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Application and validation of the
surface-to-underground
transient electromagnetic
method for detecting deep
water-rich area affected by
shallow aquifers: a case study of
the Ningdong mining area

Maofei Li1, Zhonghao Dou1*, Zhihai Jiang1, Juan Yu2 and
Luping Xiao1

1School of Resources and Geosciences, China University of Mining and Technology, Xuzhou, China,
2Xuzhou Housing and Urban‒Rural Development Bureau, Xuzhou, China

Water-rich area present underground in coal mines pose a serious threat
to the safety of coal mining operations. Electrical methods are commonly
used for the detection of subsurface water-rich area, but the presence of
shallow aquifers can significantly affect the accuracy of deep water-rich zone
detection. In this study, surface-to-underground transient electromagnetic
(SUTEM) technology and the finite-difference time-domain (FDTD) method was
employed to investigate the detection of deep water-rich areas under the low-
resistivity shielding of shallow aquifers. On the basis of the theoretical analysis,
numerical simulation, and practical application results, it was concluded that
variations in the thickness and depth of shallow aquifers have a certain effect
on the transient electromagnetic (TEM) response. Compared with surface TEM,
SUTEM can obtain more geological information about deep water-rich area
when affected by shallow aquifers, allowing for a more accurate delineation
of low-resistivity anomaly area. Therefore, SUTEM can serve as a method for
the detection of deep water-rich area in coal mines under similar geological
conditions.

KEYWORDS

SUTEM, water-rich area detection, shallow aquifer, numerical simulation, one-
dimensional inversion

1 Introduction

Global coal demand in 2023 has continued to increase, reaching 8.54 billion tons,
with power generation remaining the primary consumer of coal. Groundwater poses
a significant threat during coal mining, necessitating the identification of aquifers
and concealed water-rich areas prior to extraction. Electrical methods, which are
sensitive to low-resistivity anomalies, are commonly used for aquifer delineation.
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Techniques such as electrical resistivity tomography (ERT)
(Hasan et al., 2018; Kumar, 2012; Jr et al., 2022), transient
electromagnetics (TEM) (Nikam et al., 2023), and electrical well
logging are effective for the precise detection of shallow aquifers
(Manrique et al., 2023; Delima, 1993). However, these methods
are limited in detecting concealed water-rich areas in the roof
of deep coal mining faces. Mining transient electromagnetic
methods (Cheng et al., 2020; Chang et al., 2019a) and mining
direct current resistivity (DCR) methods (Wu et al., 2020) enable
proximity detection of water-rich areas in roofs; however, these
methods have limited detection ranges, restricted tunnel space
arrangements, and significant blind areas, which impair the accuracy
of detection.

The team led by Jiang Zhihai from China University of
Mining and Technology proposed SUTEM detection technology,
which has subsequently been researched by numerous scholars.
Lin investigated the characteristics of SUTEM responses in
different spatial orientations of goaf-water development (Lin,
2022). Yang proposed a nonlinear fitting correction method
for correction factors at different observation positions, which
improved the positioning accuracy of the z-direction in SUTEM
(Yang, 2022). Jiang conducted theoretical simulations and field
experiments with SUTEM for detecting goaf zones (Jiang et al.,
2019; Jiang et al., 2020). Li studied the data characteristics and
influence degree of SUTEM under the influence of shallow aquifers
(Li et al., 2024).

The SUTEM method leverages the advantages of both
surface TEM methods, which are not constrained by spatial
limitations in their source emission, and mine TEM methods,
where the receiving coils are in close proximity to the
target. By being transmitted from the surface and received
within the tunnel, the secondary field signals generated by
concealed water-rich areas are not affected by shallow aquifers.
Consequently, the data collected contain more information about
water-rich areas.

