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Abstract

The short-offset transient electromagnetic method (SOTEM) has become a popular research
topic in recent years. In this paper, we present the vector finite element method based on
model reduction, which greatly improves computational efficiency. Based on the Krylov
subspace projection method, the electromagnetic response of multi-frequency is quickly
obtained using model reduction, and the acceleration ratio reaches 33. The electromagnetic
field in the time domain is obtained using cosine transformation. A translation algorithm is
used to calculate the full-time apparent resistivity. The correctness of the algorithm is veri-
fied using uniform half-space model and a complex geoelectric model. Then the amplitude
of the transient electromagnetic apparent resistivity anomaly of the 1D, 2D, and 3D geoelec-
tric models is compared. Results show that the electromagnetic response amplitude from
the 1D model is much greater than the ones from the 2D and 3D models. Special attention
needs to be paid to the processing and interpreting field data using the 1D forward and
inversion method. Additionally, we analyze the impulse responses at the different offsets
for the conductive body, and the results indicate that with the decrease in the offset, the
impulse response and anomalous amplitude are greatly enhanced, and exploration depth
and resolution are also improved. The porphyry Cu-Mo deposit model experiment further
demonstrates that three-dimensional SOTEM forward modeling combined with full-time
apparent resistivity imaging can effectively identify low-resistivity mineralized anoma-
lies within a complex geological model at depths of approximately 200–500 m, thereby
confirming the applicability of the method to realistic mineral deposit exploration.

Keywords: SOTEM; LOTEM; vector finite element; model reduction; full-time apparent resistivity

1. Introduction
Grounded-source transient electromagnetics method has been widely used in oil

and gas resources and in geothermal and coalfield geological fields [1–3] in recent years
because of its simple layout and large detection depth. Early grounded-source transient
electromagnetics mainly refers to long offset transient electromagnetics (LOTEM) [4], which
means that the transceiver distance is more than 4–6 times the detection depth [5]. The
observation area of this method is limited, and the signal intensity decreases sharply
with an increase of the transceiver distance, which affects the detection depth; moreover,
multiple tectonic units between the transceiver distance maybe cause electrical changes,
which is not conducive to fine detection, so LOTEM is mostly used in areas with simple

Minerals 2026, 16, 798 https://doi.org/10.3390/min16080798

https://crossmark.crossref.org/dialog?doi=10.3390/min16080798&domain=pdf&date_stamp=2026-07-31
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://orcid.org/0009-0001-8589-4001
https://orcid.org/0009-0006-8724-2732
https://doi.org/10.3390/min16080798


Minerals 2026, 16, 798 2 of 23

structure and flat terrain [6–8]. As the detection accuracy and depth requirements become
higher and higher, the short-offset method has been proposed and has become a research
focus [9]. The short-offset method is easy to apply in complex terrain exploration because
the transceiver distance is less than or equal to the detection depth and the signal strength
increases, which is obviously better than the transient electromagnetics of the loop source.

The short-offset transient electromagnetic method (SOTEM) has attracted increasing
attention as a near-source electromagnetic exploration technique because of its strong
signal intensity, broad effective bandwidth, and potential for high-resolution deep ex-
ploration [1,7,10–12]. Previous studies have mainly focused on one-dimensional forward
modeling and inversion, response characteristics, data processing, and engineering applica-
tions in mineral exploration, coalfield hydrogeology, and structural investigation [7,13–15].
Although several studies have recently addressed three-dimensional forward model-
ing, source effects, imaging, and inversion [16–18], systematic investigations of three-
dimensional SOTEM responses remain relatively limited.

The 3D electromagnetic response analysis method is mainly based on numerical
simulation methods, as follows: the finite difference method [19], the integral equation
method [20–22], the finite element method [23–25], etc. The finite element method has been
widely used in geophysical electromagnetic modeling in recent years due to its flexible
mesh generation. Due to the discontinuity of normal components of an electric field, node-
based finite element methods often cause the spurious solution phenomenon [26,27]. There
are three main methods to overcome the spurious solution phenomenon. One way is to
force the electric field divergence to zero by applying the divergence condition; the second
way is to adopt the node finite element method based on vector-scalar potential [28,29]. The
vector finite element changes the shape function; automatically satisfies the electromagnetic
field divergence condition in each the element, without applying any conditions; and is
widely used in geophysical electromagnetic simulations [30–32].

At present, there are two main approaches for obtaining three-dimensional transient
electromagnetic responses. One is to calculate the electromagnetic response directly in
the time domain; the other is to calculate the electromagnetic fields at multiple frequency
points in the frequency domain and then obtain the corresponding time-domain responses
using sine or cosine transforms [31,33–36]. The latter method is relatively simple and
can directly utilize the numerical results of the frequency domain. But to achieve high
accuracy, it usually takes dozens or even hundreds of frequencies to complete the cal-
culation, and it is very time-consuming to solve a large sparse linear equation for each
frequency [36–38]. Fortunately, based on the Krylov subspace projection method, the model
reduction method fundamentally overcomes this shortcoming [33,39,40]. Consequently,
the number of frequency points is no longer the dominant factor limiting computational
efficiency. Compared with the PARDISO direct solver, the model reduction method can
improve the computational speed by more than one order of magnitude. This substantial
acceleration makes efficient three-dimensional time-domain electromagnetic finite-element
modeling feasible [41,42].

