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Transient electromagnetic method (TEM) is widely used in coalfield
hydrogeological exploration and goaf investigation. However, given the
limitations of themethod, the vertical resolution of ground TEM is somewhat low
for effectively detecting water-bearing coal goaf. Compared with ground TEM,
ground-borehole TEM is characterized by a relatively better ability for detecting
low-resistivity target bodies. In this study, a low-resistivity thin plate model
was established, and the ground-borehole TEM electromagnetic responses of
different points (within and without of the plate) were numerically simulated.
We considered an exploration project in Datong City (Shanxi Province, China)
as a study case, to conduct the field investigation, examine the characteristics
of ground-borehole TEM electromagnetic responses under different situations,
and validate the numerical model as well, including (a) water-bearing coal goaf
and (b) solid coal. The result showed that, (a) the longer the sampling time
is, the weaker the electromagnetic response of ground-borehole TEM will be;
(2) ground-borehole TEM stands out with a high vertical resolution for water-
bearing coal goaf; (c) the extreme points of the Z component and the polarity
changing points of the X and Y components can indicate the interface where
the physical properties alternated.

KEYWORDS

ground-borehole transient electromagnetic method, coal goaf, numerical simulation,
resolution, geophysical exploration

1 Introduction

The ongoing socio-economic development has triggered the demand for efficient
restoration and management of the mining environment practices. Such demand, in turn,
has strongly promoted the exploration and management of goaf, thereby bringing the
existing techniques to a new level. In particular, a fine detection of goaf is critical for rational
planning of routes or targeted governance, especially in the locations, where roads and
railways pass through the goaf.

To date, the detection of coal goaf is mainly based on geophysical exploration methods,
where each method has its own advantages and disadvantages. For instance, the high-
density resistivity method is characterized by speed and convenience in the data collecting
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process, while its results are notably intuitive. However, its detection
depth is shallow, while the requirements for data collection
conditions are strict (Lei et al., 2009). Liu et al. (2012) predetermine
the low resolution of processing and inversion results of thismethod,
thereby critically hindering the suppression of noise interference
needed to meet the requirements of data interpretation.The seismic
exploration method provides high resolution, but the goaf site
environments are generally complex, the exploration depth of low-
energy sources is limited, and the cost of high-energy sources is
high (Wang, et al., 1998; Ezersky, 2011; Wei et al., 2014; Bai et al.,
2019; Bai, 2022). Ground penetrating radar is highly effective and
accurate for interpreting the results, but its detection depth is limited
under the technical limitations of the method itself, for example, the
transmitting power is relatively small compared to the MT method.
As a result, one cannot address the goaf with the depth of >100 m by
using GPR (Cheng et al., 2010; Klotzsche et al., 2019; Ozkaya et al.,
2021). Compared with other methods, transient electromagnetic
method (TEM) is notably advantageous for detecting water-bearing
coal goaf. In particular, (a) the pure anomaly field of TEM is
especially sensitive to low-resistivity targets, and (b) the network
of surveying points is relatively dense. Thus, TEM can be used to
control the boundary of the coal goaf effectively, while the rock
layer on surface can be penetrated. As a result, the data of the deep
coal goaf can be accurately collected by the receivers (Yang and
Oldenburg, 2012; Xue and Yu, 2017; Bai et al., 2020; Bai et al., 2021;
Cui et al., 2022).

In general, TEM can be divided into aerial TEM, ground
TEM, and ground-borehole TEM depending on the location
of the receiver. Notably, the work efficiency of TEM is high,
its detection cost of ground is low, and it is less affected by
the terrain. This allows penetrating the high-resistivity covering
layers on the surface, thereby providing peculiar benefits for
coal goaf exploration. Overall, these characteristics make TEM
beneficial for the exploration of deep ore bodies. Numerous
researchers have focused on processing and interpreting ground-
borehole TEM. For instance, Meng and Pan (2012) examined the
forward modeling characteristics of ground-borehole TEM under
the influence of the earth medium. Zhang et al. (2014) studied
the acquisition technology of transient electromagnetic data in the
borehole and the technology from qualitative analysis to semi-
quantitative interpretation and proposed the rapid positioning
technology of abnormal vector intersection. Furthermore, Wu et al.
(2017) analyzed the three-component response characteristics of
electrical source ground-borehole TEM. In the Sudbury copper
mine in Canada, a Linsley ore body and aVictoria copper-nickel
deposit at a depth of 2400 m were discovered by the ground-
well TEM (Ben, 2000). In addition, a high-grade floor deposit
was found by using ground-borehole TEM below the mined
deposit, making a significant contribution to the development
of mine resources (King, 1996; Spicer, 2016). However, studies
addressing the data processing of ground-borehole TEM by using
the numerical simulation and electrical response characteristics
are scarce.

