
Academic Editor: Christos S. Akratos

Received: 21 November 2024

Revised: 26 December 2024

Accepted: 9 January 2025

Published: 10 January 2025

Citation: Yang, Y.; Yang, F.; Wang, B.;

Qian, W.; Wang, Y.; Zuo, Y. Technical

Analysis and Application Prospects of

Magnetic Source Transient

Electromagnetic Coil Devices in

Hydrogeological Survey of Mining

Area. Water 2025, 17, 171. https://

doi.org/10.3390/w17020171

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Review

Technical Analysis and Application Prospects of Magnetic
Source Transient Electromagnetic Coil Devices in
Hydrogeological Survey of Mining Area
Yang Yang 1, Fei Yang 1, Bo Wang 1,2,3,* , Wangping Qian 1 , Ying Wang 1 and Yuanbin Zuo 1

1 School of Mechanics and Civil Engineering, China University of Mining and Technology,
Xuzhou 221116, China; 02222930@cumt.edu.cn (Y.Y.); 02224482@cumt.edu.cn (F.Y.);
qianwangping@my.swjtu.edu.cn (W.Q.); wyingcumt@126.com (Y.W.); 15290740216@163.com (Y.Z.)

2 State Key Laboratory of Intelligent Construction and Healthy Operation & Maintenance of Deep
Underground Engineering, China University of Mining and Technology, Xuzhou 221116, China

3 Yunlong Lake Laboratory of Deep Earth Science and Engineering, Xuzhou 221116, China
* Correspondence: wbsyes@126.com; Tel.: +86-158-6217-4742

Abstract: The transient electromagnetic method (TEM) has a wide range of applications in
the hydrogeological exploration of mining engineering. This method is highly sensitive
to groundwater responses and provides reliable data for the prevention of water-related
disasters, such as sudden water surges and gushes. However, there are currently a lack of
comprehensive and systematic analyses and summaries regarding the characteristics of
magnetic source transient electromagnetic coil devices. Based on the fixed characteristics
of the field source, this paper categorizes magnetic source transient electromagnetic coil
devices into fixed-source devices and moving-source devices. It provides an in-depth
introduction and analysis of the working principles, technical characteristics, existing ap-
plications, and development trends of these two types of devices. This study provides
important references for the selection and application of magnetic source transient elec-
tromagnetic coil devices. In the future, the development of magnetic source transient
electromagnetic devices will focus on deeper measurement depths, higher lateral reso-
lution, non-contact coupling, and efficient detection, moving towards multifunctionality,
automation, and intelligence. This paper can provide a technical reference for the selec-
tion of magnetic source transient electromagnetic coil devices and their application in
hydrogeological exploration of mining engineering.

Keywords: transient electromagnetic method; magnetic source; coil design and
optimization; water hazard detection

1. Introduction
In mining engineering, water accidents are one of the main causes of casualties and

economic losses, and their suddenness and concealment make prevention work particu-
larly crucial. Therefore, prior to mining activities, there is an urgent need for a precise
geophysical method to effectively determine the location and extent of groundwater, and
provide references for the prediction of water-related disasters. The transient electromag-
netic method (TEM) is a time-domain electromagnetic detection technique. When subjected
to a single current pulse field excitation, the medium generates eddy currents. During the
pulse interruption, these eddy currents do not disappear immediately, but instead form sec-
ondary magnetic fields in the surrounding space that decay over time. The temporal decay
behavior of secondary magnetic fields is primarily influenced by the resistivity, volumetric
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scale, and burial depth of the anomalous body, as well as the waveform and frequency
of the emitted current [1]. The magnetic source TEM uses ungrounded loops to generate
transient magnetic fields as excitation sources. By measuring and analyzing secondary
field signals, the characteristics of underground anomalies can be inferred. This method is
extremely sensitive to the detection of low-resistivity geological bodies, particularly in the
detection of water-rich strata, and is widely recognized in geophysical exploration [2].