The ERT method and TEM method, compared to SUTEM,
only require signal transmission and reception on the surface,
with no spatial limitations on the source (Kumar, 2012). However,
due to limitations in detection depth, they are only sensitive to
shallow aquifers and lack sufficient resolution in deeper areas.
Compared to SUTEM, electrical well logging can provide high-
resolution information about the formation around the borehole
but cannot directly determine large-scale geological structures and
thus cannot meet the detection requirements (Anomohanran and
Orhiunu, 2018). Compared to SUTEM, mining TEM and mining
DCR methods are more direct and efficient for detecting deep low-
resistivity bodies (Wang et al., 2021; Chang et al., 2020). However,
due to the limitations of the tunnels, their detection range is limited,
and they are easily interfered with by metal objects in the tunnels.
The SUTEMmethod leverages the advantages of both surface TEM
methods and mine TEM methods. By being transmitted from
the surface and received within the tunnel, the secondary field
signals generated by concealed water-rich areas are not affected by
shallow aquifers.

In this study, via the SUTEM technique, theoretical research
and numerical simulations were conducted, with a focus on the
detection of deep water-rich areas affected by shallow aquifers. We
analysed the characteristics of the electromagnetic field distribution

FIGURE 1
Position of the electromagnetic field component in the Yee grid.

FIGURE 2
Three-dimensional model diagram.

and the features of the received data. Using both SUTEM and
surface transient electromagnetic methods, we collected field
measurement data in the Ningdong mining area and performed
corresponding analyses. Our work overcomes the limitations of
traditional techniques, which are unable to obtain comprehensive
and accurate information on deep concealed water-rich areas due to
the influence of shallow aquifers, thereby contributing to the existing
literature.
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FIGURE 3
Distribution of the EMF z component at 10−5 s,4.0754 × 10−5 s and 1.9415 × 10−4 s at different depths in the shallow aquifer: (a) h = 10 m, (b) h = 50 m,
(c) h = 100 m, and (d) h = 150 m.

FIGURE 4
Distribution of the EMF z component at 9.2492 × 10−4 s and 4.4062 × 10−3 s at different depths in the shallow aquifer: (a) h = 10 m, (b) h = 50 m (c) h =
100 m, and (d) h = 150 m.
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FIGURE 5
Distribution of the EMF change rates at 10−5 s,4.0754 × 10−5 s and 1.9415 × 10−4 s at different depths in the shallow aquifer: (a) h = 10 m, (b) h = 50 m,
(c) h = 100 m, and (d) h = 150 m.

2 Principle of the finite-difference
time-domain algorithm

Toanalyse thedetectionofdeepwater-richareas affectedby shallow
aquifers using the SUTEM method, in this work, the finite-difference
time-domain (FDTD)method was utilized for numerical simulations.

Under quasistatic conditions in a source-free and lossymedium,
Maxwell’s equations are composed of Equations 1–4:

∇×E = −∂B
∂t

(1)

∇×H = σE (2)

∇ ·D = ρ (3)

∇ ·B = 0 (4)

whereErepresentstheelectricfieldintensity,Brepresentsthemagnetic
flux density,H represents the magnetic field intensity, J represents the
conduction current density, D represents the electric displacement
vector, ρ represents the free charge density, and t represents time.

To incorporate a time derivative term for the electric
field, the explicit difference time-stepping scheme of Du

Fort-Frankel was used to transform Equation 2 (Wang and
Hohmann, 1993).

∇×H = σE + γ ∂E
∂t

(5)

where γ represents the virtual permittivity.
Equation 5 represents the case without sources, whereas in the

presenceof sources, Equation 2becomesEquation 6 (Sunet al., 2013):

∇×H = σE + γ ∂E
∂t
+ J s (6)

where Js represents the source current density. The equation
expresses the field conditions that must be satisfied at the location
of the transmitting source.