To examine the effect of ground-borehole TEM on the detection
for coal goaf, we introduced a geophysical model of low-resistivity
thin plate to simulate the simplified model of a water-bearing coal
goaf, and obtained the ground-borehole TEM responses of different
points (within and without of the plate). The main objectives are to

(a) construct electromagnetic response curves based on simulations
and (b) determine the location and size of the anomalies, thereby
providing theoretical fundament for the exploration of coal goaf
by ground-borehole TEM. Carrying out an exploration project
in Datong City (Shanxi Province, China) as a study case, the
field investigation has been done, the characteristics of ground-
borehole TEM electromagnetic responses under different situations
(including water-bearing coal goaf and solid coal) were examined,
and the numerical model was validated as well. The results showed
that using ground-borehole TEM to detect the water-bearing coal
goaf has an ideal effect.

2 Methodology

For the ground-boreholeTEM, the transmitting loop is normally
organized on the ground, while a receiving probe collects data
at fixed intervals in the borehole (Figure 1). During the data
acquisition, the receiving probe in the ground-borehole TEM is
located close to the geological body, thus producing anomalous
response and potentially acquiring more useful information in the
vertical direction than that in ground TEM (Zhang et al., 2015).

To study the distribution characteristics of ground-borehole
TEM electromagnetic responses under different coal goaf
conditions, numerical simulations were performed using the finite
difference method.

2.1 Theoretical basis of finite difference
time domain

2.1.1 Control formula
In a homogeneous isotropic medium, by neglecting the

displacement current, the active Maxborehole Formulas can be
formalized according to Xu et al. (2015) as follows:

∇×E = −∂B
∂t
+ Jm, (1)

∇×H = J , (2)

∇ ∙E = 0, (3)

∇ ∙H = 0, (4)

B = μH (5)

J = σE; (6)

whereE is the electric field intensity,H is themagnetic field intensity,
B is the magnetic induction intensity, J is the current density, Jm is
the magnetic current density, and μ and σ are the permeability
and conductivity of the homogeneous half-space medium,
respectively.

Taking the curl on both sides of Eq. 1 and by substituting
Eqs (2) and (3) into it, one can use the vector identity:
∇×∇×H = ∇∇ ∙H −∇2H . Thus, the quadratic magnetic field
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FIGURE 1
Schematic diagram of ground-borehole TEM working device.

diffusion formula is simplified and deduced as follows:

∇2Hs = σμ∂H
s

∂t
+ σa
∂Hp

∂t
− σaJm, (7)

where Hp is the primary magnetic field, Hs is the secondary fields,
and σa is the conductivity of anomaly body.

In the Cartesian coordinate system, the area, calculated by the
forward modeling model is divided into several small cuboids using
a non-uniform grid (Figure 2). In this way, the problem of solving
the spatially continuous magnetic field in an infinite area can be
transformed to the following task. One needs to solve the field value
of each small cuboid discrete node in only a limited area.

Thus, by taking the volume fraction on both sides of Eq. 7, we
can get the following equation:

∭
∆V
(∂

2hs

∂x2
+ ∂

2hs

∂y2
+ ∂

2hs

∂z2
)dv =∭

∆V
(μσ ∂h

s

∂t
+ μσa
∂hp

∂t
− σajm)dv. (8)

Furthermore, Eq. 8 can be simplified using the Gauss formula.
The partial derivative of the magnetic field with respect to space
and time is replaced by the intermediate difference quotient
approximation, and the stable and convergent Dufort-Frankel
method is used for differential discretization by getting the following
expressions:

Hs,n+1
i,j,k =

1− 6ri,j,k
1+ 6ri,j,k

Hs,n−1
i,j,k +

2rxi,j,k
1+ 6ri,j,k

[
∆xi+1
∆xi

Hs,n
i−1,j,k +
∆xi+1
∆xi

Hs,n
i+1,j,k]