As the core component of the system, transient electromagnetic coil devices are con-
tinually being developed and refined, with numerous scholars subsequently undertaking
extensive design and research work [3–6]. In response to complex detection environments
and diverse detection requirements, the variety of coil devices is expanding, and the meth-
ods for their classification are becoming increasingly diverse [7]. Overall, the development
of transient electromagnetic coil devices presents the following characteristics: (1) To ef-
fectively eliminate mutual inductance effects and satisfy diverse detection requirements
and geological environments, the design of coil configurations is progressively becoming
multifunctional and refined, with the widespread adoption of new detection equipment,
such as multi-component coils and conical coils; (2) To enhance detection accuracy and
resolution, coil device designs frequently incorporate advanced technological methods,
including distributed, arrayed, and equivalent reverse magnetic flux techniques; (3) To
accommodate complex geological environments and acquire abundant geological data, the
functionality of coil devices is leaning towards automation and intelligence, with mechan-
ically equipped coils, such as towed, vehicle-mounted, and airborne coil devices, being
extensively utilized. However, no scholars have yet conducted a systematic analysis of the
characteristics of various types of coil devices, and the summary of the applicable scenarios
for these coil devices remains incomplete.

This study aims to systematically and comprehensively summarize the technical
analysis and application of magnetic source transient electromagnetic coil devices. By
investigating numerous application cases of coil devices, it classifies and evaluates
the characteristics and applicability of various devices, and briefly examines the de-
velopment trends of magnetic source transient electromagnetic coil devices, with the
goal of providing essential technical references for applications in the field of transient
electromagnetic exploration.

2. Classification and Summary of Coil Devices
The TEM devices primarily consist of a transmitter, transmitter coils, a receiver, and

receiver coils. The transmitter coils generate a primary field through step-off signals
provided by the transmitter. The medium generates eddy currents under the excitation of a
primary field. When the excitation is interrupted, the eddy currents within the medium do
not dissipate immediately, but instead form a secondary field around it. The receiver coils
receive and analyze the secondary field signals, obtaining curves of induced voltage versus
time [1]. By analyzing these curves, the resistivity of the target area is determined. If the
detection area consists of a homogeneous medium, the curve is linear; if the detection area
comprises heterogeneous media, the curve is non-linear. By analyzing the anomalies in
the curve and considering the differences in resistivity, the location of the anomalous body
can be inferred [2]. Generally, the resistivity of water is significantly lower than that of soil
and rock; therefore, employing this method to determine the distribution of groundwater
is highly effective.

2.1. Classification Methods for Various Coil Devices

The coil devices of the TEM exhibit diverse characteristics in their design [8]. From the
perspective of coil geometry, they can be classified into circular, square, and figure-eight
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coils. In terms of the number of turns wound within the coil, there are single-turn and
multi-turn distinctions. Additionally, regarding the layout and combination strategies of
coils, various types such as central loops, overlapping loops, dipole loops, bucking coils,
and equivalent reverse magnetic flux coils are included. These designs not only reflect
the flexibility of the TEM in adapting to different geological conditions and exploration
objectives, but also demonstrate the continuous optimization and advancement of this
technology in enhancing detection accuracy and efficiency [9,10].

However, in the current academic research field, there has yet to be a universally
recognized and standardized classification system to systematically categorize these devices.
Simply listing them based on their external morphology fails to establish a standardized
evaluation framework, is lacking in logic and unable to ensure systematic and orderly
classification. Classifying coil devices based on their application scenarios also faces issues
of blurred boundaries and overlapping categories, because the same type of coil device may
be suitable for multiple different application scenarios, and a single application scenario
may give rise to a variety of coil devices.

In light of this, this study proposes a classification method based on whether the
field source (emission source) of the TEM coil device is fixed. Magnetic source transient
electromagnetic coil devices are categorized into fixed-source devices and moving-source
devices, as shown in Table 1 below. This classification strategy effectively avoids the
aforementioned two types of problems, providing a new perspective for the study of
transient electromagnetic coil devices.

Table 1. Transient electromagnetic coil classification table.