The SOTEM method has been increasingly applied to complex mineral resource explo-
ration, particularly in areas characterized by thick cover, highly conductive overburden,
and deeply concealed ore bodies. Chen et al. applied SOTEM to the exploration of deep
banded iron formation BIF iron deposits beneath thick and conductive Quaternary sedi-
ments, demonstrating that the method maintains strong penetration capability in highly
conductive covered areas and can effectively delineate concealed ore bodies at depths ex-
ceeding 1000 m [10]. Hou et al. further employed the Ex component of SOTEM to identify
deep magnetite deposits beneath thick low-resistivity cover, and improved the positioning
accuracy of magnetite bodies in complex covered areas through joint inversion of the Ex and
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Hz components [43]. To address the limited efficiency and resolution of three-dimensional
inversion of SOTEM data, Xue et al. proposed a particle swarm optimization–quasi-Newton
PSO-QN hybrid algorithm, enabling fast and high-resolution 3D inversion of SOTEM data
and providing an effective inversion tool for fine-scale mineral exploration under complex
geological conditions [44]. In addition, Xue et al. applied SOTEM to the deep exploration of
the Zhou’an Ni-Cu-PGE deposit and obtained high-resolution electrical structure imaging
to a depth of approximately 2.5 km, further confirming the significant potential of SOTEM
for deep mineral exploration. However, most existing studies have focused primarily
on field verification and inversion applications, whereas systematic investigations of 3D
electromagnetic response characteristics, anomaly formation mechanisms, and the influ-
ence of different acquisition parameters under complex ore-body model conditions remain
relatively limited [12].

Therefore, although SOTEM has demonstrated considerable potential for deep min-
eral exploration, further 3D forward modeling and electromagnetic response analysis are
required to clarify its response characteristics in complex geoelectric environments. In
this paper, SOTEM is simulated using the vector finite element method, the frequency
domain model reduction algorithm is constructed, and the time domain electromagnetic
field is obtained using cosine transform. The electromagnetic response of 1D, 2D, and 3D
geoelectric models is analyzed, the abnormal response and the total apparent resistivity
characteristics under different offset distances are given, and the influence of different
offsets on the secondary field and abnormal amplitude is analyzed.

2. Theory
SOTEM is similar to LOTEM, and the layout of SOTEM is similar to the LOTEM and

CSAMT methods, see Figure 1, but the offset is generally less than two times equal to
the maximum detection depth. In this range, the signal intensity is large, the abnormal
response of the target body is strong, and SOTEM has more deep detection ability. At
present, the main observations are the vertical induced voltage and the horizontal electric
field along the direction of the source. These two components are sensitive to formation
and have certain characteristics. The best detection effect can be achieved by reasonably
setting the transceiver distance and selecting the observation area.

Figure 1. Schematic diagram of the SOTEM system.

3. Finite Element Analysis
3.1. Controlled Equations

In the three-dimensional electromagnetic forward modeling, the frequency domain
equation under the quasi-static condition (neglecting the influence of displacement current)
meets the following requirements [27]:

∇× E = −iωµ0H (1)
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∇× H = Js + σE (2)

The formula is based on the harmonic factor eiω t, ω is the circular frequency, σ is
the conductivity, µ0 is the vacuum permeability, and Js is an impressed electrical current
density. Taking the curl of both sides of (1) and substituting (2) into the resulting equation
eliminates the magnetic field H, yielding the following double-curl equation solely in terms
of the electric field E as follows [27]:{

∇×∇× E + k2E = −iωµ0Js
n × E = 0 onΓ

(3)

where k is the wave number under the quasi-static limit, k2 = iωµ0σ.
In order to solve the objective equation of (3), the electric field E(x, y, z; ω) and the

magnetic field H(x, y, z; ω) corresponding to the frequency set are expected to be solved in
the frequency domain, and then the electric field E(x, y, z, t) or the EMF (Induced electromo-
tive force) ζ = µ0

dh(x,y,z;t)
dt in the time domain are solved by the inverse Fourier transform.

In this paper, the generalized variational principle is used to obtain the variational equation
of (3) [27]. For the entire computational domain Ω, the functional given in Equation (3)
attains its minimum at the electric field E as follows [26,45], the complete derivation is seen
the Appendix A:

F[E] =
1
2

∫
Ω

[(∇× E)·(∇× E) + k2E·E]dV + iωµ
∫
Ω

(E·Js)dV (4)

3.2. Finite Element Discretization and Model Reduction

When we use a nodal finite element to solve the variational problem, the divergence
condition will not be satisfied, and a spurious solution will be generated. A better way
is to add a penalty term to the equation to force it to meet the divergence condition [46].
Another even better solution is to use the vector finite element method to assign the degree
of freedom directly to the edge of the element, which automatically meets the divergence
condition. In this paper, a rectangular hexahedral element is used. For each element, the
degrees of freedom of the vector basis functions are assigned to its 12 edges, as shown in
Figure 2. The field value at any point within the element can be expressed as follows [45]:

Ee
x =

4

∑
i=1

Ne
xiE

e
xi, Ee

y =
4

∑
i=1

Ne
yiE

e
yi, Ee

z =
4

∑
i=1

Ne
ziE

e
zi (5)

where Ne
pi(p = x, y, z; i = 1, ..., 4) is the vector basis function, and the specific expression of

the vector basis function is given in the reference [27]. Using the Galerkin or Ritz method
to solve the variational equation of (4), we obtain the matrix equation using each discrete
element as follows [45]:

∑ (Ce + iω Me)·Ee = ∑−iω be (6)

Ce=

Ce
xx Ce

xy Ce
xz

Ce
yx Ce

yy Ce
yz

Ce
zx Ce

zy Ce
zz

; Me=

Me
xx 0 0

0 Me
yy 0

0 0 Me
zz

; Ee=

Ee
x

Ee
y

Ee
z

;

Ee
p = [Ee

p1, ..., Ee
p4]

T , (p = x, y, z);

[Ce
xx] =

∫
Ωe

[(
∂{Ne

x}
∂y

)·(∂{Ne
x}

∂y
)