Equation 1 can be transformed into its component form,
which is Equation 7:

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

−
∂Bx

∂t
=
∂Ez

∂y
−
∂Ey

∂z

−
∂By

∂t
=
∂Ex

∂z
−
∂Ez

∂x

−
∂Bz

∂t
=
∂Ey

∂x
−
∂Ex

∂y
 

(7)

This equation is used to calculate the magnetic field. When
calculating low-frequency fields under source-free conditions,
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FIGURE 6
Distribution of the EMF change rates at 9.2492 × 10−4 s and 4.4062 × 10−3 s at different depths in the shallow aquifer: (a) h = 10 m, (b) h = 50 m (c) h =
100 m, and (d) h = 150 m.

Equation 4must be included in the iteration process, and Equation 4
can be written as Equation 8

∂Bz

∂z
= −

∂Bx

∂x
−
∂By

∂y
(8)

In finite difference calculations, it is also necessary to
discretize continuous time. A staggered time discretization method
for the electric and magnetic fields was used, as shown in
Figure 1 (Yee, 1966).

For the calculation of Bz, the system of Equation 7 was first used,
along with Equation 9, to calculate the middle layer of the model
(the z = 0 plane).
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In the region where z < 0, it is calculated by Equation 10.
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In the region where z > 0, it is calculated by Equation 11
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Yu compared the quasistatic results with those obtained directly
from the Yee FDTD algorithm and reported that the FDTD
method used in this study has high reliability and accuracy
(Yu et al., 2017).

3 Characteristics of SUTEM data under
the influence of a submersible aquifer

Maxwell’s equations indicate that the electromotive force (EMF)
can be derived fromeither the electric ormagnetic field components.
Changes in the EMF can represent changes in the magnetic
or electric field. Therefore, this study analysed the distribution
characteristics of the TEM field on the basis of the z-component
of the EMF.

The three-dimensional model used for the numerical simulation
is depicted in Figure 2. A transmitter loop was established on the
surface with dimensions of 500 × 500 m, emitting a current of 1A.
The shallow aquifer was assigned a resistivity of 10 Ω m, with its
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FIGURE 7
EMF curves of receiving points at different depths in the shallow aquifer: (a) d = 0 m, (b) d = −100 m, (c) d = −300 m, and (d) d = −500 m.

position and thickness adjusted accordingly. The z-component of
the EMF was recorded over a time span from 10−5 to 10−1 s. The
designed resistivity for the aquifer or water-rich areas was 10 Ω m,
with a background resistivity of 100 Ω m. A cubic model was set up
to represent the deep water-rich areas, with its centre point located
250 m directly below the centre of the transmitter loop, having
dimensions of 100 × 100 × 100 m and a resistivity of 10 Ω m. In
this study, the impact of water-rich areas on the SUTEM field under
the shielding of shallow aquifers of different depths and thicknesses
was analysed.

3.1 Shallow aquifer with fixed thickness at
various depths

The shallow aquifer’s top interface was set at depths of
10 m, 50 m, 100 m, and 150 m from the surface, with a uniform
thickness of 10 m for each aquifer.

3.1.1 Distribution characteristics of the
electromagnetic field

The distributions of the EMF across different times at the y =
0 cross-section were compared and analysed. The EMF distribution
diagrams at 10−5 s, 4.0754 × 10−5 s, and 1.9415 × 10−4 s are shown in
Figure 3.The rectangular boxes in the figure indicate the locations of
thewater-rich areas. At 10−5 s, owing to the proximity of the aquifer’s
top interface to the transmitter loop (10 m deep), the secondary field
decays slowly and spreads only slightly within the low-resistivity
layer, leading to a concentration of secondary field extrema within
the aquifer in Figure 3a, with a relatively small horizontal spread.
At this time, the secondary field spread ranges of the other three
models are similar. By 4.0754 × 10−5 s, the secondary field primarily
spreads within the aquifer and above it. At 1.9415 × 10−4 s, the
secondary field extrema of all the models appear in the shallow
aquifer region. Influenced by the low resistivity of the water-rich
areas, the secondary field values near the rectangular boxes exhibit
significant changes.
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FIGURE 8
EMF change rate curves of receiving points at different depths in the shallow aquifer (a) d = 0 m (b) d = −100 m (c) d = −300 m (d) d = −500 m.

