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The borehole induced polarization method has been widely used in deep
mineral exploration, oil and gas resource exploration, and water resource
exploration because of its high efficiency and good exploration effect.
At present, the related research on the cross-well induced polarization
method assumes that the underground medium is isotropic, but the electrical
characteristics of the actual earth medium are anisotropic. To analyze
the influence of the anisotropic characteristics on the cross-well induced
polarization method, in this paper, the anisotropic forward algorithm of
conductivity and polarizability in different principal axis directions based on the
finite element method is studied. A three-dimensional forward simulation of
the cross-well induced polarization method in anisotropic media is realized.
The effectiveness and correctness of the algorithm are verified by testing
and comparing complex 3-D isotropic and anisotropic models. Anisotropic
geological models of the horizontal plate and inclined plate are constructed
to analyze the anisotropic influences of conductivity and polarizability in
different principal axis directions on the cross-well induced polarization
response. The results show that the emitter sources with different depths in
the well have different influences on the electrical response of the plates.
Anisotropic conductivity and polarizability in horizontal plates exhibit most
pronounced characteristics in the x-direction, significantly influencing the
apparent polarizability curves. However, when the resistivity and polarizability are
both anisotropic, the change in the z-direction is the most complicated. When
the plate is inclined, the amplitude of the electrical response curve decreases to
a certain extent, and the position where the amplitude appears shifts to different
degrees. Notably, the response curves of the y-direction anisotropy are basically
consistent with the response curves of the isotropy, regardless of the anisotropy
of the conductivity and polarizability or anomalous body tilts. The results of this
study improve our understanding of the influence of anisotropy on cross-well
induced polarization and provide theoretical support for the interpretation of
cross-well induced polarization data considering anisotropy.
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cross-well induced polarization method, anisotropy, finite element method,
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1 Introduction

With the development and advancement of science and
technology, the demand for mineral resources such as oil and
metal deposits is continuously increasing in China. Along with the
progressive exploration of surface and near-surface metal deposits,
the possibility of finding large or super-large metal deposits in
the near surface is getting smaller, thus deep mineral exploration
techniques emerged (Mi, 2019). Geophysical prospecting methods
have been applied in mineral exploration for more than one
hundred years andhave played a vital role.Underground geophysical
prospecting as an important geophysical prospecting method. It
is characterized by a high signal-to-noise ratio, anti-interference
and large exploration depth. And it plays an important role in
metal mining exploration (Zhou et al., 2009). In recent decades,
underground geophysical prospecting methods have grown into
characteristic geophysical prospecting techniques in China and
have been expanded and applied in oil exploration, hydrological
engineering geological surveying and other fields. Correspondingly,
higher requirements need to be met to enable the advancement
and diversity of underground geophysical prospecting methods and
techniques.

From the middle of the last century to the present, the borehole
geophysical prospecting method has provided new technologies
and means for the exploration of underground metal deposits in
China because its detection device is placed in the drill holes,
which places it closer to the deep underground ore body and
produces a strong exploration signal. It is not easily disturbed
by the topography and human activities on the surface (Cao,
2004; Feng et al., 2010; Xiong, 2004). In particular, the borehole
induced polarization method (borehole induced polarization, IP)
can not only be used to explore massive sulfide deposits with
clear resistivity differences from the surrounding rocks but also
can effectively explore disseminated (porphyry) metal deposits with
less resistivity difference (Wang et al., 2004). Cross-well IP is mainly
used to discover cross-well blind ore and to determine the continuity
between the ore beds exposed by drilling (Yuan et al., 2011).
Scholars at home and abroad have paid more and more attention to
research on cross-well electrical exploration and have made many
achievements in both forward and inversion (Mcmonnies, 2007;
Lamontagne, 2024; Stolz, 2000; Yu et al., 2006; Deng and Li, 2014).
Shima (1987) proposed the technology of resistivity tomography for
the first time and constructed a low-resistivity inclined structure
to verify the feasibility of this technology. Zhdanov and Yoshioka.
(2003) developed a new technology for cross-well 3-D imaging
and verified the ability of this method to reflect the electrical
properties of underground conductive formations and to fully
display the position and shape distribution of conductive formations
in an application to synthetic data.Arato and Godio. (2014) applied
the staggered grid method to the inversion process of cross-well
resistivity data, which greatly improved the imaging effect of the
two-dimensional cross-well resistivity.The algorithms developed by
Dong and Zhu (1999); Dong (1997); Liu et al. (2001) algorithms
based on the Jacobi matrix have investigated the problem of cross-
well resistivity tomography using the finite element method. The
travel time curve tracking technology in analogical seismology, such
as that developed by Di and Wang (1997), uses the method of
tracking the potential using a current line to attain the resistivity