T
+ (

∂{Ne
x}

∂z
)·(∂{Ne

x}
∂z

)
T
]dV;
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[
Ce

yy

]
=

∫
Ωe

[(
∂
{

Ne
y

}
∂z

)·(
∂
{

Ne
y

}
∂z

)

T

+ (
∂
{

Ne
y

}
∂x

)·(
∂
{

Ne
y

}
∂x

)

T

]dV;

[Ce
zz] =

∫
Ωe

[(
∂{Ne

z}
∂y

)·(∂{Ne
z}

∂y
)

T
+ (

∂{Ne
z}

∂x
)·(∂{Ne

z}
∂x

)
T
]dV;

[
Ce

xy

]
= −

∫
Ωe

(
∂{Ne

x}
∂y

)·(
∂
{

Ne
y

}
∂x

)

T

dV;

[Ce
zx] = −

∫
Ωe

(
∂{Ne

x}
∂z

)·(∂{Ne
z}

∂x
)

T
dV;

[
Ce

yz

]
= −

∫
Ωe

(
∂
{

Ne
y

}
∂z

)·(∂{Ne
z}

∂y
)

T
dV;

Cyx=CT
xy;Cyz=CT

zy;Czx=CT
xz;

[
Me

pp

]
= µσ

∫
Ωe

{
Ne

p

}
·
{

Ne
p

}T
dV, (p, q = x, y, z);

The right term [be] =

 be
x

be
y

be
z

 of the equation is related to the supply direction of

the electric source. If the electric source deviates from the electric dipole, it should be
treated in sections. Where be

p = µ
∫

Ωe

{
Ne

p

}
·JedV, (p = x, y, z), for the long wire source, we

directly load each segment of the source on the edge of the grid according to its intersection
segment with the grid unit. For the current source distributed in an element e, we can get[
be

p

]
= IdL·µ

{
Ne

p(x0, y0, z0)
}

, (p = x, y, z), where IdL is the electric dipole moment of the
segment, and (x0, y0, z0) is the midpoint coordinate of the segment.

Figure 2. Rectangular hexahedral element (the number refers to node and arrow refers to degree
of freedom).

By assembling the element equations over all edges, Equation (6) can be expressed in
the following global matrix form and its equivalent form [45]:

(C + iωM)·E = −iω b (7)

(M−1C + iω I)·E = −iωM−1b (8)
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To reconstruct the time-domain response through an inverse Fourier transform, the
frequency-domain electromagnetic fields must be evaluated over an appropriately sampled
frequency range. In the conventional direct-solution approach, a large sparse linear system
must be solved independently at each sampled frequency. Therefore, the repeated solution
of these systems results in considerable computational cost. In this paper, the model
reduction algorithm of monopole is used to simplify the operation system. It only needs to
solve the equation once, and multiple matrix substitutions can quickly obtain the response
of multiple frequency points, which greatly improves operation efficiency [33].

The model reduction algorithm is an approximate operation which can obtain the
approximate value of the direct solution under higher accuracy. Here, we use the direct
solution (9) and the calculation expression after model reduction (10), as follows [40,47]:

E = −iω(A + iω I)−1X = gω(A)X (9)

E = ||b||MVm+1gω(Am+1)e1 (10)

where A = M−1C, X = M−1b, we call gω(A) the transfer function [48] and
e1 = [1, 0, 0, . . .]T ∈ Rm+1, Am+1 = VT

m+1MAVm+1 = VT
m+1CVm+1. Am+1 is the or-

thogonal projection of A to Vm+1, and the dimension is far smaller than matrix A. Vm+1 is
the standard column orthogonal vector calculated by the variant of Arnoldi algorithm. See
the reference for the detailed model reduction process [31,40]. Zhou et al. [40] proposed
that a single repeated pole ξ0= −2π

√
fmin fmax < 0 can be used to reduce the order of the

model. Only one matrix solution is needed, and the matrix back m times substitution can
quickly obtain the order reduction solution of the model with multiple frequency points.

3.3. Calculation of Magnetic Field and Inverse Fourier Transform

Through the model reduction algorithm for fast multi- frequency, the electric field of
each grid cell edge can be obtained, and the corresponding magnetic field can be calculated
through (1). The research objective of this paper is the EMF, so we need to get the value of
the vertical component Hz of the magnetic field at any point, as follows [45]:

Hz =
1

iωµ

(
∂Ex

∂y
−

∂Ey

∂x

)
(11)

The derivative of the electric field can be obtained from the corresponding vector basis
function, as follows [45]:

∂Ep

∂q
=

4

∑
i=1

∂Np

∂q
Epi, (p, q = x, y, z) (12)

In order to obtain the time domain transient electromagnetic response hz(t) on the
ground, we can use the response obtained in the frequency domain, then we use the inverse
Fourier transform to obtain its integral expression, and finally we use the real part and the
virtual part to calculate the time domain response, respectively, as follows [49]:

hz(t) =
1

2π

+∞∫
−∞

HZ(ω)

−iω
e−iωtdω (13)

hz(t) =
2
π

+∞∫
0

Re(Hz(ω))
sin ωt

ω
dω =

2
π

+∞∫
0

Im(Hz(ω)
cos ωt

ω
dω (14)
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As for the EMF, we only need to use the derivative property of Fourier transform to
obtain [49], as follows:

ζ = µ0
dhz(t)

dt
= − 2

π

+∞∫
0

Re(Hz(ω)) cos(ωt)dω = − 2
π

+∞∫
0

Im(Hz(ω)) sin(ωt)dω (15)

For the above integral, we usually use the Fast Hankel transform to solve it.