The EMF distributions at 9.2492 × 10−4 s and 4.4062 × 10−3 s
are shown in Figure 4. At these times, the extremumof the secondary
field is located in a water-rich area. At 4.4062 × 10−3 s, although
the extremum of the secondary field in all the models is situated in
the water-rich areas, there is no significant difference between the
extremum and the surrounding secondary field.

3.1.2 Change rate of the induced
electromagnetic field

Using the transient electromagnetic field of a uniform half-space
as the background data and a model containing water-rich areas as
the dataset for this study, we calculated the rate of change in the
induced EMF and plotted the distribution of the rate of change in
the induced EMF. The calculation formula is Equation 12:

Rateof Change =
EMFS −EMFB

EMFB
× 100% (12)

where EMFS represents the simulated data and EMFB represents the
background data.

A comparison and analysis of the rate of change in the
EMF distribution at the y = 0 cross-section at different times
was conducted. The distributions of the EMF rate of change at
10−5 s, 4.0754 × 10−5 s, and 1.9415 × 10−4 s are shown in Figure 5.

At 10−5 s, all the models display a “W” shaped interface at a
longitudinal position of 300 m, with the concave part aligned with
the position of the transmitter loop, indicating that this shape is
caused by the loop. Above this interface, the rate of change in
the EMF is almost zero, whereas below the interface, the rate of
change in the EMF is relatively large. In all the models, the rate
of change in the EMF within the water-rich areas is negative. At
4.0754 × 10−5 s, except for the region below 600 m longitudinally
and near the water-rich zone, the EMF change rate is significantly
greater, with the remaining regions showing nearly zero values.
At 1.9415 × 10−4 s, all the models exhibit two bands of extreme
values of the EMF change rate outside the transmitter loop, which
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FIGURE 9
Distribution of the EMF z component at 10−5 s, 4.0754 × 10−5 s and 1.9415 × 10−4 s at different shallow aquifer thicknesses: (a) d = 20 m, (b) d = 40 m,
(c) d = 60 m, and (d) d = 80 m.

FIGURE 10
Distribution of the EMF z-component at 9.2492 × 10−4 s and 4.4062 × 10−3 s for different shallow aquifer thicknesses: (a) d = 20 m, (b) d = 40 m (c) d =
60 m, and (d) d = 80 m.
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FIGURE 11
Distribution of the EMF change rates at 10−5 s, 4.0754 × 10−5 s and 1.9415 × 10−4 s for different shallow aquifer thicknesses: (a) d = 20 m, (b) d = 40 m
(c) d = 60 m, and (d) d = 80 m.

decrease with increasing depth of the shallow aquifer, and the
EMF change rates below the water-rich areas are greater than those
above it.

The distributions of the rates of change in the EMF at
9.2492 × 10−4 s and 4.4062 × 10−3 s are shown in Figure 6.
The maximum value of the EMF rate of change is located in
the water-rich areas, with values above and below this area
essentially being symmetrical. The distribution of the EMF rate of
change does not significantly change with increasing depth of the
shallow aquifer.

The simulation results indicate that when the thickness of the
shallow aquifer is held constant, variations in the depth of the
shallow aquifer have no significant effect on the detection results of
the deep water-rich areas.

3.1.3 Data characteristics of SUTEM
The simulation results indicate that when the thickness of the

shallow aquifer is held constant, variations in the depth of the
shallow aquifer do not significantly affect the detection outcomes of
deep water-rich areas. The z-component EMF receiving points were
established at the surface and 100 m, 300 m, and 500 m below the

surface to analyse the characteristics of the SUTEM data under the
influence of the shallow aquifer.

The EMF curves for the receiving points at different depths
are shown in Figure 7. When the receiving points are at the surface
and 100 m below the surface, the EMF curves exhibit significant
differences in shape and value. However, when the receiving points
are 300 m and 500 m below the surface, the EMF curves calculated
by the model are very similar.