tomography, and the actual effect is greatly improved compared
with the finite element method. Lv et al. (2003) determined the
parameters of the direct imaging of cross-well resistivity, which
can reflect the properties and positions of cross-well electrical
inhomogeneity without relying on inversion methods. Xiong et al.
(2016) used the finite element method to better solve the well-
well 2.5-dimensional forward modeling problem, and based on
this, they conducted approximate resistivity imaging of a cross-
well profile. This method was demonstrated to have a high
efficiency and good imaging effect. All of the above studies were
based on the hypothesis that the underground geological bodies
are electrically isotropic. In actual exploration and research, it
has been found that the electrical anisotropic characteristics of
underground geological bodies are difficult to ignore and have
a great influence on the actual forward and inversion (Wang,
2002; Linde and Pedersen, 2004; Hou et al., 2006; Yan et al., 2014;
Zhu et al., 2021). Kenkel et al. (2012) investigated the effect of
anisotropic complex conductivities in the frequency domain, with
a particular emphasis on the polarization properties (i.e., phase
angles). Hu et al. (2023) developed a 3D IP forward modelling
considering arbitrary anisotropy and topography using the finite
element method (FEM). And investigated the effects of anisotropy
and topography on the interpretation of IP data. Previous studies
on electrical anisotropy have focused on direct current and
transient electromagnetic methods, and deeper studies are needed
to characterize the anisotropic dielectric response to excitation
in wells (Schmutz et al., 2000; Hou et al., 2006; Hu et al., 2021).
Therefore, in this paper, considering the electrical anisotropy of a
cross-well anomaly bodies, the finite element method is used to
discuss and analyze the electrical response characteristics of a cross-
well anisotropic anomaly bodies. The results of this study provide
valuable theoretical support for data processing and interpretation
of actual cross-well IP exploration.

2 Basic theory

2.1 Anisotropic medium theory

In isotropic media, the resistivity and conductivity are scalar
quantities. In anisotropic media, the resistivity, conductivity and
polarizability can be expressed in tensor form (Equation 1).

ρ = σ−1,σ =(

σxx σxy σxz
σyx σyy σyz
σzx σzy σzz

),η =(

 ηxx  ηxy  ηxz
 ηyx  ηyy  ηyz
 ηzx  ηzy  ηzz

) (1)

For the convenience of calculation, any conductivity tensor σ can
be obtained from the principal axis anisotropic conductivity tensor
σ0 through three Euler rotations (Yin, 2010), where the sum of σx, σy
and σz is defined as the principal conductivity. Similarly, an arbitrary
polarizability tensor can be obtained (Equation 2).

σ0 =(

σx 0 0

0 σy 0

0 0 σz

) (2)
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In Cartesian coordinates, the conductivity tensor can be
expressed as follows (Wang, 2015; Liu et al., 2018) (Equation 3):

σ = Dσ0D−T (3)

where D = D1D2D3, and the rotation matrices for three times
counterclockwise rotations respectively (Equations 4–6).

D1 =(

cos α − sin α 0

sin α cos α 0

0 0 1

) (4)

D2 =(

1 0 0

0 cos β − sin β

0 sin β cos β

) (5)

D3 =(

cos γ − sin γ 0

sin γ cos γ 0

0 0 1

) (6)

α, β, γ are the anisotropic strike angle, anisotropic dip angle and
anisotropic deflection angle respectively (Pek and Santos, 2006).

2.2 Total potential method

The partial differential equation satisfied by the potential in a
rectangular coordinate system is as follows (Equation 7):

∂
∂x
(σ∂U
∂x
)+ ∂
∂y
(σ∂U
∂y
)+ ∂
∂z
(σ∂U
∂z
) = − 4π

ωA
Iδ(xA)δ(yA)δ(zA) (7)

The boundary value problem of the total potential in the point
source field is (Xu, 1994) (Equation 8)

{{{{{{{{{{{{{{{
{{{{{{{{{{{{{{{
{

∇ · (σ∇U) = − 4π
ωA

Iδ(A) ∈Ω

U1 = U2 ∈ Γ

σ1
∂U1

∂n
= −σ2
∂U2

∂n
∈ Γ

σ∂U
∂n
= 0 ∈ Γs

∂U
∂n
+
cos (r,n)

r
U = 0 ∈ Γ∞

(8)

According to the variational principle, the boundary value
problem of the point source field is transformed into the following
variational problems (Equation 9):

{
{
{

F (U) = ∫Ω [1/2σ∇U
2 −( 4πωA

) Iδ (A)U] dΩ+ 1/2∫Γ∞σU
2 cos (r,n)/rdΓ

σF (U = 0)
(9)

I is the current; U is the total potential value; σ is the electrical
conductivity; r is the distance from the power supply point source to
the boundary; n is the outer normal vector of the infinite boundary;
Ω is the target region; and Γ∞ is the infinite boundary of the region
Ω.

2.3 Abnormal potential method

In the numerical calculation in the resistivity method, the total
potential U is usually taken as the research object, and the total
potential U consists of two parts (Equation 10):

U = u0 + u (10)

The normal potential u0 is the potential generated by the point
source in the uniform half space or the entire space, and the normal
potential is calculated by an analytical solution. u is an abnormal
potential, which is produced by an inhomogeneous body. Because
the potential function U is singular at the point of the power supply
point, the calculation error is very large due to the influence of the
vicinity of the power supply point. The difference between the total
potential method and the abnormal potential method is the source,
the functional in the finite element of the total potential method has
a source term. However, the point source term is not included in the
abnormal potential method u, so the singularity at the point source
is eliminated by the abnormal potential method, and the calculation
accuracy is greatly improved (Xu, 1994).