+
2ryi,j,k

1+ 6ri,j,k
[
∆yj+1
∆yj

Hs,n
i,j−1,k +
∆yj+1
∆yj

Hs,n
i,j+1,k]

+
2rzi,j,k

1+ 6ri,j,k
[
∆zk+1
∆zk

Hs,n
i,j,k−1 +
∆zi+1
∆zi

Hs,n
i,j,k+1]

+
μσa,i,j,k

2(1+ 6ri,j,k)∆t
[Hp,n−1

i,j,k −H
p,n+1
i,j,k ] −

nμSσa,i,j,k
1+ 6ri,j,k

dI(t)
dt
, (9)

FIGURE 2
Finite-difference network model in 3D half-space.

where ∆xi = (∆xi +∆xi+1)/2, ∆yj = (∆yj +∆yj+1)/2, ∆zk =
(∆zk +∆zk+1)/2,

rxi,j,k = ∆t/(μσi,j,k∆xi∆xi+1), r
y
i,j,k = ∆t/(μσi,j,k∆yj∆yj+1),

and rzi,j,k = ∆t/(μσi,j,k∆zi∆zi+1).

2.1.2 Initial and boundary conditions
In the forward calculation, the initial conditions are generally

substituted into the analytical solution of the field source in the
uniformhalf-space.Thus, the form of the field source can be selected
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FIGURE 3
Schematic diagram of the numerical simulation model.

FIGURE 4
Schematic diagram of the transmitting and receiving devices.

according to the actual needs. To this end, the loop source was
selected as the initial condition to be substituted. The analytical
solution of the loop source in the time domain in the uniform
half-space can be obtained by inverse Laplace transformation of the
analytical solution in the frequency domain. The analytical solution
of the vertical component of the loop source magnetic field in the
frequency domain is expressed as follows (Xu et al., 2015):

Hz = −
I

k2a3
[3− (3+ 3ika− k2a2)e−ika], (10)

where I is the power supply current, k is the wave number, and a is
the radius of the transmitting loop. According to the inverse Laplace
transform formula, by transforming the harmonic field expression
into the transient field, we can get the following equation:

∂Hz

∂t
= − I

μ0σa
3 [3erf (θa) −

2
√π
(3θa+ 2θ3a3)e−θ

2a2], (11)

where erf is the error function, θ = √μ0σ/4t, and the initial time step
should satisfy the following formula:

∆tmax = μmin(σi,j,k)min2 (∆)/6, (12)

where min (∆) is the minimum grid step size in the calculation
model. On the ground-air boundary, the boundary area is
approximately regarded as infinity, and the upward continuation

method is used for processing; while selecting side and bottom
boundary conditions, the modified Liao’s absorption boundary
conditions are used for calculation (Liao et al., 2002).This boundary
condition handles the magnetic field at the boundary well and does
not produce magnetic field distortion in the calculation area.

2.2 Model calculation

To study the electromagnetic response characteristics of ground-
borehole TEM to the coal goaf, a simple uniform half-space model
is established in the Cartesian coordinate system, and the numerical
simulation is carried out using this model. In the model, the
resistivity of the uniform half space is set to 100 Om, representing
the surrounding rock of the coal seam. A horizontal thin plate with
a side length of 100 m and a thickness of 20 m is set at a depth of
300 m, with a resistivity of 10 Om, representing a water-bearing coal
goaf (Figure 3).

Furthermore, numerical simulations of ground-borehole TEM
were performed using the geological model shown in Figure 3.
The transmitting device was a square single-turn loop with the
side length of 200 m with the center, located directly above the
center of the plate (Figure 4). The receiving probe featured an
axial coil (Z direction) with the equivalent area of 10,000 m2.
The equivalent area of the radial coils (X and Y directions)
was 2,500 m2, while the simulated borehole depth was 600 m,
which virtually represented a straight hole. The receiving points
were measured along the borehole, and the surveying point
distance was 1 m.

The primary field and secondary field generated in the
underground space were both vector fields. The ground-borehole
TEM used a fixed transmitting source and a movable receiving
probe to monitor the electromagnetic responses at different depths.
Therefore, the directions of the electromagnetic responses, namely,
the “positive” and “negative” signs of the response values, are the key
parameters to be investigated.

