Hz, the error between the classical skin depth and generalized skin depth was more than 5%.
For the pyrite and copper models, when the frequency was f < 8.1 Hz and f < 33.1 Hz, respectively, the
error between the classical skin depth and generalized skin depth was more than 5%. For frozen rock,
only if the frequency was f > 4864 Hz, the effect of the polarization parameters on the generalized
skin depth could be ignored. For different polarization models, the calculation errors were different at
low frequencies. Therefore, the generalized skin depth of polarized media can be used to calculate
relatively accurate depth results.

5. Skin Depth Imaging of Polarized Porous Media

5.1. Polarization Parameter Extraction Based on Particle Swarm Optimization

To verify the validity and applicability of this method, we used two skin depth formulas to explain
the depth of polarized media. While imaging the skin depth of polarized media, it is necessary to
extract the polarization parameters from the theoretical data. We chose particle swarm optimization
(PSO) to extract polarization parameters. PSO is an intelligent optimization algorithm [19,20]. In PSO,
each particle corresponds to a fitness value, which is determined by the objective function. All particles
update their speed and position by finding individual optimal value and global optimal value. Each
search compares the optimal solution with the historical record. If the historical optimal value is
exceeded, then the historical optimal position and optimal solution are updated [21–23]. Dong L (2018)
proposed a new particle swarm optimization algorithm (co-pso) to extract nonlinear IP information
from MT (magnetotelluric) sounding data [24].

The calculation formula of induced polarization response is a quaternion function that includes
polarization parameters, and its functional relationship is as follows:

Bt= f t(xi) (i = 1, 2, 3, 4) (17)
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where Bt is theoretical induced polarization response and xi(i = 1, 2, 3, 4) represents four polarization
parameters.

The fitness function based on particle swarm optimization is as follows:

Y(x) =
1
n

n∑
i=1

∣∣∣Bm(i) − Bt(i)
∣∣∣ (18)

where Bm is the actual measured induced polarization response and ∆B is used to represent the
difference between Bt and Bm. When ∆B approaches 0, it can be considered that Bt and Bm are equal.
Therefore, we can transform the problem of parameter extraction into the problem of minimum value
optimization for Equation (18). When extracting all polarization parameters, the fitness function is
constructed as follows:

Ymin(σ∞, η, τ, c) =
1
n

n∑
i=1

∣∣∣Bm(i) − ft(x1,x2, x3, x4)
∣∣∣ (19)

The specific process of extracting polarization parameters based on the particle swarm optimization
algorithm is shown in Figure 14.
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5.2. Skin Depth Imaging of Layered Model for Polarized Medium

To explain the application of generalized polarized media skin depth in field exploration, a layered
model with frozen rock was set up, as shown in Figure 15. The conductivity of uniform half space
was σground = 0.001 S/m, and frozen rock was buried h = 200 m underground. The polarization
parameters of frozen rock were given by Reference [18], and to reflect the difference, we chose a larger
polarizability: σ∞ = 0.01 S/m, c = 0.46, η = 0.8, and τ = 0.00005 s. The thickness of the frozen rock
was 200 m. In the electromagnetic theory of Geophysics, the finite difference method is widely used to
solve the electromagnetic field [25,26]. The finite difference in the frequency domain (Newman GA,
1995) is used to calculate the layered model [27]. The results are shown in Figure 16.

Taking the electromagnetic response of layered model as an example, the polarization parameters
in the response were extracted via particle swarm optimization. The polarization parameters are
shown in Table 2. The extracted parameters were consistent with the actual model parameters. The
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traditional skin depth formula and generalized skin depth for polarized porous media formula were
used to image the model depth, as shown in Figure 17a,b.
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Table 2. Extraction results of polarization parameters with layered model. Induced polarization (IP).

IP Parameters Theoretical Model Extraction Parameter

σ∞ (S/m) 0.01 0.0096
c 0.46 0.4612
η 0.8 0.8001
τ (s) 0.0000 0.000056
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As shown in Figure 17a,b, the black dotted line indicates the location of the frozen rock set by
the theoretical model (Figure 15). Because there were no IP effects for the uniform half space, the
upper edge of the frozen rock was the same depth, i.e., approximately 200 m underground, which
was consistent with the depth of the theoretical model. When the electromagnetic wave propagated
in the polarized medium, the generalized polarized media skin depth formula (δcole−cole) was used to
image the lower edge of the frozen rock, and the lower edge of the frozen rock was approximately
402 m underground. Compared with the theoretical model, the relative error was 0.5%. The traditional
skin depth formula (δ) was used to image the lower edge of the frozen rock. The lower edge of the
frozen rock was approximately 325 m underground, with a relative error of 18.75%, compared with the
theoretical model. Therefore, using the generalized polarized media skin depth formula to explain the
depth of polarized medium had better accuracy.