It is assumed that there is an electrical inhomogeneity in the
dielectric σ1 (Figure 1). The conductivity of the anomaly is σ2, and
the conductivity of the dielectric where the point power supply is
located is σ0. And σ1 = σ0; Ω1, Ω2, u1, u2 denote σ1, σ2 occupied area
and the abnormal potential. The differential equation and boundary
condition of the abnormal potential u are as follows (Equation 11):

{{{{{{{{{{{{{{
{{{{{{{{{{{{{{
{

∂u
∂n
= 0 ∈ Γs

u1 = u2 ∈ Γ

σ1
∂u1
∂n1
+ σ2
∂u2
∂n2
= −(σ2
∂u0
∂n1
+ σ2
∂u0
∂n2
) ∈ Γ

∂u
∂n
+
cos (r,n)

r
u = 0 ∈ Γ∞

∇ · (σu) = −∇ · (σ′u0)

(11)

where σ is the dielectric conductivity, and σ′ is the residual
conductivity.

The boundary value problem satisfied by the abnormal potential
of the three-dimensional point source field is transformed into a
variational problem (Equation 12):

{
{
{

F (u) = ∫Ω [1/2σ(∇u)
2 + σ′∇u0 ·∇u] dΩ+∫Γ∞

σu2 cos (r,n)
2r + σ

′u0u cos (r,n)
r dΓ

σF (u) = 0
(12)

2.4 Equivalent resistivity method

The forward calculation of the polarizability is found by the
equivalent resistivity. When induced polarization effects are not
considered, the value of the primary field potential ΔU1 is obtained
from the forward calculation; when induced polarization effects in the
subsurface medium are considered, the forward show gets the total
field potentialΔU.Theanomalous potentialmethodwasused for both
forward potentials. According to the theory of Seigel (Harold, 1959),
the primaryfieldpotentialΔU1 is solvedby forwardmodeling, and the
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FIGURE 1
Geoelectric section of an inhomogeneous body (Xu, 1994). A is the point power supply, Ω2 is the electrical inhomogeneity with conductivity σ2, and n1
and n2 are the internal and external normal directions of the inhomogeneity boundary.

total field potential ΔU (polarization field potential) is obtained using
the equivalent resistivity ρ∗ instead of the original model resistivity
ρ. The secondary field potential ΔU2 is obtained by subtracting the
primary field potential from the total field potential. The following
relationships can be obtained by expressing the equivalent apparent
resistivity ρ∗s , apparent resistivity ρs, apparent polarizability ηs,
polarizabilityη, anddevice coefficientK as follows (Equations 13–17):

ΔU = ΔU1 +ΔU2 (13)

ρ∗ =
ρ

1− η
(14)

ρs = K
ΔU1

I
(15)

ρ∗s = K
ΔU
I

(16)

ηS =
ΔU2

ΔU
× 100% =

ΔU−ΔU1

ΔU
× 100% =

ρ∗s − ρs
ρ∗s
× 100% (17)

2.5 Three-dimensional forward theory of
the cross-well induced polarization
method based on the finite element
method

As shown in Figure 2, ui(i = 1,2,3,4) for the potential on the
vertex, and the potential u of any point P in the cell can be obtained
by linear interpolation as follows (Xu, 1994) (Equation 18):

u =∑4
i−1

Niui (18)

Ni is the shape function, which is the volume ratio of two
tetrahedrons (Equation 19).

N1 =
VP234

V1234
,N2 =

VP143

V1234
,N3 =

VP124

V1234
,N4 =

VP132

V1234
(19)

The shape function and its coefficients can be expressed as
follows (Equations 20, 21):

Ni =
1
6V
(aix+ biy+ ciz+ di) (20)

a1 =
||||

|

y2 z2 1

y3 z3 1

y4 z4 1

||||

|

,b1 = −
||||

|

x2 z2 1

x3 z3 1

x4 z4 1

||||

|

,c1 =
||||

|

x2 y2 1

x3 y3 1

x4 y4 1

||||

|

,d1 = −
||||

|

x2 y2 z2
x3 y3 z3
x4 y4 z4

||||

|

a2 = −
||||

|

y1 z1 1

y3 z3 1

y4 z4 1

||||

|

,b2 =
||||

|

x1 z1 1

x3 z3 1

x4 z4 1

||||

|

,c2 = −
||||

|

x1 y1 1

x3 y3 1

x4 y4 1

||||

|

,d2 =
||||

|

x1 y1 z1
x3 y3 z3
x4 y4 z4

||||

|

a3 =
||||

|

y1 z1 1

y2 z2 1

y4 z4 1

||||

|

,b3 = −
||||

|

x1 z1 1

x2 z2 1

x4 z4 1

||||

|

,c3 =
||||

|

x1 y1 1

x2 y2 1

x4 y4 1

||||

|

,d3 = −
||||

|

x1 y1 z1
x2 y2 z2
x4 y4 z4

||||

|

a4 = −
||||

|

y1 z1 1

y2 z2 1

y3 z3 1

||||

|

,b4 =
||||

|

x1 z1 1

x2 z2 1

x3 z3 1

||||

|

,c4 = −
||||

|

x1 y1 1

x2 y2 1

x3 y3 1

||||

|

,d4 =
||||

|

x1 y1 z1
x2 y2 z2
x3 y3 z3

||||

|
(21)

When performing anisotropic forward, conductivity is
the tensor form. Tetrahedral mesh to discrete equations. By
integrating the four terms in the variational problem using the
abnormal potential method in Equation 12, we can obtain the
following equation (Equation 22).