Device
Classification Meaning Coil Structure Advantages Disadvantages Application

Fixed-source
devices

Fixed source
location

The large fixed-source
loop, the

ground-hole TEM

High resolution and
deep detection depth,
facilitating detailed
geological structure

analysis in specific areas

Inconvenient
construction, low

construction
efficiency, and

high costs

Oil exploration,
detection of deep
hidden mineral

deposits and
goaf areas

Dynamic
source devices

Flexible
source

location

The central loop
method, the transient

electromagnetic dipole
device, the

well-ground TEM,
magnetic induction

probes, bucking coils,
the opposing coils,

and others

Meeting diverse
detection requirements,

adapting to various
environmental

conditions, facilitating
portability and

operation, and enabling
the acquisition

of abundant
geological information

Convenient
construction, high

construction
efficiency, and

rich data

Engineering
surveys,

hydrological
surveys, advance
detection in mine

shafts and shallow
coal seam goaf

2.2. Fixed Source Devices
2.2.1. The Large Fixed-Source Loop

The large fixed-source loop, also known as the large, fixed emission-movable reception
combination, typically utilizes a large emission and small reception setup. This configura-
tion facilitates the measurement of induced signals generated by the magnetic field both
within and outside the loop, thereby acquiring geological information of the target area [11].
The advantages of this device include larger emission coils capable of generating stronger
electromagnetic fields, inducing stronger currents deep underground, and typically achiev-
ing greater detection depths [12]. Additionally, since the emission coils are positioned above
ground, they are less susceptible to terrain influences, reducing construction difficulty and
making them suitable for deployment in complex terrains. However, the construction of
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this device involves a substantial workload and is highly inconvenient. Moreover, it usually
requires the use of high-power emitters, and the material requirements for the coils are
typically higher than those of other devices, resulting in increased installation costs [13].
Furthermore, this device generally necessitates a large working area, which may be limited
by site conditions. Large fixed-source loop devices are depicted in Figures 1 and 2.
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The large fixed-source loop was first developed abroad and has been widely applied
in the field of petroleum exploration. In China, it is primarily used for detecting goaf areas.
In 2011, Zhipeng Qi et al. [14] conducted large fixed-source loop detection in a goaf area
located 3 km from the urban area of Ordos, successfully delineating the extent of the goaf
area. In 2015, Ziqiang Han et al. [15] detected the goaf area at the southern end of the
Ningwu Coalfield in Shanxi, successfully identifying coal seam voids and water-filled goaf
areas. In 2024, Jishun Pan et al. [16] conducted detection in a coal mine in Jiaozuo, rapidly
identifying the location of the goaf area, thereby providing a reference for goaf surveys.

In summary, the large fixed-source loop has demonstrated its unique advantages
in petroleum exploration and goaf area detection, owing to its ability to provide high-
resolution electromagnetic signals of deep underground structures [17]. However, to make
this technology more practical and economical, the current challenges include reducing
the cost of coil materials while maintaining detection depth. Additionally, construction
efficiency directly impacts the economic benefits and operational cycles of projects. There-
fore, future research directions should focus on optimizing coil materials and enhancing
detection efficiency.

2.2.2. The Ground-Hole TEM

The ground-hole TEM employs an above-ground transmission and underground
reception approach to obtain information about target geological bodies [18]. It typically
uses fixed-source devices, meaning fixed transmission sources paired with mobile reception
devices for detection [19]. The transmission sources are usually large, ranging from tens
to hundreds of meters, and are typically rectangular in shape to facilitate construction.
The reception devices are often probes measured along drillholes, making them easier to
approach underground conductive geological bodies [20]. The advantages of this setup
include large transmission coils that provide high detection depth and resolution. Using
traditional drill core methods, this approach can obtain information within tens or even
hundreds of meters around the drillhole, effectively addressing the “single-hole view”
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problem. However, similar to large fixed-source devices, this setup incurs higher costs.
Additionally, the positions and deviation angles of the reception probes are often difficult
to determine precisely. The ground-hole setup is illustrated in Figure 3.
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In the exploration of underground mineral resources, the ground-hole TEM is one
of the widely applied techniques [21], originally developed abroad. In 1984, Newmont
Corporation conducted ground-hole TEM detection on a copper–iron–lead–zinc polymetal-
lic deposit in New South Wales, collecting data in the drillhole using a single-component
measurement device to determine the dip, depth, and trend of the ore body [22]. J. R.
Bishop et al. [23] applied the ground-hole TEM at the Reynoldsville tin mine in western
Tasmania, successfully detecting tin-bearing pyrite veins beyond a depth range of over
1000 m underground. At a drillhole depth of 540 m and a distance of 75 m from the drillhole,
a concealed blind ore body was discovered.