The EMF rates of the change curves for the receiving points at
different depths are depicted in Figure 8. When the receiving point
is at the surface, the EMF rate of change ranges from −0.15 to 0.3,
with all the models exhibiting both positive and negative extrema.
Considering the presence of industrial noise ranging from 3% to
5% in practical operations, the observed data can be considered
not to contain electrical information from water-rich areas. When
the receiving point is 100 m below the surface, the EMF rate of
change is between −0.6 and 1.0, which is still below the noise
interference level. However, when the receiving point is 300 m below
the surface, the EMF rate of change ranges from −100 to 20, and
the influence of the shallow aquifer with a constant thickness and
varying depth on this curve is relatively small. When the receiving
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FIGURE 12
Distribution of the EMF change rate at 9.2492 × 10−4 s and 4.4062 × 10−3 s for different shallow aquifer thicknesses: (a) d = 20 m, (b) d = 40 m (c) d =
60 m, and (d) d = 80 m.

point is at 500 m below the surface, the data observed at the
500 m receiving point range from −20 to 1, exceeding the range
of interfering noise.

3.2 Shallow aquifer with varying
thicknesses at fixed depths

The thickness of the shallow aquifer was set to 20 m, 40 m, 60 m,
and 80 m, with the centre point at a depth of 50 m.

3.2.1 Distribution characteristics of the
electromagnetic field

An analysis of the distribution of the induced electromotive
force (EMF) at the y = 0 cross-section at different times was
conducted.TheEMFdistribution diagrams at 10−5 s, 4.0754× 10−5 s,
and 1.9415 × 10−4 s are shown in Figure 9. As observed from the
figure, prior to 4.0754 × 10−5 s, the horizontal and longitudinal
diffusion of the secondary field extrema is relatively slow because
of the influence of the shallow aquifer, with the extrema mainly
concentrated within the shallow aquifer. With increasing shallow
aquifer thickness, the horizontal and longitudinal diffusion rates
of the secondary field extrema decrease. At 1.9415 × 10−4 s, the
secondary field extrema in all the models are located within the
shallow aquifer, and as the thickness of the shallow aquifer increases,
the rate at which the secondary field converges in the horizontal
direction decreases.

The EMF distributions at 9.2492 × 10−4 s and 4.4062 × 10−3 s
are shown in Figure 10. In all the models, the extremum of the
secondary field is within the shallow aquifer, but there is a distinct
trend of diffusion towards the water-rich areas. At 4.4062 × 10−3 s,

with increasing shallow aquifer thickness, the downwards diffusion
speed of the secondary field extremum slows.

3.2.2 Change rate of the electromagnetic field
The distribution of the rate of change in the EMF at the y =

0 cross-section at different times was analysed by comparing the
diagrams. At 10−5 s, 4.0754 × 10−5 s, and 1.9415 × 10−4 s, the EMF
rate of change distribution is shown in Figure 11. At 10−5 s, all
the models display a “W”-shaped interface in terms of the EMF
rate of change, which increases with increasing thickness of the
shallow aquifer. Above this interface, the rate of change is almost
zero, whereas below the interface, the rate of change is significantly
greater. Within the water-rich areas, the rate of change is relatively
large and negative in all the models. By 4.0754 × 10−5 s, the “W”
interface diminishes, with a significant rate of change only below the
interface and near the water-rich areas. At 1.9415 × 10−4 s, the rate
of change below the water-rich areas is greater than that above the
water-rich areas, and the internal rate of change within the water-
rich areas increases with increasing thickness of the shallow aquifer.

The distributions of the rates of change in the EMF at 9.2492 ×
10−4 s and 4.4062 × 10−3 s are depicted in Figure 12. The maximum
values of the rate of change are located in the water-rich areas, with
symmetrical values above and below. The thickness of the shallow
aquifer significantly affects the distribution of the rate of change,
indicating that when the longitudinal position of the shallow aquifer
is fixed, variations in thickness have a substantial effect on the
detection results of deep water areas.