F (U) = ∑(σ2u
TK1eu+ σ′uTK1eu0 +

σ
2u

TK2eu+ σ′uTK2eu0)

= 1
2
uTKu+ uTK′u0

(22)

If Equation 22 is changed to zero, we can obtain the
following equation (Equation 23):

Ku = K′u0 (23)

Likewise, polarizability anisotropy is based on the principle of
the equivalent resistivity method. Its partial differential equation
discretization is consistent with the resistivity method.
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FIGURE 2
Tetrahedral element. P is the center of the tetrahedron, and 1, 2, 3, and
4 are vertex numbers respectively.

In this paper, an improved symmetric step-by-step over-
relaxation preconditioned conjugate gradient iterative algorithm
(SSOR-PCG) (Lin, 1998) is used. The matrix of coefficient A
of the linear equations Ax=b is an n-order symmetric positive
definite matrix, and the splitting matrix of the symmetric step-
by-step over-relaxation iteration (SSOR method) is used as the
pretreatment matrix M (Equation 24):

M = (2−ω)−1(D
ω
+ L)(D

ω
)
−1
(D
ω
+ L)

T
(24)

where D is the diagonal matrix of A, which is a strictly lower
triangular matrix with L as A. 0 < ω < 2 is the relaxation factor.

In Figure 1, when the point power is underground and the
underground σ = σ0 is a homogeneous conductive medium,
the potential at this time is the normal potential u0, and thus
(Equation 25),

∇ · (σ0∇u0) = −Iδ(A) (25)

u0 can be obtained from the analytical solution (Equation 26).
Then, the abnormal potential u at each node of the grid can be
obtained by solving Equation 23, and the total potential can be
calculated using Equation 10.

U0 =
ρI
4π
( 1
R
+ 1
R′
) (26)

R is the distance from the measuring point to the point current
source A, and R’ is the distance from the measuring point to the
imaginary point current source A’.

3 Algorithm validation

3.1 Three-dimensional complex isotropic
cross-well sphere model

To verify the accuracy of the code written in this study, the
cross-well spheremodel in a homogeneous isotropicmedium is used

for verification (Xiong et al., 2016). The model shown in Figure 3 is
established. The well spacing is 30 m, and the underground body is
a low-resistivity sphere. Source point A supplies power at a depth
of 20 m in well 1. There are 50 measuring points within every 1 m
from 1 to 50 m in well 2. The resistivity of the sphere is 1 Ω·m,
the radius of the sphere is 1 m, the burial depth of the center of
the sphere is 20 m, the distance between the two wells is 15 m,
and the resistivity of the surrounding rock is 100 Ω·m. The results
calculated in this paper are compared with the analytical solutions
calculated by Xiong et al. (2016).

As shown in Figure 4, the results calculated using the proposed
algorithm are in good agreement with those calculated by Xiong et al.
(2016), with a maximum relative error of 0.096% and an average
relative error of 0.079%.The correctness and validity of the algorithm
are verified, which also demonstrates the accuracy of the subsequent
analysis of the results presented in this paper.

3.2 Three-dimensional anisotropic model

To further validate the correctness of the proposed algorithm,
a 3-D anisotropic model was created (Figure 5) (Xiong et al., 2023).
In the model, the anomaly is a 100 m × 100 m × 100 m cube, the
burial depth of the center of the anomaly is 55 m, and the size of the
surrounding rock is 6,000 m × 6,000 m × 3,000 m.The conductivity

of the surrounding rock is σ =(

0.01 0 0

0 0.0025 0

0 0 0.01

)S ·m−1, and

the conductivity of the anomaly is σ =(

0.04 0 0

0 0.01 0

0 0 0.04

)S ·

m−1. A secondary device is used to study the response characteristics
of the apparent resistivity at a pole distance of 40 m. The excitation
point is located at the origin of the coordinates of point A (0, 0, 0),
and the measurement point M is rotated 10° clockwise around the
excitation point to complete the observation of the 36 measurement
points around the circle. We compare the results calculated in this
paper with those calculated by Xiong et al. (2023).

As shown by the curve in Figure 6, this algorithm matches
the results calculated by Xiong et al. (2023) well, with a maximum
relative error of −1.1%. This verifies the correctness and validity of
this algorithm and also indicates the accuracy of the subsequent
analysis of the results presented in this paper.

4 Study of IP response between wells
in electrically anisotropic media

To study the response of the induced polarization method
for different cross-well geological models with conductivity and
polarizability are anisotropic in different principal axis directions
for abnormal bodies, a cross-well model (Figure 7) is designed.
The abnormal bodies are divided into horizontal plate bodies and
inclined plate bodies, and the inclined plate bodies are formed by
rotating the horizontal plate bodies counterclockwise by 45°. The
distance between the wells is 400 m, and three emitter sources A1,
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FIGURE 3
Schematic diagram of the three-dimensional complex isotropic cross-well sphere model. The emission source is located 20 m in Well 1. There are 50
measuring points in Well 2. The distance between the center of low-resistance sphere (1 Ω·m) and Well 2 is 15 m, and the surrounding rock resistivity is
100 Ω m.

FIGURE 4
Comparison of the numerical solution and analytical solution. The red circle is the numerical solution curve, the black solid line is the analytical
solution curve, and the black dotted line is the error curve.
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FIGURE 5
3-D anisotropic model. The survey line is a circle with a radius of 40 m on the ground, and the abnormal body is a cube with a side length of 100 m and
a depth of 5 m underground.

FIGURE 6
Curve plots of the apparent resistivity (A) and relative error (B) for the different algorithms of three-dimensional anisotropy. The point is the apparent
resistivity of 3D FEM algorithm, and the line is the apparent resistivity curve of 3D FEM (Xiong Zhitao) algorithm.