Although the ground-hole TEM has made significant theoretical progress domestically,
it has primarily been used in conjunction with drilling and other methods for validation,
and there are not many cases of its direct application in mineral resource exploration. In
2013, Jie Zhang et al. [24] employed the ground-hole TEM to conduct detection work in the
Huangshanling lead–zinc mine area in Chizhou City, Anhui Province, China, successfully
detecting a blind ore body adjacent to the drillhole at an underground depth of 690 m. In
2022, the Geophysical Exploration Research Institute of the China National Coal Geological
Bureau conducted detection at a coal mine in Shanxi, successfully identifying anomalies
located 100 to 200 m below the coal seam. The data were inversely processed to establish a
coal strata goaf model [25].

In summary, the ground-hole TEM is widely applied in the detection of deep concealed
ore bodies and goaf areas, becoming an important technology in the field of geological
exploration. To further enhance the performance of this technology, future research and
development efforts will focus on increasing the detection depth of the devices, including
technical improvements to existing equipment, the precise construction of multi-component
coordinate systems for probes, and accurate calibration of probe deviation systems.

2.3. Dynamic Source Devices
2.3.1. The Central Loop Method

The central loop method is one of the most commonly used coil device forms in TEM
sounding. The transmitting loop and receiving loop are coplanar, with the receiving loop
positioned at the center of the transmitting loop. The advantages of the central loop device
lie in its simple structure, portability, and ability to achieve optimal coupling with the
target body. It is especially suitable for high-resolution detection of shallow geological
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structures, and can achieve a certain exploration depth [26–28]. By adjusting the size of the
transmitting coil, the central loop device can adapt to exploration needs under different
terrain conditions, demonstrating excellent adaptability [29]. However, this type of loop
device also has some limitations. For example, its detection depth is mainly restricted by
the length of the transmitting loop’s sides, requiring precise control to achieve optimal
detection results [30]. In specific environments, such as the seabed, the central loop device
has poor resolution capabilities for a high-resistivity seabed [31]. Central loop devices are
shown in Figure 4.
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Transient electromagnetic central loops have a wide range of applications in the field
of geological exploration, including the detection of shallow coal seam goaf areas and
geoelectric model detection under complex terrains [32]. In 2019, Zhigang Li [33] applied
the transient electromagnetic central loop in the survey of the Second Ring Road Tunnel
in Tangshan City, identifying the distribution of karst and goaf areas beneath the tun-
nel. In 2020, Songwei Guo et al. [34] used the transient electromagnetic central loop in
the construction of a water well in an agricultural development zone in Ming’an Town,
Urat Front Banner, Inner Mongolia, precisely locating concealed faults and effectively
preventing the risk of dry wells. In 2023, Hui Zhao et al. [35] employed a ground-based
transient electromagnetic central loop device in a coal mine in northern Shaanxi, success-
fully investigating the extent and water accumulation of a large-scale shallow coal seam
goaf area.

In summary, the central loop technology plays a crucial role in detecting shallow coal
seam goaf areas and geoelectric models under complex terrains. However, the limitations
imposed by the transmitting loop frame on detection depth and the insufficient resolution
capabilities for high-resistivity seabed are current technical challenges. To overcome these
limitations, it is necessary for future development directions to focus on reducing the
constraints of loop frame size on detection depth and improving the central loop device’s
resolution capabilities for high-resistivity seabeds.