3.2.3 Data characteristics of the SUTEM method
Z-component EMF receiving points were established at the

surface and 100 m, 300 m, and 500 m below the surface.
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FIGURE 13
EMF curves of receiving points at different depths for different aquifer thicknesses: (a) d = 0 m, (b) d = −100 m (c) d = −300 m, and (d) d = −500 m.

The EMF curves for receiving points at different depths
are shown in Figure 13. When the receiving point is at the surface,
there are significant changes in both the morphology and the values
of the induced electromotive force curves. When the receiving
point is below the shallow aquifer, regardless of the depth, the
morphology of the induced electromotive force curves is consistent,
but the range of values varies significantly. The thicker the shallow
aquifer is, the later the peak value of the data observed by the
SUTEM method is, and the smaller the peak value is; however,
it tends to approach a uniform semispace curve in the later
period.

The EMF rates of the change curves for the receiving points at
different depths are shown in Figure 14. When the receiving point is
at the surface, the range of the induced electromotive force (EMF)
rate of change values is between −0.05 and 0.15, with all the models
exhibiting both positive and negative extrema. Variations in the
thickness of the shallow aquifer significantly affect the values of the
rates of change curves. At a depth of 100 m below the surface, the
rate of change ranges from −0.5 to 0.5, which is still less than the

noise interference level. However, when the receiving point is 300 m
below the surface, the induced EMF rate of change is between −100
and 10. At a depth of 500 m, which is equidistant from the surface
observation point and the water-rich areas, the observed data range
from −70 to 1, exceeding the range of interfering noise.

4 Practical application

4.1 Geophysical characteristics of the
minefield

The study area is located in the 1102212 working face of Shi
Cao Village, Ningdong Mining Area, Ningxia Hui Autonomous
Region, China. The strata exposed in the mine field from old to
new are as follows: the Upper Triassic System Shangtian Formation
(T3S), the Jurassic SystemMiddle Series Yan’an Formation (J2y), the
Zhiluo Formation (J2z), theAnding Formation (J2a), the Palaeogene
System (E), and the Quaternary System (Q), as shown in Table 1.
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FIGURE 14
EMF change rate curves of receiving points at different depths for different aquifer thicknesses (a) d = 0 m (b) d = −100 m (c) d = −300 m (d) d =
−500 m.

TABLE 1 Logging data of the mining area.

Strata age Rock type Strata thickness (m) Apparent resistivity (Ω·m)

Q Eolian sand 0.7∼18.10 61∼133

E Clay and red clay 41.07∼51.49 61∼133

J3a Siltstone and mudstone 0∼291.34 8∼105

J2z Medium and fine grained sandstone 180.31∼469.05 8∼108

J2y Siltstone, mudstone, coal 303.27∼399.38 71∼186

T3s sandstone 0∼74.53 8∼120
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FIGURE 15
Construction design.

There are two main aquifers above the first mining coal seam,
namely, the Quaternary shallow aquifer and the Jurassic Middle
Series Zhiluo Formation lower segment sandstone confined
aquifer, among which the Jurassic Middle Series Zhiluo Formation
sandstone aquifer is the direct water source for the first mining coal
seam. The shallow aquifer in the Quaternary pores is distributed
throughout the mine field, with groundwater recharge occurring
mainly from atmospheric precipitation and discharge occurring
mainly through evaporation. The Jurassic clastic rock fracture-
pore confined aquifers mainly include the Jurassic Middle Series
Anding to Zhiluo Formation aquifers and the Middle Series Yan’an
Formation coal series strata aquifers. Based on the distribution
of aquifers and hydrogeological characteristics, the aquifer with a
significant impact on the mine field is the bottom sandstone aquifer
segment of the Zhiluo Formation, which has poor cementation
and strong water richness and is an average of 150 m away from
the first mining coal seam. Other segments of aquifers are more
compact, with less developed fractures and poor water richness,
and are considered weak water-rich aquifers. Under normal strata
combinations, there are regular patterns of physical properties both
laterally and vertically. However, near structurally developed areas
or water-rich areas, a large amount of mine water is present, which
has good conductivity and breaks the inherent variation patterns
of electrical properties both laterally and vertically. This change
provides a physical basis for transient electromagnetic exploration
on the basis of electrical properties.