A2, andA3 are located at depths of 400, 600, and 800 m, respectively,
in thewells.The center of the anomaly body is 600 mdeep; the center
is 200 m away from the measuring well, and the scale is 100 m ×
100 m × 50 m (in the X, Y, and Z directions). The survey lines in
well 2 are vertically arranged in a straight line.Thefirstmeasurement
point is located at the wellhead, and the last measurement point is

located 1,200 m below thewellhead, with a total of 601measurement
points. The observed electrode system is a bipolar device.

Regarding the mesh dissection, to better fit the complex cross-
well model, a free tetrahedral mesh is used. To improve the accuracy,
the mesh size is reduced, and the numbers of the meshes at the
emission source, survey line and abnormal body are increased.
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FIGURE 7
Schematic diagram of the cross-well induced polarization logging model. The emission sources are located at 400 m, 600 m, and 800 m in Well 1.
There are 601 measuring points in Well 2, and the distance between adjacent measuring points is 2 m. The depth of 600 m between the two wells is a
horizontal plate-like body (dotted line is inclined plate-like body) of 100 m∗ 100 m ∗ 50 m.

TABLE 1 Mesh generation results for the different abnormal bodies. The results are horizontal plate and inclined plate respectively.

Mesh generation result

Model type Total number of complete grid cells Total number of nodes

Horizontal plate-like body 1,728,741 174,034

Inclined plate-like body 1,027,928 173,910

To achieve a better mesh dissection effect and to obtain more
accurate calculation results, mesh processing is also carried out at
the boundary.The results of different anomalies after the completion
ofmesh dissection are presented in Table 1. A diagramof the specific
mesh generation is presented in Figure 8.

4.1 The surrounding rock and the
abnormal body are isotropic

To more effectively study and analyze the influence of the
anisotropy, the response of the isotropy of the surrounding rock
and anomalous body in different principal axis directions is
analyzed in the research process, and the isotropic conductivity
tensor of the surrounding rock and anomaly of the two
cross-well geological models are set to be respectively:

σsurrounding rock =(

0.01 0 0

0 0.01 0

0 0 0.01

)S ·m−1 and σanomalous body =

(

1 0 0

0 1 0

0 0 1

)S ·m−1. The polarizability isotropic tensor of

the anomalous body is η =(

0.5 0 0

0 0.5 0

0 0 0.5

). When the

polarizability of the surrounding rock is not considered, and the
excitation current is 50 A.

Figures 9, 10 respectively show the anomaly curves of the
isotropic apparent resistivity and apparent polarizability obtained
from the forward calculation of the horizontal plates and inclined
plates. Analyzing the cross-well IP response helps to understand
the characteristics of the observed abnormal curves. The anomaly
field caused by the horizontal plate-like body can be regarded as the
combined effect of multiple electric dipole fields (Lv et al., 2012).
The curves for the anomaly show the excitation characteristics of
different depth emission sources in comparison to the anomaly
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FIGURE 8
Diagram of the cross-well model mesh generation: (A) Horizontal plate-like body; and (B) inclined plate-like body. A1, A2, and A3 are excitation
sources, yellow rectangular box is abnormal body, and blue line is borehole survey line.

and the excitation characteristics of the emitter sources for plate-
like bodies with different inclinations. It can be seen that the
curves of the apparent resistivity and apparent polarizability of
the horizontal plate-like body are axisymmetric. In Figure 9, the
emitter is close to the anomalous body at 600 m, the curve is most
curved, and the values of the apparent resistivity and apparent
polarizability reach the maximum at the center of the anomalous
body. The maximum apparent resistivity and minimum apparent
polarizability can be observed, and the curves exhibit a reverse
stretching shape, which is caused by the emitter being close to the
center of the anomalous body, the underground low resistivity body
has obvious attraction to the current, and the current density is
high; whereas the shallow and deep parts are far away from the
emitter and anomalous body, and the current density is small. The
extreme values of the apparent resistivity and apparent polarizability
produced by the emitters at 400 and 800 m are near the bottom
boundary and the top boundary, respectively, which are related to
the position of the emitter. The emitter is located at the center of
the anomalous body (at 600 m), so the extreme values are located at
the center of the anomalous body. Similarly, because the abnormal
body is rotated by 45°, the abnormal curves of the inclined plate-
like body is roughly the same as that of the horizontal plate-like
body, and the reason for this is the same as in the case of the
horizontal plate-like body. Different from the horizontal plate-like
body, the inclined plate-like body causes the absolute values of
the apparent resistivity and apparent polarizability of the emitters
at different positions to decrease to a certain extent and has the
greatest influence on the emitters at a shallow depth of 400 m.
Because of the inclination of the plate-like body, the positions of
all of the extreme values of the response curves are shifted upward
and the variations in the amplitude of the curves become wider to a
certain extent.

Therefore, the response of the isotropic surrounding
rock and abnormal body has been analyzed. A good
foundation for analyzing the anisotropy of the conductivity and
polarizability of the abnormal body.