3.4. Full-Time Apparent Resistivity Calculation

For the transient electromagnetic method of long electrical sources, the calculation
formula of apparent resistivity in the early or late time of the limit case is usually used,
which brings great inconvenience, not only because two methods are used to calculate the
apparent resistivity in the early “absolute” and the late “absolute” stage, respectively, but
also because the information of most of the middle section is lost, resulting in the distortion
of the apparent resistivity curve. This seriously affects the detection ability of TEM. We can
follow the wide-field electromagnetic method in the frequency domain [50] and introduce
full-time apparent resistivity for all sampling time channels. We introduce the calculation
method of full-time apparent resistivity based on the EMF force generated by the vertical
magnetic field of the electrical source.

The expression of the EMF of the transient electromagnetic field generated by the
step current emitted by the dipole source on the surface of the uniform half-space is
as follows [49]:

ζ = µ0
dhz(t)

dt
= −3IdLρ

2πr4 sin φ

[
Φ(u)−

√
2
π

u(1 + u2/3)e−u2/2

]
(16)

where IdL is the electric dipole moment, φ is the angle between the line of from the mea-
suring point to the center of the electric dipole and the electric dipole, u is the induction

number (u= 2πr/τ,τ= 2π
√

2ρt/µ0), and Φ(u) =
√

2
π

∫ u
0 e−x2/2dx is the probability inte-

gral. If we can device the expression of resistivity from Equation (16), we can obtain the
apparent resistivity of full-time windows, which can reflect the electrical properties of
underground media. Equation (16) is an implicit function of resistivity. We can get full-time
apparent resistivity by iteration or dichotomy using the 1D forward program.

In order to reduce the errors introduced by the iterative algorithm and enhance the
applicability of the program for 3D numerical simulation, we introduce the translation
algorithm of full-time apparent resistivity. We found that the transient electromagnetic EMF
response curve of the electrical source has the characteristics of translation and expansion,
which is similar to the EMF curve of the central loop [51]. That is to say, the transient
electromagnetic response curve of the homogeneous half-space model with resistivity of Kρ

at a certain measuring point can be obtained by translating the transient electromagnetic
response curve of the homogeneous half-space with resistivity of ρ at the same measurement
point, as shown in Figure 3a.

Figure 3b shows the schematic diagram of the translation algorithm. For any given ρ0,
the theoretical translation intercept of the time trace ti is [51], as follows:

B0(ti) = log(ti) + log εz(ρ0, ti) (17)

When the sampling delay corresponding to the input EMF is tj, the translation intercept
is as follows:

Bs(tj) = log(tj) + log (εz)j (18)
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If Bs(tj) = B0(ti), the full-time apparent resistivity of the input data at time tj is
as follows [51]:

ρsj =
ti
tj

ρ0 (19)

Figure 3. Schematic chart of translation characteristic and algorithm of db/dt for electrical source:
(a) Translation characteristic, (b) Translation algorithm.

4. Numerical Example
The program can be run on any computer installed with windows10 or above. It

requires two software, as follows: the visual studio 2013 and Intel visual FORTRAN 2013
version or above. The program language is Fortran90, and the size of program is 92 KB.
For the largest model considered in this study, the memory required to store the sparse
coefficient matrix and the principal solution arrays was approximately 0.96 GB.

4.1. Correction Inspection of Procedures

In order to test the correctness of the algorithm, we first establish a uniform half-space
model of resistivity at 100 Ω·m. The direction of electric dipole is along the x-axis, the
electric dipole moment IdL is 1000 Am, and the measuring point location is (−1200 m,
−1200 m, 0 m).

In the verification test, the transient responses were calculated using 31 logarithmically
spaced time channels ranging from 10−5 s to 10−2 s. The time sampling interval was
defined as follows:

ti = 10−5 × 10i/10, i = 0, 1, . . . , 30

Considering the effective response range and computational efficiency, the first 25 time
channels were selected for analysis. The frequency-domain electromagnetic responses were
calculated at the specified sampling frequencies and then transformed into the time-domain
responses using an inverse Fourier transform. The frequency sampling was determined
according to the following:

fk =
exp(k∆)

2πt

with ∆ = 10−3. The frequency index k varied from −149 to 100, resulting in 250 frequency
sampling points. Based on the selected time range, the corresponding frequency range was
from 54.6 Hz to 1.76 × 104 Hz.
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To quantitatively evaluate the agreement between the proposed algorithm and the
reference solution, the relative error was defined as follows:

εi =

∣∣∣Xcal
i − Xref

i

∣∣∣∣∣∣Xref
i

∣∣∣ × 100%

where Xcal
i and Xref

i represent the calculated results obtained by the proposed algorithm
and the reference solution at the i-th time channel, respectively.

In Figure 4a, we can see that EMF and full-time apparent resistivity are in good
agreement, and the maximum error is less than 3%. Figure 4b shows that full-time apparent
resistivity tends to the true resistivity using the translation algorithm.

Figure 4. Comparison of the homogeneous half-space numerical solution obtained in this article with
the one-dimensional analytical solution: (a) db/dt, (b) full-time apparent resistivity, (c) relative error.

In order to verify the efficiency of the model reduction algorithm in the SOTEM
numerical modeling, we compare the calculation time of model reduction algorithm with
that of the 3D finite element direct solution (3DFEM). The calculation speed of the model
reduction method is much higher than that of the 3DFEM; the solution time of 3DFEM
is 6666 s, while that of model reduction is 202 s, as Table 1 shows. The acceleration ratio
reaches 33; the more frequencies there are, the larger the acceleration ratio is, which greatly
improves the computational efficiency from frequency domain to time domain.