Figures 5–7 illustrate the electromagnetic response
curves of Z-component, Y-component, and X-component,
respectively, at different positions. Note that different colors
of the response curves in these figures represent different
sampling times.
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FIGURE 5
Electromagnetic responses of Z component under different offsets. Different colored lines in part labels represent responses at different times.

Z-component: When the borehole is drilled through the thin
plate, the electromagnetic response generally emerges as a single-
peak positive anomaly, with the extreme value appearing near
the center of the thin plate (Figure 5A). As the borehole offset
increased, three-peak symmetrical positive and negative anomalies
(one negative anomaly, two positive anomalies) were generated near
the edge of the thin plate. Moreover, the anomaly peak exhibited
a negative anomaly, precisely associated with the center of the
sheet, located on the side close to the thin plate (Figure 5B). As
the borehole offset continued increasing, the amplitude of the
electromagnetic response gradually decreased. At the position far
from the thin plate, the positive anomaly becamenearly zero, and the
electromagnetic response revealed a single-peak negative anomaly
(Figure 5C).

Y component: In general, the electromagnetic response curves
of the Y component are “s-shaped,” while the curves exhibit
“double-peak anomaly,” and the positive and negative polarity
transitions of the curves correspond to the center of the thin
plate. The magnitude of the electromagnetic response curve
was large when the borehole passes through the thin plate,
indicating that the abnormal features were most dramatic at
this location (Figure 6A). As the borehole offset increased, the
amplitude of the curve exhibited stronger attenuation, compared

to the borehole at the edge of the plate (Figure 6B). As the
borehole offset continued increasing, the amplitude of the curve
gradually decreased. At certain position, far from the thin plate,
the amplitude nearly completely disappeared, showing that the
abnormal features caused by the thin plate were not obvious
(Figure 6C).

X component: In general, the electromagnetic response curve
of the X component is “inverse s-type,” thereby signifying a
totally opposite pattern to that of Y component. The curve
exhibited a “double-peak anomaly” and the positive and negative
polarity transition of the curve was attributed to the center of
the thin plate. When the borehole passed through the thin plate,
the magnitude of the electromagnetic response curve was large
and nearly equal to that of the Y component (Figure 7A). As
the borehole offset increased, the amplitude of the curve was
slightly attenuated. However, its amplitude was larger than that
of the Y component when the borehole was at the edge of
the thin plate (Figure 7B). When the borehole offset continued
increasing, the amplitude of the curve gradually decreased, showing
that the electromagnetic response anomaly caused by thin plate
was decreasing accordingly. At this moment, a relatively distinct
amplitude was identified at the position far from the thin plate
(Figure 7C). The electromagnetic response of the X component
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FIGURE 6
Electromagnetic responses of Y component under different offsets. Different colored lines in part labels represent responses at different times.

was larger than that of the Y component when the borehole
was out of the plate. Hence, the decaying speed of the X
component electromagnetic response was slower than that of the Y
component.

2.3 Summary of numerical modeling

The numerical simulations for electromagnetic response shows
that, for a certain scale of low-resistivity horizontal thin plate,
the earlier the sampling time is, the greater the amplitude of
the abnormal response will be. Moreover, as time passes, the
electromagnetic response gradually decays; on the other hand,
with the offset between the borehole and the center of the
thin plate increasing, the electromagnetic response gradually
decreases, and the amplitude of the curve reduces accordingly.
Importantly, the ground-borehole TEM is characterized by
a high degree of recognition for low-resistivity horizontal
thin plate.

The water-bearing coal goaf can be simplified as a low-resistivity
thin plate. In this context, it is reasonable to suggest that the ground-
borehole TEM can potentially allow the effective detection of the
water-bearing coal goaf.

3 Case study

To evaluate the accuracy of ground-borehole TEM for detecting
water-bearing coal goaf, we conducted TEM experiments near a
working zone of the Tongxin Coal Mine (Shanxi, China).

3.1 Geological setting

The Tongxin Coal Mine is located on the northeast edge of
the Datong Coalfield of the Shanxi Province, China (Figure 8). The
basement stratum in this area is the Jining Formation of upper
Archean, and all subsequent layers are successively deposited on this
basis (Table 1). The main coal measure stratum of the region is the
Permian Shiqianfeng Formation (including coal seams Nos. 3, 8, 9,
11 and 14). At present, coal seam No. 3 is being mined, with the
depth of 280–350 m and thickness of 0–8.5 m.