4.2 Polarizability is isotropic and
conductivity is anisotropic of abnormal
body

To better analyze the influence of the anisotropy of the
anomalous bodies conductivity on the apparent resistivity
and apparent polarizability, it is assumed that the anomalous
bodies polarizability is isotropic and the anomalous bodies
conductivity is anisotropic in different principal axis directions. In
addition, the anisotropic conductivity tensors of the two modeled

anomalous bodies are set as σ =(

0.02 0 0

0 1 0

0 0 1

)S ·m−1, σ =

(

1 0 0

0 0.02 0

0 0 1

)S ·m−1 and σ =(

1 0 0

0 1 0

0 0 0.02

)S ·m−1, and

the isotropic polarizability tensors of the two modeled anomalous

bodies are set as η =(

0.5 0 0

0 0.5 0

0 0 0.5

). We set up an isotropic

medium with a surrounding rock conductivity of 0.01S ·m−1, the
polarizability is set to 0, and the excitation current is 50 A.The effects
of the conductivity on the anisotropy of the apparent resistivity
and apparent polarizability of three emitters in the two models
were compared.

Figure 11 shows the response curves of the apparent resistivity
and apparent polarizability produced by the emission sources at
different positions under the condition of anisotropic conductivity
for the horizontal plate-like body. As can be seen from Figure 11,
the effect of x-direction anisotropic conductivity is maximized
regardless of the location of the emission source for the apparent
resistivity response curves, and the conductivity of the x-direction
anisotropy greatly reduces the apparent resistivity compared to the
isotropic condition.The extreme positions of the apparent resistivity
curves for the emission sources at 400 and 800 m shift downward
and upward, respectively, compared with that for the emission
source at 600 m. Compared to the apparent resistivity curve, the
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FIGURE 9
Graphs of the (A) apparent resistivity and (B) apparent polarizability of the isotropic horizontal plate-like body. The response curves with squares are the
results for 400 m excitation sources, the response curves with triangles are the results for 600 m excitation sources, and the response curves with dots
are the results for 800 m excitation sources.

FIGURE 10
Graphs of the (A) apparent resistivity and (B) apparent polarizability of the isotropic inclined plate-like body. The response curves with squares are the
results for 400 m excitation sources, the response curves with triangles are the results for 600 m excitation sources, and the response curves with dots
are the results for 800 m excitation sources.

apparent polarizability curve has more obvious changes. The x-
direction anisotropic conductivity causes the extreme absolute value
of the apparent polarizability to greatly increase compared with
the isotropy. It should be noted that the extreme position of the

apparent polarizability is near 600 m regardless of the position of
the emitter. The apparent polarizability curve of the y-direction
anisotropic conductivity is basically consistent with the response
curve for the isotropic condition and is independent of the position
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of the emission source. The apparent polarizability curve of the z-
direction anisotropic conductivity exhibits obvious characteristics
and is related to the position of the emitter. When the emitter
and plate are located at the same depth, the absolute value of the
apparent polarizability only slightly increases. When the emitter
is located at 400 and 800 m, the absolute value of the extreme
value of the apparent polarizability increases, and the position shifts
downward for the emitter located at 400 m and upward for the
emitter located at 800 m.

Figure 12 presents the response curves of the apparent resistivity
and apparent polarizability produced by the emission sources at
different locations under the anisotropic conductivity condition for
the inclined plate-like body. The curves of the apparent resistivity
and apparent polarizability at y-direction anisotropy are consistent
with the isotropic characteristics, but the extreme value decreases
and the position shifts upward compared with the horizontal plate-
like body. The anisotropic response characteristic in the z-direction
is more distinct. The inclination of the plate-like body causes the
extreme value of the z-direction anisotropic apparent resistivity to be
less than the isotropy at the 600 and 800 m emitters, and the extreme
value shifts downward. However, the extreme value of the apparent
resistivity at the location of the 400 m emitter is greater than the
isotropy, and its position shifts upward. The apparent polarizability
also changes obviously at the locations of the 600 and 800 m emitters.
Compared to the horizontal plate-like body, the absolute value of
the extreme value of the apparent polarizability increases and its
position shifts upward.

4.3 Polarizability is anisotropic and
conductivity is isotropic of abnormal body

To better analyze the effects of the anisotropy of the anomaly’s
polarizability on the apparent resistivity and apparent polarizability,
it is assumed that the conductivity of the anomalous body is isotropic
and the polarizability of the anomalous body is anisotropic in
different principal axis directions. The anisotropy polarizability

tensors of the two models are η =(

0.2 0 0

0 0.5 0

0 0 0.5

), η =

(

0.5 0 0

0 0.2 0

0 0 0.5

) and η =(

0.5 0 0

0 0.5 0

0 0 0.2

), and the isotropy

tensor of the conductivity of the anomalous body is set σ =

(

1 0 0

0 1 0

0 0 1

)S ·m−1. An isotropic medium with a surrounding

rock conductivity of 0.01S ·m−1, the polarizability is set to 0, and an
excitation current is 50 A. Because the anisotropy of the anomalous
polarizability for each different emitter model does not affect the
apparent resistivity and corresponds to the apparent resistivity when
the principal axis is isotropic, we only need to compare the influence
of the anisotropic apparent polarizability of each different emitter
model in the different principal axis directions.