2.3.2. The Overlapping Loop

The overlapping loop (also known as the co-loop) is essentially a special type of
central loop achieved by overlapping the transmitting and receiving coils. This device
typically consists of two or more overlapping loops, and during operation, the transmit-
ting and receiving coils move simultaneously [36–39]. Additionally, overlapping loops
exhibit stronger adaptability to different geological conditions [40], and the accuracy of
data interpretation is further enhanced [41]. However, early overlapping loops suffer from
mutual inductance between the transmitting and receiving coils, resulting in blind zones
in shallow exploration. Overlapping loop devices are not suitable for frequency-domain
electromagnetic methods [42], and this specificity requires that, when designing and apply-
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ing overlapping loop devices, their specific requirements and limitations in TEM must be
considered. Overlapping loop devices are shown in Figure 5.
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Figure 5. The overlapping loop.

Transient electromagnetic overlapping loops are widely applied in geotechnical engi-
neering surveys, hydrogeological investigations, mineral resource exploration, and geologi-
cal disaster investigations. In December 2016, Haiyan Yang et al. [41] conducted a transient
electromagnetic forward prediction experiment using overlapping loops in a coal mine,
validating the effectiveness of the overlapping loop delay correction method and forward
prediction technology. In June 2019, Sidi Ma [43] used a new overlapping loop transient
electromagnetic coil device in the detection of a segment of the Xiaojian River Channel of
the Hangzhou-Ningbo Grand Canal, successfully obtaining the actual excavation depth of
the canal embankment. In January 2021, Dingyuan Zhuang [44] used overlapping loops to
conduct exploration work in the goaf area of a coal mine, verifying that this method has
significant advantages such as short construction preparation time and high operational
efficiency, and obtaining geoelectric cross-section information of the goaf area. In July
of the same year, Runping Guo et al. [45] used a large-current, multi-turn overlapping
loop device to conduct transient electromagnetic surveys for water diversion projects in
tunnel excavations, successfully delineating the range of anomalies such as goaf areas and
water-bearing structures.

In summary, overlapping loop devices have significant advantages in deep exploration
fields such as engineering surveys, hydrogeological investigations, and disaster exploration.
However, they present considerable blind zones in shallow detections. To overcome
this challenge, current research and development efforts focus on effectively reducing
mutual inductance, thereby expanding the application range of overlapping loop devices
in shallow detections and achieving more comprehensive geological and environmental
information acquisition.

2.3.3. The Transient Electromagnetic Dipole Device

The transient electromagnetic dipole device first appeared in 1933, when it was pro-
posed by the American scientist L.W. Blau [46]. Its basic principle is to equivalently
represent the radiating probe as a magnetic dipole, utilizing the radiation effect of magnetic
dipoles on electromagnetic waves in the air to achieve the detection and analysis of targets.
Dipole devices can be specifically categorized into vertical magnetic dipole devices, coaxial
horizontal magnetic dipole–dipole devices, and quasi-dipole devices. The advantages of
dipole devices are primarily reflected in the following aspects [47–49]: their low sensitivity
to primary fields significantly enhances detection accuracy; they exhibit strong resolution
capabilities in shallow detection, particularly suitable for complex environments such as
the seabed; their operational flexibility and convenience make them ideal for fieldwork;
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compared to overlapping loop devices, dipole devices have obvious advantages in resolu-
tion and the accuracy of determining the position of anomalous bodies. Their limitations
are manifested as follows [50]: when the dipole spacing is large, the induced signals are
relatively weak, making the precise localization of anomalous bodies difficult; their detec-
tion depth and signal strength are generally inferior to those of overlapping loop devices;
dipole devices exhibit non-negligible errors between the approximate and exact solutions
of field points within the emitting loop area, which is particularly critical for high-precision
detection. Dipole devices are illustrated in Figures 6 and 7.
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The transient electromagnetic dipole devices have been proven suitable for various ge-
ological exploration scenarios, including seabed detection, hydrogeological surveys, tunnel
advance geological forecasting, and shallow coal seam goaf detection. In terms of specific
applications, some foreign scholars conducted early research on the application of dipole
devices in seabed electromagnetic detection methods [51]. In 1988, R. N. Edwards studied
a towed two-dimensional electric dipole–dipole seabed electromagnetic system, exploring
the optimal time delay or frequency for electromagnetic imaging of seabed conductivity.
These studies provided limited descriptions of the actual operational characteristics of
dipole devices. Domestically, in 2015, Huiyun Li [52] successfully applied TEM dipole
devices to mine water hazard prevention, proposing directions for improvement. In 2016,
Guangmao Zhao [53] conducted transient electromagnetic response calculations based on
irregular magnetic dipole sources, applying them to railway goaf detection and groundwa-
ter exploration in complex terrains. In 2021, Cunhuan Shi et al. [54] utilized coaxial dipole
devices for tunnel advance geological forecasting studies, employing three-dimensional
finite element forward modeling to verify their application potential in railway tunnel
advance geological forecasting.