4.2 Construction scheme

The construction design is shown in Figure 15. With the
transmitter loop set to 1000 × 500 m, the longer side was
arranged along the strike of the working face, and the shorter
side was arranged along the dip of the working face. The red
points in the figure are the receiving points, with surface and
underground receiving points forming two survey lines.The surface
receiving survey line was arranged directly above the working face
transportation tunnel on the surface, with a point spacing of 20 m.
The underground receiving points were set up within the working
face transportation tunnel, with a point spacing of 10 m.

Five experimental points were selected on each of the two survey
lines for theoretical verification. The measured EMF data curves

are shown in Figure 16, where (a) is the curve measured at the
surface survey points, showing a smooth decay of the EMF over
time, and (b) is the curve measured at the tunnel survey points,
i.e., the survey points are underground, where the EMF shows
an initial increase followed by a decrease over time, with a curve
shape consistent with the theoretical research. Owing to various iron
interferences and a smaller order of magnitude when received in the
tunnel, the noise level of the underground reception is greater than
that of the surface reception, leading to someoscillations in the curve
shape in the later stages.

4.3 1D inversion interpretation

The inversion interpretation in this study uses the Occam
smooth inversion, and the objective function of the inversion can
be expressed by the following Equation 13 (Steven et al., 1987):

Φ = (Δd⃗ − Jm⃗)T(Δd⃗ − Jm⃗) + λ(Rm⃗)T(Rm⃗) (13)

where Δd⃗ represents the difference between the measured data
and the forward-modelled data; m⃗ represents the parameter vector
of each node in the model; J represents the Jacobian coefficient
matrix; λ represents the Lagrange multiplier; and R represents the
roughness matrix.

The model parameters can be modified by the
following Equation 14:

Δm⃗ = (JTJ + λRTR)−1JΔd⃗ (14)

The root mean square error is commonly used to evaluate
whether a forward model is close to the actual geological situation,
and its expression is given by Equation 15:

RMS = √ 1
N

N

∑
i=1
 (
di − f (m⃗)i

di
)
2
× 100% (15)

In the equation,N is the number of observed data points, and di
is the ii-th observed data point.

Li conducted inversion studies on the simulation results
of ground transient electromagnetic and underground transient
electromagnetic methods, verifying the reliability and accuracy of
the method (Li, 2022).

After the surface and underground data were obtained,
one-dimensional inversions were performed separately. The
number of inversion iterations and fitting errors for each point
are shown in Figure 17. Due to the higher signal-to-noise ratio of
the surface TEM data compared to SUTEM, the maximum number
of iterations for the surface TEM inversion is set to 15, while for
SUTEM, it is set to 30. As shown in Figure (a), the surface TEM
inversion generally converges after 10 iterations, while SUTEM
converges after 25 iterations. From Figure (b), it can be seen that the
fitting errors for both methods are generally below 10%. However,
due to some interference present in the SUTEM data, the fitting
errors for a few points reach around 15%. Overall, the inversion
results are credible.

The one-dimensional inversion results were then combined into
two-dimensional data to create resistivity profiles, as shown in
Figures 18, 19. The black straight line in the figures indicates the
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FIGURE 16
Measured data curves: (a) receiver at the surface and (b) receiver underground.

FIGURE 17
Inversion iteration details: (a) The number of inversion iterations and (b) Data fitting error.

location of the working face, and the red dashed line represents the
position of the receiving points.