In order to test the applicability of the 3D model, we compare the results with the
mimicry finite volume method (MFVRK) of Liu et al. [52]. First, we established the model as
shown in Figure 5 [53], and placed a 100 m long electrical source along the y-direction, with
the midpoint of the electrical source at the origin, and set three receiving points at x = 200 m,
x = 400 m, x = 1000 m. The first layer is a thin layer with a resistivity of 10 Ω·m and a
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thickness of 50 m. A vertical contact surface is set at x = 400 m, with a resistivity of 100 Ω·m
and 300 Ω·m on both sides, respectively. There is a complex low-resistance body placed
at the vertical contact surface, the top depth is 50 m, the bottom depth is 550 m, the strike
extension 400 m, and the resistivity is 1 Ω·m. Figure 6 is the comparison curve between the
algorithm in this paper and the solution of Liu et al. [52]. The EMF changes with time at
three measuring points are described. It can be seen that the solutions of the two algorithms
agree well, which verifies the feasibility of this algorithm in 3D model forward problem.

Table 1. Comparison of calculation time.

Number
of Nodes

Number of
Elements

Number of
Frequencies

Number of
Freedom Time/s

3DFEM 198,528 188,370 60 595,584 6666
Model

reduction 198,528 188,370 60 595,584 202

Figure 5. Model diagram.

Figure 6. The comparison between the numerical solution in this article and the MFVRK numerical
solution: (a) db/dt, (b) relative difference [52].

4.2. Comparison of 1D, 2D, and 3D Models

In the processing interpretation of field data, due to the complexity of the calcu-
lation, we often use a one-dimensional or two-dimensional transient electromagnetic
model. However, strictly speaking, all geoelectric models are three-dimensional ones.
To achieve good exploration results, only transient electromagnetic responses are ana-
lyzed from a three-dimensional full-space perspective. Next, we briefly discuss the dif-
ference between the transient electromagnetic response of a three-dimensional geological
body and 1D and 2D. First, we establish the model as follows: the size of the anomalous
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body is 400 m × 400 m × 400 m, the central coordinate of the abnormal body is (−1200 m,
−1200 m, 400 m), the resistivity of the abnormal body is 5 Ω·m, and the resistivity of the
surrounding rock is 100 Ω·m, as shown in Figure 7. We place a 100 m long electrical source
on the x-axis, and the midpoint coordinate of the source is (0 m, 0 m, 0 m). Meanwhile,
when the anomalous body extends infinitely in the y-direction while retaining a finite
extent in the x-direction, it represents a two-dimensional model. When it extends infinitely
in both the x- and y-directions, it represents a one-dimensional horizontally layered model.
Figure 8 shows the full-time apparent resistivity curves derived from the transient elec-
tromagnetic responses of the three models. The results demonstrate that the apparent
resistivity responses obtained from the 3D geoelectric model are slightly different from
those of the 2D model, while both exhibit much weaker anomaly contrasts compared with
the 1D geological model. This difference is attributed to the dimensional effects of the
geoelectric structures on the transient electromagnetic responses and their subsequent
apparent-resistivity transformation.

Figure 7. Single cube anomaly model diagram: (a) XOY-section, (b) XOZ-section.

Figure 8. Comparison of full-time apparent resistivity responses obtained from the 1D, 2D, and
3D models.

Because the apparent resistivity is an equivalent parameter calculated from the tran-
sient electromagnetic response based on a reference earth model, it does not directly
represent the true resistivity distribution of the subsurface. The responses of finite-size
2D and 3D geological bodies are affected by lateral current flow and finite geometric
boundaries, resulting in reduced apparent-resistivity anomalies compared with the 1D
model with an infinite lateral extent. Therefore, caution should be taken when applying
one-dimensional interpretation results to 3D geological targets, as significant interpretation
errors may occur.
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Figure 9 shows the total EMF, full-time apparent resistivity, and secondary anomalous
response of the 2D and 3D models at 1.02 ms. As shown in Figure 9a,d, the total EMF is
distorted by the conductive body, exhibiting a downward shift above the anomaly. The
corresponding secondary anomalous responses, shown in Figure 9c,f, clearly delineate the
anomalous bodies with more concentrated anomalies. In the full-time apparent resistivity
distributions (Figure 9b,e), both the 2D and 3D models exhibit a high-resistivity zone on
the source side and a low-resistivity zone on the opposite side. The apparent-resistivity
anomaly of the 2D model has a significantly larger amplitude range than that of the 3D
model. Furthermore, the secondary anomalous response of the 2D model exhibits an
elongated bipolar anomaly along the strike, whereas that of the 3D model is more localized
and resembles the apparent-resistivity distribution, indicating that its morphology is mainly
controlled by the relative position between the anomalous body and the source.

Figure 9. Comparison of dbz/dt, full-time apparent resistivity and secondary anomalous response
for the 2D and 3D models at t = 1.02 ms: (a–c) 2D model, (d–f) 3D model. Note: The white dotted box
indicates the location and range of the abnormal body.

Figure 10 shows the profile map of 2D geological body and 3D geological body center
line (y = −1200). It can be found that the anomaly amplitude of 2D object body is much larger
than that of 3D object body. According to center line section map, the abnormal response of
two-dimensional geological body is quite different from that of three-dimensional geological
body in horizontal section map and similar in vertical section map, but different in details. In
practical exploration, if two-dimensional model results are used to interpret three-dimensional
geological body, it will often lead to certain deviations. Therefore, it is necessary to discuss
the forward transient electromagnetic response of three-dimensional geological body. At the
same time, we also expect that the SOTEM can increase the abnormal amplitude and improve
the signal-to-noise ratio and resolution to a certain extent.