In summary, the application scenarios of the transient electromagnetic dipole de-
vices have gradually expanded from initial seabed detection to hydrogeological surveys,
coal seam goaf detection, and tunnel advance geological forecasting. Additionally, this
study found that the research interest in this type of device has declined over the past
five years. This phenomenon can be attributed to two factors: first, the inherent limi-
tations of dipole devices have somewhat restricted their application in broader scenar-
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ios; second, the continuous innovation of transient electromagnetic coil devices in recent
years has provided researchers with more options, thereby affecting the relative status of
dipole devices.

2.3.4. The Well-Ground TEM

The well-ground TEM detects underground resistivity anomalies by emitting signals
from downhole and receiving them at the surface [55]. Due to limited underground
construction space, the emitting device typically employs multi-turn small-loop devices
with diameters ranging from approximately one to three meters [56]. To maximize the
reception of the magnetic fields generated by the downhole emitting coils, the receiving
coils are often larger square or rectangular loops [57]. The advantages of this setup include
the following: the emitting device’s small size minimizes the impact of equipment volume,
making it almost negligible; the compact device offers significant flexibility, which is
especially advantageous in the confined spaces of mines; multi-turn small loops can detect
signals in different directions, providing strong directional sensitivity; the larger receiving
coils can capture secondary field signals as completely as possible. However, the multi-
turn small-loop devices have numerous turns, resulting in prolonged cutoff times; their
small size leads to weaker and less stable signal strengths [58]. The well-ground device is
illustrated in Figure 8.
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Well-ground TEM coil devices possess unique advantages in deep anomaly detection
and are widely used in mine advance detection and mine goaf water accumulation zone
detection [59]. In foreign resource exploration, the focus is primarily on oil exploration,
predominantly utilizing large fixed-source devices, with slow progress in the development
of small-loop devices, resulting in few engineering cases [60]. Domestically, the initiation
of well-to-ground transient electromagnetic work occurred later. In 2005, Shi Han [61]
successfully applied TEM dipole devices to mine water hazard prevention at the Xinzheng
Thermal Power Plant, proposing improvement directions through repeated observations of
anomalous points to accurately locate water-bearing zones. In 2022, the Geophysical and
Geochemical Exploration Research Institute of the Chinese Academy of Geological Sciences
conducted mineral exploration in the Qingchengzi Baiyun Gold Mine area in Liaoning,
using the Canadian Crone PEM system for simultaneous downhole and surface detection.
An anomaly was detected at depths of 1400 m to 1650 m, identified as a concealed fault
zone, laying the foundation for subsequent resource extraction [62].

In summary, well-ground TEM devices play a crucial role in mine advance detection
and mine goaf water accumulation zone detection. To further enhance their detection accu-
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racy and efficiency, current research focuses on reducing the inductive effects of emitting
coils, lowering background noise, and improving the signal-to-noise ratio; increasing the
signal strength of emitting coils, and enhancing signal penetration and coverage.

2.3.5. Magnetic Induction Probes

Magnetic induction probes are small coils wound with coaxial induction coils on a
magnetic core, utilizing multiple turns of copper wire to enhance magnetic flux detection
capability, thereby enabling the sensing of weaker magnetic field signals [63]. The magnetic
induction probe device is illustrated in Figure 9.
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In the 1970s, the Greek company CRONE developed a magnetic induction probe
capable of measuring signals by adjusting angles, which was used for karst detection in
karst basins [64]. In the same year, the Canadian company GEONICS combined the EM
series emission system with magnetic induction probes to identify underground water
resources in Charlevoix, Quebec [65].