Figure 18 shows the results of the surface transient
electromagnetic method. The figure shows that the data are affected
by the shielding of the shallow Quaternary aquifer, resulting in
relatively high resistivity values obtained in the early stages. This
makes accurate identification of the water-rich areas in the shallow
Quaternary and the thick sandstone layer of the Zhiluo Formation
in the Jurassic Middle Series difficult. The resistivity values show a
high-low variation trend from top to bottom.

Figure 19 shows the results of the SUTEM method. The
resistivity tends to be high-low-high-low-high in the vertical
direction. There is also a relatively continuous lateral change
in the shallow part, and the lateral resolution is greater in
the deep part, which is unaffected by the shallow aquifer. This
finding indicates that under the shielding of shallow aquifers,
SUTEM technology is more sensitive to deep aquifers and
can better reflect the electrical information of deep layers.
The results of the SUTEM analysis correlate well with the
hydrogeological conditions and logging data of the mine, providing
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FIGURE 18
Surface transient electromagnetic method detection results.

FIGURE 19
Surface-to-underground transient electromagnetic method detection results.

a reference for subsequent water exploration and drainage work in
the coal mine.

5 Discussion

To achieve the detection of deep aquifers under the influence
of shallow low-resistivity shielding layers, traditional surface
electrical exploration methods are significantly affected by these
low-resistivity layers and are unable to effectively detect deep
aquifers. Although electrical methods directly employed in tunnels
can ignore the shallow low-resistivity layers and achieve direct
detection, their detection range and accuracy are limited due
to the restricted tunnel space and limited working current
(Su et al., 2022; Shi et al., 2019). The SUTEM overcomes these
limitations by receiving secondary field signals generated by deep
aquifers without interference from shallow low-resistivity layers,

thus obtaining more geological information about the aquifers
(Chang et al., 2019b).

This study takes the typical geological structure of the Ningdong
Mining Area as the research object. Numerical simulations and
field applications of both surface TEM and SUTEM show that
while surface TEM cannot overcome the low-resistivity shielding,
it still possesses some capability for vertical positioning. In contrast,
SUTEM successfully penetrates the shallow low-resistivity layers to
obtain information about deep aquifers. Compared to traditional
surface TEM, SUTEM can more clearly identify changes in deep
geological structures. Although SUTEM performs well in deep
detection, its vertical resolution for shallow low-resistivity layers is
relatively low, and it should be combined with traditional methods
for shallow exploration.

Compared with existing studies, this research not only
theoretically analyzes the electromagnetic field distribution
characteristics of SUTEM but also validates its applicability
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in complex geological conditions through field applications,
overcoming the limitations of traditional methods. Moreover,
this study provides a theoretical basis for optimizing detection
parameters in practical applications by analyzing the effects of
the thickness and burial depth of shallow aquifers on SUTEM
detection results.

6 Conclusion

This study, which was grounded in actual geological conditions,
employed numerical simulations to investigate the distribution
characteristics of transient electromagnetic fields and the data
characteristics of the SUTEMmethod under the influence of shallow
aquifers of varying depths and thicknesses. The main conclusions
are as follows:

(1) When the shallow aquifer thickness is fixed, changes in depth
have no significant effect on the ability of SUTEM to detect
deep aquifers or water-rich areas but significantly affect surface
and shallow subsurface receivers, indicating that SUTEM has
limited vertical resolution for shallow low-resistivity layers.

(2) When the depth of a shallow aquifer is fixed and its thickness
varies, it significantly affects the detection of deep aquifers or
water-rich areas by TEM, with SUTEMbeingmore sensitive to
the thickness of shallow low-resistivity layers.

(3) Simulations under the shielding of shallow aquifers
reveal that SUTEM technology has a stronger detection
capability for water-rich areas than do surface transient
electromagnetic methods.

(4) Field data from the Shicao Village coal mine in the Ningdong
mining area show that, influenced by shallow aquifers,
SUTEM receives more geological information from deep
aquifers, with resistivity exhibiting a high-low-high-low-
high variation trend longitudinally, whereas surface transient
electromagnetic results show a transition from high to low
resistivity, which is consistent with theoretical outcomes.
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