Figure 10. Comparison of full-time apparent resistivity sections for models of different dimensionali-
ties at y = −1200 m: (a) 3D model, (b) 2D model. Note: The white dotted box indicates the location
and range of the abnormal body.
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4.3. Characteristic of Abnormal Response for Different Offsets

We still use the above three-dimensional abnormal body model and place the center
of the abnormal body at (0 m, −2000 m, 0 m), (0 m, −1200 m, 0 m), (0 m, −800 m, 0 m),
respectively, and place the electric source with electric dipole moment of 1000 Am at the origin,
as shown in Figure 11. First, we discuss the total EMF, full-time apparent resistivity of the
three offset distances at different times, and the distribution characteristics of the secondary
field in the measured areas. Figure 12 shows the abnormal response distribution of 2200 m
offset at three different times. At 1.02 ms moment, the full-time apparent resistivity appears
to have high resistance on one side near the source and low resistance on one side away
from the source, as shown in Figure 12b,c, which is similar to Figure 9e,f above, and at this
time the abnormal body is in the vertical direction of the source. It can be seen that if the
angle between the abnormal body and the source is different, the resulting abnormal response
distribution will rotate. With the passage of time, EMF gradually appears as distortion, and
the secondary field also appears as sign reversal. This is because in the early times, the current
generated by the abnormal body is opposite to the supply current, while in the late stage, with
the downward diffusion of the electric field, the direction of the two is the same, resulting in
this phenomenon of extreme reversal. In 20 ms, the complete reversal occurs, as shown in
Figure 12c,f,i; the abnormal amplitude is also small.

Figures 13 and 14 show the abnormal response distribution of 1200 m offset and
800 m offset, respectively. The abnormal shape is basically the same as the above analysis,
but it is worth noting that the abnormal response when the 1200 m offset at 10 ms is
similar to the abnormal shape when the 2000 m offset at 20 ms, which indicates that the
smaller the offset is, the earlier the time affected by the abnormal body is, as shown in
Figures 12g and 13d. This is also verified on the 800 m offset. In addition, with the decrease
in offset, the amplitude of secondary field increases, which is beneficial to improve SNR
and resolution. This gives the corresponding comparative data later.

Figure 15 shows the EMF of multi-times channel and relative anomaly amplitudes
of the center line, respectively. We can see that EMF is enhanced due to the existence of
a low-resistance body. For the 2000 m offset, the maximum relative abnormal amplitude
is 6% and the relative abnormal amplitude of most time traces is less than 5%, which is
not conducive to the recognition of abnormal bodies, as shown in Figure 15a,b. When
the offset is reduced, we find that the relative anomaly amplitude is increasing. At the
1200 m offset, the anomaly amplitude reaches about 14%, as shown in Figure 15d. At the
800 m offset, the abnormal amplitude is significantly increased, reaching about 25%, and
the multi-times EMF curves shows significant amplitude bending, as shown in Figure 15e,f.
This greatly improves the resolution of detecting abnormal bodies. We can also find that
the magnitude of total EMF increases with the decrease in offset, which is significant to
improve the signal-to-noise ratio and the ability of anti-interference.

Figure 16 shows the profiles of vertical and horizontal central lines of three different
offsets. Figure 16a–c shows the central line parallel to the source. At this time, there is a
low resistivity trap. With the decrease in offsets, the abnormal amplitude increases and the
resolution of low resistivity body increases. Figure 16d–f shows the profile perpendicular
to the source, and the abnormal amplitude also increases with the decrease in offset. The
high-resistance response appears on the side close to the source, and the low-resistance
response appears on the side far away from the source, which corresponds to the slice
chart above. In addition, we find that the low-resistance morphology appears in a shallow
depth (i.e., the occurrence time is earlier), while the high-resistance characteristics appear
later. Therefore, in the early stage, the phenomenon of low-resistance characteristic is more
obvious than that of high resistance, which corresponds to the previous slice map, such as
Figures 12b, 13b and 14b.
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Figure 11. Model configurations with different y-direction offsets between the anomaly-body center
and the source: 1⃝ 800 m, 2⃝ 1200 m, 3⃝ 2000 m.

Figure 12. Comparison of db/dt, full-time apparent resistivity and secondary anomalous response
at different time instants for the model with a 2000 m offset: (a–c) 1.02 ms; (d–f) 10 ms; (g–i) 20 ms.
Note: The white dotted box indicates the location and range of the abnormal body.

Figure 13. Comparison of db/dt, full-time apparent resistivity and secondary anomalous response
at different time instants for the model with a 1200 m offset: (a–c) 1.02 ms, (d–f) 10 ms, (g–i) 20 ms.
Note: The white dotted box indicates the location and range of the abnormal body.
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Figure 14. Comparison of db/dt, full-time apparent resistivity and secondary anomalous response
at different time instants for the model with a 800 m offset: (a–c) 1.02 ms, (d–f) 7.93 ms, (g–i) 10 ms.
Note: The white dotted box indicates the location and range of the abnormal body.

Figure 15. Multi-times channel and relative anomaly magnitude for different offsets: (a,b) 2000 m
offset, (c,d) 1200 m offset, (e,f) 800 m offset.
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Figure 16. The central full-time apparent resistivity section for different offsets: (a,d) 2000 m offset,
(b,e) 1200 m offset, (c,f) 800 m offset. Note: The white dotted box indicates the location and range of
the abnormal body.

4.4. Porphyry Copper-Molybdenum Deposit Model

Porphyry copper and porphyry molybdenum deposits represent the most important
sources of Cu-Mo resources worldwide. In particular, porphyry molybdenum deposits
constitute the dominant type of molybdenum mineralization, with more than 90% of molyb-
denum deposits being genetically associated with porphyry systems. The contact zone
near the top of the porphyry intrusion is generally regarded as the center of mineralization.
Figure 17 shows the geological prediction model of the porphyry copper-molybdenum
deposit considered in this study. The surrounding rocks of the ore body mainly consist
of sedimentary rocks and carbonate rocks. The ore body is located in the shallow part of
the deposit and exhibits an approximately circular geometry. Its lateral extension is about
290 m in the x-direction, ranging from x = −145 m to x = 145 m, and about 290 m in the
y-direction, ranging from y = −145 m to y = 145 m. In the vertical direction, the ore body
extends for approximately 260 m, from z = −483 m to z = −223 m.