In 2013, Kaibin Wang from the Xi’an Research Institute combined magnetic induction
probes as receiving devices with the TEM system, successfully applying them to advance
detection in the southern wing of the Wangzhuang coal mine [66]. In recent years, the Xi’an
Institute of the China Coal Research Institute has conducted extensive forward modeling,
signal feature analysis, and interpretation method research for drilled hole TEM [67,68].

Magnetic induction probes are highly sensitive and easily affected by environmental
interference, hence they are mostly used in combination with drilled hole TEM. Placing
the probe within the borehole offers the advantages of greater detection depth, higher
resolution, and reduced electromagnetic noise and anthropogenic interference, meeting the
detection needs for deep mineral exploration and precise water hazard prevention.

2.3.6. Bucking Coils

The introduction of bucking coils is designed to mitigate the mutual inductance
between the transmitting and receiving coils. This is achieved by generating a magnetic field
opposite to that of the transmitting coil, thereby eliminating or reducing the influence of the
primary magnetic field on the receiving coil. Consequently, this reduces the contamination
of early secondary magnetic field signals by primary magnetic field signals [69]. Thanks to
this compensatory design, bucking coils exhibit a larger transmission magnetic moment,
higher coupling strength between the receiving coil and underground objects, superior
signal-to-noise ratios, and enhanced system flexibility. However, in ground-based small-
loop TEM systems, the size of the receiving coil in the bucking coil is constrained, leading
to insufficient bandwidth. Additionally, it may introduce near-field effects, creating blind
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zones for shallow detection [70]. In large-scale systems, bucking coils are typically large
and heavy. Bucking coil devices are depicted in Figures 10 and 11.
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Both domestic and international scholars have conducted extensive research on buck-
ing coils, introducing innovations and improvements from various perspectives. In 2007,
Witherly et al. [71] based on the VTEM system, proposed the incorporation of concentric
bucking coils to achieve full-wave electromagnetic response recording. In 2013, Kuzmin
et al. [72] analyzed the impact of integrating bucking coils on the dynamic range of re-
ceived signals. In 2017, Zongyang Shi et al. [73] introduced a novel bucking coil suitable
for the airborne transient electromagnetic method (ATEM) system, which reduced the
size and weight of the ATEM system, enhanced installation convenience and system ef-
ficiency, and minimized the reverse impact of the magnetic moment. In 2021, Jun Lin’s
team innovatively developed a non-coplanar bucking compensation structure. Compared
to traditional designs, this new structure not only successfully overcomes near-field ef-
fects, but also alleviates the size constraints of the receiving coil. Moreover, this method
significantly suppresses primary field coupling and offers good tolerance for installation
precision. In practical engineering applications, bucking coils are predominantly used
in geotechnical engineering surveys, mineral resource exploration, and shallow water
area investigations [74].
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In summary, bucking coils are primarily integrated with ATEM systems. Additionally,
some studies have explored the fusion of bucking coils with towed systems, successfully
achieving the desired optimization effects. Given that China’s drone technology has
already reached world-leading levels, it is anticipated that in the future, bucking coils will
leverage their technical advantages in the ATEM field to achieve deeper integration and
innovation with drone technology, further expanding their application potential in the field
of electromagnetic exploration.