5.3. Depth Interpretation of a Three-Dimensional Chargeable Body

We took basalt as an example, and a three-dimensional chargeable body model was set up, as
shown in Figure 18. A graphite ore of dimensions 200 × 200 × 200 m was buried inside the basalt. The
burial depth was h = 200 m below the ground. The polarization parameters of basalt were given by
Reference [23] as follows: σ∞ = 0.01 S/m, c = 0.82, η = 0.28, and τ = 0.00005 s. The polarization
parameters of graphite ore were given by Reference [22] as follows: σ∞ = 0.01 S/m, c = 0.82, η = 0.28,
and τ = 0.00005 s. To show that the skin depth for polarized porous media is universal, we added
50 Hz power frequency noise to the response and extracted the polarization parameters in the case of
power frequency noise, as shown in Table 3. The traditional skin depth formula and generalized skin
depth formula were used to image the graphite ore, as shown in Figure 19.
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Table 3. Extraction results of the polarization parameters of the 3D polarization model with noise.

IP Parameters
Theoretical Model Extraction Parameter

Basalt Graphite Basalt Graphite

σ∞ (S/m) 0.01 0.0479 0.0135 0.0491
c 0.82 0.6 0.8155 0.57
η 0.28 0.308 0.2498 0.334
τ (s) 0.00005 2 0.00005 1.93

As shown in Figure 19, the black dotted line represents the location of the graphite ore in the
theoretical model (Figure 18). Due to the noise introduced in the response, the depths of the upper
edge and the lower edge of the graphite ore body had large errors. The generalized skin depth formula
was used to image the depth of the graphite ore. The depth of the upper edge of the graphite ore body
was 175 m, and the depth of the lower edge was approximately 373 m. Compared with the theoretical
model, the relative error of the depth of the upper edge was 12.5%, and that of the lower edge was
6.75%. The traditional skin depth formula was also used to image the depth of the graphite ore. The
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depth of the upper edge of the graphite ore body was 159 m, and the depth of the lower edge was
360 m. Compared with the theoretical model, the relative error of the upper edge was 20.5%, and the
relative error of the lower edge was 10%. It can be seen that, with added noise, compared with the
traditional skin depth formula, the generalized polarization media skin depth formula had a higher
accuracy in the interpretation of the graphite ore depth.
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In the actual measurement, due to the interference of noise, it is often necessary to filter the
measurement data. We used the Butterworth filter to remove noise, and image interpretation of the
filtered results is shown in Figure 20.
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Figure 20. Depth imaging of the 3D polarization model after denoising ((a) traditional skin depth
formula; (b) generalized skin depth for polarized porous media).

As shown in Figure 20, the depth of the graphite ore was imaged by the generalized skin depth
formula. The depth of the upper edge of the graphite ore body was 185 m, and the depth of the lower
edge was approximately 385 m. Compared with the theoretical model, the relative error of the upper
edge depth was 7.5%, and that of the lower edge depth was 3.75%. The traditional skin depth formula
was used to image the depth of the graphite ore. The depth of the upper edge of the graphite ore body
was 175 m, and the depth of the lower edge was 376 m. Compared with the theoretical model, the
relative error of the upper edge was 12.5%, and the relative error of the lower edge was 6%. It can be
seen that the electromagnetic wave had a deeper propagation depth in the polarized medium, and
the traditional skin depth could not explain the location of graphite ore. Under IP effects, using the
generalized skin depth formula to determine the depth of graphite ore was more accurate.
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6. Conclusions

In this paper, the classical skin depth formula and the generalized skin depth formula were used
to characterize typical orebody models. Under the different models, the relative errors were different.
Because silver has low chargeability, the influence of the polarization parameters can be ignored. When
calculating the skin depth of graphite and magnetite, the influence of the polarization parameters
should be taken into account when the EM detection frequency is f < 0.1 Hz. When calculating the
skin depth of pyrite or copper, when the frequency is f < 8.1 Hz and f < 33.1 Hz, better calculation
results can be obtained by using generalized skin depth. When calculating the skin depth of frozen
rock, the generalized skin depth formula is more applicable. In geophysical exploration, the skin depth
of a chargeable body can provide an initial model for data inversion and a fast method for estimating
the depth of a polarized medium. Compared with the traditional skin depth formula, the generalized
skin depth for polarized porous media has a higher interpretation accuracy.

In the low-frequency band, the EM wave has a relatively deep propagation depth in the polarized
medium, so it is better to use the generalized skin depth formula to calculate the accurate depth
and to interpret imaging. In the high-frequency band, the polarization parameters can be neglected,
so either the generalized skin depth or classical skin depth are suitable for depth calculations. The
generalized skin depth formula is more universal. We established a forward model, mainly considering
the propagation depth of electromagnetic wave in the polarized mineral resources, and analyzed the
skin depth of the regular shape mineral resources. The generalized skin depth model lays a good
foundation for the subsequent polarization medium inversion calculation and data interpretation.
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