Figure 17. Geological model of the porphyry copper-molybdenum deposit.

The background resistivity of the host earth was set to 1000 Ω·m. The resistivity values
assigned to the different geological units in the deposit model are listed in Table 2. For
the inclined interfaces of the ore body, a local mesh refinement strategy was adopted to
improve the representation of the dipping geological boundaries. Specifically, smaller
rectangular hexahedral elements were generated near the ore-body surface, allowing the
inclined interfaces to be approximated more accurately by the finite-element grid. Away
from the interfaces, relatively larger elements were used to reduce the computational cost
while maintaining sufficient accuracy. This hierarchical mesh design provides a balance
between geological structure representation and numerical efficiency.
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Table 2. Resistivity distribution of the porphyry copper-molybdenum deposit model.

Geological Unit Resistivity (Ω·m) Geological Unit Resistivity (Ω·m)

Sedimentary rock 1500 Carbonate rock 2000
Ore body 1 Ancient metamorphic rock 2800

Breccia 3500 Mineralized porphyry body 800
Pre-mineralization intrusion 900 Silicified rock body 2500

Quartz core 3000

A 1000 m grounded wire source was deployed on the ground surface, parallel to the
y-axis. The two endpoints of the transmitter were located at (1000 m, −500 m, 0 m) and
(1000 m, 500 m, 0 m), respectively. Five survey lines were arranged above the ore body
along the x-direction. The x-coordinates of the five survey lines were −200 m, −100 m, 0 m,
100 m, and 200 m, respectively. Each survey line was 1000 m long, with receiver positions
ranging from y = −500 m to y = 500 m. The receiver spacing was 50 m, and the receiver
elevation was 50 m. The survey configuration is shown in Figure 18. The time channels
were logarithmically distributed from 10−5 s to 10−1 s, with a total of 101 sampling times.

Figure 18. Schematic diagram of the survey configuration.

Figure 19 presents the three-dimensional apparent resistivity imaging result of the
porphyry copper-molybdenum deposit model obtained from the short-offset transient
electromagnetic forward responses along the five survey lines. The apparent resistivity
section was calculated from the simulated response data using the translation algorithm.
As shown in Figure 19, a distinct low-resistivity anomaly is clearly observed in the apparent
resistivity volume. The lateral extent of the anomaly is mainly concentrated within the
range of approximately −150 m to 150 m in both the x- and y-directions, while its vertical
distribution is located at depths of approximately 200–500 m. The position, morphology,
and burial depth of the low-resistivity anomaly are generally consistent with those of
the major mineralized body in the constructed porphyry copper-molybdenum deposit
model. This result indicates that the three-dimensional forward response can effectively
characterize the spatial distribution of subsurface low-resistivity geological bodies. In
addition, a pronounced resistivity contrast can be observed between the anomalous body
and the surrounding rocks in the apparent resistivity image. The boundary of the low-
resistivity region shows good lateral continuity and is readily identifiable, suggesting that
the short-offset transient electromagnetic method has a favorable response to low-resistivity
mineralized bodies buried within this depth range. These results further demonstrate the
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potential of SOTEM for detecting porphyry-type Cu-Mo mineralization and for delineating
the spatial distribution of deep-seated conductive ore-related bodies.

Figure 19. Apparent resistivity imaging result of the porphyry copper-molybdenum deposit model.

5. Conclusions
In this paper, the vector finite element numerical simulation method was used to

obtain the electromagnetic response of multi-frequency quickly using the model reduction
algorithm, and then the inductive voltage of the SOTEM was obtained using the Fourier
inverse transformation. This is a highly efficient numerical modeling method. A translation
algorithm was proposed to calculate the full-time apparent resistivity, and through a
uniform half-space and a complex 3D model, the correctness of the translation algorithm
and vector finite element program were verified. Then we compared the electromagnetic
response characteristics of the 1D, 2D, and 3D models, and there were great differences for
the abnormal amplitude and the field distribution. In practice, the one-dimensional model
forward and inversion theory were used to explain the anomaly generated by the three-
dimensional finite geoelectric model, which may result in serious deviations. It is necessary
for three-dimensional transient electromagnetic numerical simulation and interpretation.
At the same time, we discussed the characteristics of the electromagnetic response and
full-time apparent resistivity for different offsets. The porphyry Cu-Mo deposit model
experiment further demonstrates that SOTEM three-dimensional forward modeling and
full-time apparent resistivity imaging can effectively identify low-resistivity mineralized
anomalies buried at depths of approximately 200–500 m, confirming the applicability of
this method to realistic mineral deposit model exploration.
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Appendix A. Complete Derivation of the Variational Functional and the
Edge-Element Finite-Element Matrix Equation

This appendix presents the complete derivation from Equation (3) to Equation (4) in
the main text and the subsequent discretization of Equation (4) into Equation (6). During
the derivation, the finite-element method is used for discretization. The derivation assumes
the eiω t time convention, neglects displacement currents, treats the electrical conductivity
σ as an isotropic scalar, and assumes the magnetic permeability µ to be constant, consistent
with the theoretical assumptions adopted in the main text.