The characteristics of the geological data indicate that the
Quaternary stratum was 0–250 m, mainly containing sandy clay,
silty sand, and sand layers. Moreover, there were gravel and gravel
layers containing limestone in the Neogene stratum. The total
thickness of the Neogene was estimated to be 0–200 m. Below
the Neogene strata, the Permian strata, including Shiqianfeng
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FIGURE 7
Electromagnetic responses of X component under different offsets. Different colored lines in part labels represent responses at different times.

Formation and some others, and the target coal seam No. 3,
were in the Shiqianfeng Formation. Lastly, the lowest part was the
Carboniferous coal-bearing strata.

3.2 Working procedures

The working procedures are described in detail in this section.
First, ground TEM work was carried out in the study area using 18
TEM surveying lines and 1,980 surveying points.The dimensions of
the working network was 20 × 20 m, implying that the line distance
was 20 m, and the point distance was 20 m (Figure 10). After the
inversion of the measured data, the resistivity profile of the testing
line (Figure 9) and the resistivity slice map of the No. 3 coal seam,
both, were drawn (Figure 10).

Figure 9 shows the resistivity profile of the testing line. As seen,
the 1,440–1,620 section, a prominent low-resistivity anomaly near
the No. 3 coal seam was identified. The anomaly was signified by
the resistivity value of <170 Ω m, as indicated in magenta range of
Figure 8. This finding indicates that this section can be inferred as a
low-resistivity anomaly area.

Figure 10 demonstrates the resistivity slice map of coal seam
No. 3. We combined the resistivity characteristics of the No. 3 coal

seam with the resistivity profile of the testing line. The combination
yielded the three low-resistivity abnormal areas, as shown in the
magenta range of Figure 10. Three boreholes B1, B2, and B3 were
arranged near the low-resistivity anomaly area in the southeast of
the study area. Interestingly, the borehole data revealed a goaf the B1
borehole, while solid coal was identified at the B2 and B3 boreholes.

3.3 Verification scenario

Ground-borehole TEM measurements were conducted in
boreholes B1, B2, and B3 using the ProTEM system by the receiving
probe of BH43 and themeasurement distance in the borehole of 1 m.
The transmitting device was a square ungrounded loop with a side
length of 100 × 100 m.

Figure 11A illustrates the simple filtered electromagnetic
response curves for borehole B1. At the depth of 270–320, the X,
Y, and Z components exhibited distinct electromagnetic response
anomalies. Moreover, the Z component exhibited significant
high-value distortion, and the X and Y components showed
the polarity changing points near the depth of 285 m. All the
electromagnetic responses were generally consistent with the
anomalous characteristics of the point in the low-resistivity plate
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FIGURE 8
Location of Tongxin coal mine.

TABLE 1 Generalized stratigraphy of the study area.

System Formation Thickness (m) Rock description

Quaternary 0–150 Alluvial layers composed of sandy clay and silty

Neogene
Jingle Formation 0–120 Gravel and limestone

Hannuoba Formation 0–80 Coarse sandstone

Permian

Shiqianfeng Formation 0–60 Sandstone and Siltstone. Coal seam No. 3

Upper Shihezi Formation 0–90 Sandstone and sandy mudstone

Lower Shihezi Formation 0–70 Sandstone, siltstone, and mudstone

Carboniferous

Shanxi Formation 0–110 Sandstone, sandy mudstone, mudstone, and coal; the main
coal seam is contained in this formation

Taiyuan Formation 0–50 Sandstone, mudstone, and limestone at the bottom

Archean Jining Formation 0–650 Metamorphic rock

in the numerical simulation (borehole D1 in Figure 3, as described
in Section 2.2). This finding confirms that the point was located in
the water-bearing coal goaf.

Figure 11B displays the electromagnetic response curves of
borehole B2. At the depth of 330–340 m, the X, Y, and Z components
exhibited prominent electromagnetic response anomalies. The
electromagnetic response of the Z component exhibited a negative
extreme value near the depth of 335 m. At the same time, the X and
Y components exhibited polarity changing points at this depth. Each
component was consistent with the anomalous characteristics of the
point on the outer edge of the low-resistivity plate in the numerical
simulation (borehole D2 in Figure 3, as described in Section 2.2).
This finding points outs that this point was located at the edge of
the water-bearing coal goaf.