Figure 13 presents the apparent polarizability response curves
for the horizontal plate-like body when the polarizability is

anisotropic in different principal axis directions. It can be seen from
the diagrams for the three different emission source models that
the x-direction anisotropic polarizability has the greatest influence
on the apparent polarizability, which leads to a significant decrease
in the extreme absolute value of the apparent polarizability at the
center of the abnormal body, and the absolute values of the apparent
polarizability in the upper and lower parts of the abnormal body
are reduced to a certain extent. The responses of the apparent
polarizability for anisotropy and isotropy of polarizability in the y-
direction are almost the same, and it only increases slightly at the
minimum position. When the polarizability is anisotropic in the z-
direction, the apparent polarizability of the emitter model at 600 m
is similar to that in the isotropic case, and it increases slightly at
the minimum position. The apparent polarizability only changes at
400 and 800 m. When the emitter is located at 400 m, the minimum
value of the apparent polarizability at the center of the anomalous
body increases slightly and the extreme center shifts upward. The
apparent polarizability above the anomaly body is larger than that
for the isotropic case, while the apparent polarizability below the
anomaly body is smaller than that for the isotropic case. When the
source is located at 800 m, the change in the apparent polarizability
is the opposite to that when the source is located at 400 m.

Figure 14 presents the apparent polarizability response curves
when the polarizability is anisotropic in different principal axis
directions for the inclinedplate.Comparedwith that for thehorizontal
plate, the apparent polarizability curves change greatly when the
abnormal body is tilted. In particular, the anisotropy characteristics
of the abnormal body are most obvious when excited at the upper
and lower positions of the abnormal body is located at 400 and
800 m, respectively, and the response curves fluctuate strongly.
Compared to thehorizontal plate, the extremepositionof the apparent
polarizability curves of the x-direction anisotropic polarizability shifts
downward and upward. The apparent polarizability curves of the y-
axis anisotropic polarizability are basically the same as for the case in
which the polarizability is isotropic, but the position of the extreme
value is different fromthat for thehorizontal plate-likebody.When the
polarizability is anisotropic in the z-direction, the extreme apparent
polarizability of the emitter at 400 m is almost the same as that for
the isotropic case, and the absolute values of the extreme apparent
polarizability for the other two emitters decrease. Consistent with the
anisotropic conductivity of the anomalous body, the inclination of
the plate-like body causes the absolute value of the extreme apparent
polarizability of the emitter to decrease greatly when the emitter is
locatedat400 m.Forboththehorizontalandinclinedplate-likebodies,
it was found that the absolute value of the apparent polarizability is
the largest when the emitter is located at 600 m, that is, the response
characteristics of the emitter located closest to the anomalous body
are the most obvious when the emitter is located at 600 m.

4.4 Conductivity and polarizability of
abnormal body are anisotropic

To analyze the influences of the anisotropy of the
conductivity and polarizability of the anomalous bodies on the
apparent resistivity and apparent polarizability in the cross-
well induced polarization method, the anisotropy tensors of
the conductivity of the anomalous bodies in the two models

Frontiers in Earth Science 11 frontiersin.org

https://doi.org/10.3389/feart.2024.1443764
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Junke et al. 10.3389/feart.2024.1443764

FIGURE 11
Curves of the anisotropy of the conductivity of the horizontal plate-like body (left (A,C,E): apparent resistivity, and right (B,D,F): apparent polarizability).
The response curves with squares are the results of isotropic anomalies, the response curves with dots are the results of anisotropic anomalies of
conductivity in the x-direction, the response curves with triangles are the results of anisotropic anomalies of conductivity in the y-direction, and the
response curves with rhombuses are the ones of anisotropic anomalies of conductivity in the z-direction.
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FIGURE 12
Curves of the anisotropy of the conductivity of the inclined plate-like body (left: (A,C,E) apparent resistivity, and right: (B,D,F) apparent polarizability).
The response curves with squares are the results of isotropic anomalies, the response curves with dots are the results of anisotropic anomalies of
conductivity in the x-direction, the response curves with triangles are the results of anisotropic anomalies of conductivity in the y-direction, and the
response curves with rhombuses are the results of anisotropic anomalies of conductivity in the z-direction.
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FIGURE 13
Curves of the anisotropic apparent polarizability for the horizontal plate-like body. The response curves with squares are the results of isotropic
anomalies, the response curves with dots are the results of anisotropic anomalies of polarizability in the x-direction, the response curves with triangles
are the results of anisotropic anomalies of polarizability in the y-direction, and the response curves with rhombuses are the results of anisotropic
anomalies of polarizability in the z-direction.

FIGURE 14
Curves of the anisotropic apparent polarizability anomaly for the inclined plate-like body. The response curves with squares are the results of isotropic
anomalies, the response curves with dots are the results of anisotropic anomalies of polarizability in the x-direction, the response curves with triangles
are the results of anisotropic anomalies of polarizability in the y-direction, and the response curves with rhombuses are the results of anisotropic
anomalies of polarizability in the z-direction.

are set as σ =(

0.02 0 0

0 1 0

0 0 1

)S ·m−1, σ =(

1 0 0

0 0.02 0

0 0 1

)S ·

m−1 and σ =(

1 0 0

0 1 0

0 0 0.02

)S ·m−1. When the anisotropic

tensors of the polarizability of the anomalous bodies are set

as η =(

0.2 0 0

0 0.5 0

0 0 0.5

), η =(

0.5 0 0

0 0.2 0

0 0 0.5

) and η =

(

0.5 0 0

0 0.5 0

0 0 0.2

), the conductivity of the surrounding rock is set

to 0.01S ·m−1, and the polarizability is set to 0, the excitation current

is 50 A. Similarly, because the anisotropy of the polarizability of
the anomalous body does not affect the apparent resistivity, the
response of the apparent resistivity of the anomalous body of each
different emitter source in the model corresponds to the apparent
resistivity of the anisotropy of the conductivity of the anomalous
body one by one. Here, we only need to compare the influence of
the apparent polarizability of the anisotropic anomalous body of the
three emitters in different directions of the principal axis.