Appendix A.1. Application of the Generalized Variational Principle to the Electric-Field
Double-Curl Equation

For Equation ∇×∇× E + k2E = −iωµ0Js, define{
LE = ∇×∇× E + k2E

f = −iωµ0Js
(A1)

Substituting these definitions into Equation F(Φ) = 1
2⟨ňΦ,Φ⟩− 1

2⟨ňΦ,u⟩+ 1
2⟨Φ,ňu⟩−⟨ f ,Φ⟩

gives [45]

F[E] =
1
2
∫

Ω E ·
(
∇×∇× E + k2E

)
dV + iωµ

∫
Ω E · JsdV

=
1
2
∫

Ω E · (∇×∇× E)dV +
1
2
∫

Ω k2E · EdV + iωµ
∫

Ω E · JsdV
(A2)

The double-curl term is reduced in differential order using the vector identity

∇ · [E × (∇× E)] = (∇× E) · (∇× E)− E · (∇×∇× E) (A3)

After integration over the computational domain Ω and successive application of the
divergence theorem and the scalar triple-product identity, one obtains∫

Ω
E · (∇×∇× E)dV =

∫
Ω
(∇× E) · (∇× E)dV −

∫
Γ
(n × E) · (∇× E)dS (A4)

The artificial truncation boundary is placed sufficiently far from the source and anoma-
lous bodies. On the boundary Γ, the homogeneous Dirichlet boundary condition is imposed,
as follows: ∫

Γ
(n × E) · (∇× E)dS = 0 (A5)
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Accordingly, the boundary integral in Equation (A4) vanishes, and the generalized
functional becomes [26,45]

F[E] =
1
2

∫
Ω

(
(∇× E) · (∇× E) + k2E · E

)
dV + iωµ

∫
Ω

E · JsdV (A6)

Equation (A6) is identical to Equation (3) in the main text.

Appendix A.2. Stationarity Condition and Weak Form

Let the electric field undergo an arbitrary admissible variation satisfying the boundary
conditions, as follows:

Eε = E + εδE (A7)

Taking the first variation of Equation (A7), substituting k2 = iωµσ, and noting that Js
is a prescribed current source independent of the unknown electric field, gives

δF =
∫

Ω
(∇× δE) · (∇× E)dV + iω

∫
Ω

µσδE · EdV + iωµ
∫

Ω
δE · JsdV (A8)

The variation of each quadratic term produces two identical contributions, which can-
cel the prefactor 1/2 in the original functional. Imposing the stationarity condition δF = 0
and moving the source term to the right-hand side yields the finite-element weak form∫

Ω
(∇× δE) · (∇× E)dV + iω

∫
Ω

µσδE · EdV = −iωµ
∫

Ω
δE · JsdV (A9)

Appendix A.3. Edge-Element Finite-Element Discretization

The computational domain is partitioned into Ne rectangular hexahedral elements

Ω =
Ne∪

e=1
Ωe, as follows: ∫

Ω
(·)dV =

Ne

∑
e=1

∫
Ωe

(·)dV (A10)

To distinguish the field components from the vectors of degrees of freedom, define
as follows:

Ne
x =


Ne

x1
Ne

x2
Ne

x3
Ne

x4

, ee
x =


Ee

x1
Ee

x2
Ee

x3
Ee

x4

 (A11)

The corresponding quantities Ne
y, Ne

z, ee
y, ee

z are defined analogously. Then

Ee
x = (Ne

x)
Tee

x

Ee
y = (Ne

y)
Tee

y

Ee
z = (Ne

z)
Tee

z

, and Equation (4) in the main text can be written compactly as

Ee = NeEe (A12)

where Ne =

(N
e
x)

T 0 0
0 (Ne

y)
T 0

0 0 (Ne
z)

T

 and Ee =

ee
x

ee
y

ee
z

 ∈ C12.

In the Galerkin formulation, the weighting functions are chosen to be identical to the
interpolation basis functions. Hence,

δEe = NeδEe

∇× Ee = BeEe

∇× δEe = BeδEe

(A13)
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where the element curl matrix is

Be =


0 − ∂(Ne

y)
T

∂z
∂(Ne

z)
T

∂y
∂(Ne

x)
T

∂z 0 − ∂(Ne
z)

T

∂x

− ∂(Ne
x)

T

∂y
∂(Ne

y)
T

∂x 0

 (A14)

Appendix A.4. Element Matrices and Discrete Equation

Substituting Equations (A13) and (A14) into the element weak form in Equation (A9),
the element curl matrix, conductivity matrix, and source vector are defined, respectively, as

Ce =
∫

Ωe
BT

e BedV (A15)

Me =
∫

Ωe
µσNT

e NedV (A16)

be = µ
∫

Ωe
NT

e JsdV (A17)

This gives the element residual equation

δET
e [(Ce + iωMe)Ee + iωbe] = 0 (A18)

Because δEe is an arbitrary admissible variation, the quantity in square brackets must
vanish. The element finite-element equation is therefore

(Ce + iωMe)Ee = −iωbe (A19)

The explicit forms of the matrices in Equation (A19) are given in Equation (5) of the
main text.

Appendix A.5. Global Assembly and Its Relation to Equation (5)

Let Ae denote the signed incidence matrix that maps the local edge degrees of freedom
of element e to the global edge degrees of freedom. Then

Ee = AeE (A20)

Assembling all element equations according to the global edge numbering gives

Ne

∑
e=1

AT
e (Ce + iωMe)AeE = −iω

Ne

∑
e=1

AT
e be (A21)

Define the global matrices and source vector as C =
Ne
∑

e=1
AT

e CeAe, M =
Ne
∑

e=1
AT

e MeAe,

and b =
Ne
∑

e=1
AT

e be. The assembled finite-element equation is

(C + iωM)E = −iωb (A22)

Equation (5) in the main text omits the explicit incidence matrix Ae and represents the
global assembly by a summation over all elements, as follows:

∑
e
(Ce + iωMe)Ee = ∑

e
(−iωbe) (A23)
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