Figure 11C shows the electromagnetic response curves of
borehole B3. At the depth of 350–360 m, the X, Y, and Z components

somewhat experienced electromagnetic response anomalies. In
particular, the Z component exhibited a small magnitude of negative
electromagnetic response, and the X and Y components both
exhibited a polarity changing point near the depth of 355 m. This
finding is in line with the anomalous characteristics of the point
far away from the low-resistivity plate (borehole D3 in Figure 3,
as described in Section 2.2) in numerical simulation, thereby
confirming that this point was out of the goaf and was, therefore,
less affected.

4 Discussion

Numerous studies have previously exerted substantial efforts
to explore the principle and inversion problem of ground TEM
(Hou and Xu, 2013; Li et al., 2015; Li et al., 2016; Chen et al., 2017;
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FIGURE 9
Resistivity profile of the testing line.

FIGURE 10
Resistivity slice map of the No. 3 coal seam.

Yang et al., 2018; Zhou et al., 2018; Yang et al., 2022). Essentially, the
ground TEM can accurately delineate the horizontal distribution
range of the water-bearing coal goaf, thereby ensuring the safe
production of coal mines. However, the detection accuracy of the
ground TEM in the vertical direction needs to be improved.

We used the numerical simulations and demonstrated that
the ground-borehole TEM is advantageous, compared to the
ground TEM.

Simulations of low-resistivity thin plate model showed that the
electromagnetic response curves of the X, Y, and Z components
of the ground-borehole TEM were complex. Moreover, the signal
of the vertical component (Z component) was stronger than that
of the horizontal components (X and Y components), and the
electromagnetic response amplitude of the Z component of the

same surveying point was stronger than that of the X and Y
components.

The ground-borehole TEM detection analysis indicated that
the electromagnetic response curves of different time channels
yield different shapes. Namely, the longer the sampling time, the
weaker the electromagnetic response.However, as the sampling time
increases, the attenuation of the Z component dwindles below that
of the X and Y components, and the attenuation of X component is,
therefore, smaller than that of the Y component.

The electromagnetic response of the ground-borehole TEM
stands out with a high vertical resolution, which allows effective
description of the changes of the layers in the vertical direction.The
extreme points of the Z component, as well as the positive-negative
polarity changing points of the X and Y components, can be used
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FIGURE 11
Electromagnetic responses of boreholes B1, B2, and B3. Different colored lines in part labels represent responses at different times.

to identify the interface where the physical properties experienced
significant alternations. Given this advantageous feature, the
ground-borehole TEM can effectively identify low-resistivity thin

plates such as water-bearing coal goaf in the vertical direction.
This, in turn, alleviates the existing state-of-the-art shortcomings of
ground TEM.
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5 Conclusion

This study used numerical simulations for ground-borehole
TEMresponse of the low-resistivity thin plate. Some conclusions can
be drawn:

(1) Under the same transmitting and receiving conditions, the
abnormal response characteristics of the three components (X,
Y, and Z components) of the ground-borehole TEM are highly
correlated with the position relationship of the anomalous
body. Simultaneous observation of the three components in
practical work will help to infer and interpret the anomalous
location near the well.

(2) By analyzing the characteristics and amplitude of the anomaly
response curve of the horizontal component, the approximate
orientation of the anomaly center can be inferred. If the curved
line is “S-type”, the anomaly center is located on the positive
side of the component; if the curve is of the “inverse S-type”, it
is located on the negative side of the component.

(3) The vertical component anomaly response curve can reflect the
distance between the anomaly center and the borehole, and
the borehole passes through the middle of the anomaly, and
the vertical component anomaly curve is a positive anomaly;
After passing through the edge of anomalous body, the trace
reflected as positive anomaly in early stage and negative
anomaly in middle and late stage. The anomaly curve is
negative, and the anomaly half width is equal to the distance
between the anomaly body and the borehole.

(4) The characteristics of ground-borehole TEM response are
very complex, and the root cause of the change of response
characteristics can be clearly understood by analyzing the
coupling relationship between the primary field and the
conductor. Therefore, the use of the primary field distribution
diagram is helpful for the inference and interpretation of the
complex model.
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