Figure 15 presents the apparent polarizability response curves
produced by the emitters located at different depths when the
conductivity and polarizability of the horizontal plate-like body are
anisotropic. Compared with the isotropic case, the responses of the
apparent polarizability produced by the three different emitters for
the x-direction and y-direction anisotropy exhibit similar change
characteristics, and the absolute value of the apparent polarizability
extremum increases, but the extreme value changes more when the
x-direction anisotropy is greater than the y-direction anisotropy.
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FIGURE 15
Curves of the anisotropic apparent conductivity and polarizability for the horizontal plate-like body. The response curves with squares are the results of
isotropic anomalies, the response curves with dots are the results of anisotropic anomalies of conductivity and polarizability in the x-direction, the
response curves with triangles are the results of anisotropic anomalies of conductivity and polarizability in the y-direction, the response curves with
rhombuses are the results of anisotropic anomalies of conductivity and polarizability in the z-direction.

FIGURE 16
Curves of the anisotropic apparent conductivity and polarizability for the inclined plate-like body. The response curves with squares are the results of
isotropic anomalies, the response curves with dots are the results of anisotropic anomalies of conductivity and polarizability in the x-direction, the
response curves with triangles are the results of anisotropic anomalies of conductivity and polarizability in the y-direction, the response curves with
rhombuses are the results of anisotropic anomalies of conductivity and polarizability in the z-direction.

When z-direction anisotropy is maintained at 600 m emission,
the apparent polarizability extreme position is maintained near
600 m. Compared to the isotropic case, only the absolute value of
the extreme value increases, and the variation characteristics are
different at 400 and 800 m. Although both positions lead to an
increase in the absolute value of the extreme value, the position of the
extreme value shifts in the opposite directions. It shifts downward
for the 400 m case and upward for the 800 m case. Figure 16 shows
the curves of the response of the apparent polarizability produced
by emitters located at different depths when the conductivity
and polarizability of the inclined plate-like body are anisotropic.
Compared to the horizontal plate-like body, the absolute value of
the extreme value of apparent polarizability for the x-direction
anisotropy increases more than that for the isotropic case, and the

position of the extreme value shifts upward. For the y-axis and
z-axis anisotropy, on the response curves of the emitter located
at 800 m, the position of the extreme value shifts upward. When
the emitter is located at 600 m, the position of the extreme value
shifts upward and the absolute value of the extreme value decreases.
When the emitter is located at 400 m, the change is greater. The
inclination of the plate-like body controls the overall trend of
change of the apparent polarizability curves. It should be noted
that the electrical response curves for the y-axis anisotropy are
basically consistent with the typical response curves for the isotropic
case when the of the conductivity and polarizability is anisotropic
in different principal axis directions or when the anomalous
body is inclined.
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5 Conclusion

(1) Through forward response calculations and analysis of the
electrical anisotropic models of horizontal and inclined plate-
like bodies, it was found that for the cross-well induced
polarization method, when the electrical properties of plate-
like bodies are isotropic in different principal axis directions,
the extreme values of absolute values of the apparent resistivity
and apparent polarizability of the emission source at 600 m
are the maximum due to the attraction of the underground
low resistivity to the current. There are many differences in
the positions where the extreme values of the electrical curves
appear due to the different positions of the emitters. When the
plate-like body is inclined, the amplitudes of all of the curves
decrease and shift upward.

(2) When the conductivity is anisotropic in different principal
axis directions, for the horizontal plate-like body, the x-
direction anisotropic conductivity has the greatest influence
on the electrical characteristics and the apparent polarizability
is more obvious than the apparent resistivity. In addition,
the position of the emitter has an obvious influence on the
apparent polarizability when the conductivity is anisotropic
in z-direction. The inclination of the plate-like body causes
the apparent resistivity and apparent polarizability curves to
have different effects, but the extreme values of the absolute
values of the apparent resistivity and apparent polarizability
will decrease.

(3) When the polarizability is anisotropic in different principal
axis directions, for the horizontal plate-like body, only
the x-direction anisotropy has an obvious effect on the
apparent polarizability curve. The y-direction and z-direction
anisotropy has the same apparent polarizability curve as that
for the isotropic case. The inclination of the plate-like body
causes the apparent polarizability curve to change greatly. In
particular, when excited at 400 m and 800 m, the anisotropy
characteristics of the anomalous body are most obvious, and
the response curves fluctuate strongly.

(4) When the conductivity and polarizability of the plate-like body
are anisotropic, the responses of the apparent polarizability
of the horizontal plate-like body when the x-direction and y-
direction anisotropy are similar to those for the isotropic case,
while z-direction anisotropy has a more complex influence.
The inclination of the plate-like body causes the extreme
position of the x-direction anisotropic apparent polarizability
to shift upward. For y-direction and z-direction anisotropy,
when the emitter is located above the inclined plate-like body,
the overall change trend of the apparent polarizability curves

decreases. It was found that for the induced polarization
method, the response in a borehole is complex and changeable,
and the inclination of the abnormal body also affects the
response. The results of this study provide theoretical support
for the study of the anisotropy of induced polarization in
boreholes. In this paper, inversion is conducted to further
verify and expand the forward work, so subsequent inversion
work was very necessary for this study.
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