2.3.7. The Opposing Coils

The coil configuration of the opposing-coils TEM (OCTEM) was first publicly intro-
duced by Zhenzhu Xi’s team in 2016. This technology was developed to eliminate the
induced electromotive force inherent to the receiving coil itself. The fundamental principle
involves using two parallel, coaxial coils with identical numbers of turns [75]. By passing
reverse currents through these coils, their magnetic fields cancel each other out, serving as
the emission source and generating a pure secondary field response signal. Compared to
traditional coil devices, the equivalent opposing magnetic flux coil system offers significant
advantages. OCTEM technology effectively reduces blind zones in shallow detection by
monitoring the pure secondary field response underground. The dual-coil source design
concentrates the energy of the ground-centered coupled field and minimizes side effects,
thereby enhancing the lateral resolution of shallow anomalies. The miniature coil design
employed by OCTEM facilitates the integration of transmitting and receiving antennas,
which not only benefits field operations in confined work areas, but also ensures consis-
tency across observation points, thereby improving data reliability. However, such devices
require precise coil deployment in practical applications, as even minor variations can
prevent the complete elimination of the primary field. The equivalent opposing magnetic
flux device is illustrated in Figure 12.
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Since its inception, OCTEM technology has rapidly gained widespread adoption and
application, further advancing related research in the field. In 2017, the Third Railway
Survey and Design Institute Co., Ltd. [76] utilized the HPTEM-08 high-precision transient
electromagnetic system, jointly developed by China Hunan Wuwei Geological Technology
Co., Ltd. and Central South University, to survey concealed karst features in the runways
of Guangzhou Baiyun Airport. The successful implementation of this survey not only
validated the effectiveness of the OCTEM device but also marked the first commercial
application of OCTEM technology. In 2021, Xinyi Fan et al. [77] addressed the operational
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challenges of mechanically adjusting the receiving coil to the zero magnetic flux plane in
OCTEM devices by designing and developing a self-balancing equivalent opposing mag-
netic flux transient electromagnetic instrument. They conducted underground detections
in a mine in Yunnan, verifying the instrument’s effectiveness and accuracy. OCTEM has nu-
merous application cases and a wide range of scenarios [78–86], including the exploration
of underground concealed karst, faults, and pipelines; exploration of mining void areas;
exploration of mineral and water resources; exploration of karst, faults, and oil pipelines
in shallow water areas; exploration of subway solitary stones; and detection of leakage
and seepage hazards in landfill sites and levees. In terms of detection depth, based on
existing cases, OCTEM has no blind zones in shallow layers and can reach depths of several
hundred meters.

As an emerging and rapidly developing geophysical exploration technology, OCTEM
has demonstrated its efficiency and reliability through successful applications across multi-
ple fields. The technology has already shown exceptional capabilities in detecting shallow
geological structures, and with ongoing advancements in research, OCTEM is expected to
exhibit greater potential in deep geological exploration.

2.3.8. Others

In recent years, the research area of transient electromagnetic coil devices has become
increasingly active [87,88]. Beyond the commercially applied coil devices discussed earlier,
numerous scholars have also focused on designing and developing novel coil devices.

Guocai Li et al. proposed an “8”-shaped transmitter coil design [89,90]. Through
simulation analysis and comparative experiments, they found that the “8”-shaped coil
provides a stronger primary field signal in near-distance detection, enhancing the signal-
to-noise ratio and reducing interference. In far-distance detection, it improves focusing
capability, thereby increasing detection range and accuracy. However, under the same
switching-off time, its shallow layer resolution may be inferior to that of single-loop systems.
The device is illustrated in Figure 13.
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Haiyan Yang et al. introduced a conical field source coil device [91–93]. Their research
demonstrated that the mutual inductance coefficient of the conical field source coil is only
1/9 that of traditional multi-turn small loops. Additionally, its secondary field and overall
transient field response are stronger than those of conventional multi-turn coils, effectively
addressing issues such as high mutual inductance and prolonged switching-off times
in traditional multi-turn overlapping small loop transmitter sources. This enhances the
capability for shallow detection. The device is shown in Figure 14.
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Figure 14. Conical field source coil.

Xiongwu Hu et al. developed a co-centered zero magnetic flux coil winding
method [94]. Comparative analysis revealed that zero magnetic flux coils significantly
reduce primary field interference compared to central coils, improve the fidelity of early
transient field signals, and effectively eliminate the detection blind zones associated with
traditional TEM in shallow exploration. However, the signal-to-noise ratio for late-time
data still requires further optimization by increasing the number of turns in the receiving
coil. The device is depicted in Figure 15.
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3. Analysis and Discussion of Different Coil Device Characteristics
3.1. Characteristics

Fixed-source devices typically have a simple structure and only require effective
detection of electromagnetic field changes, with design priorities focused on sensitivity
and stability. In contrast, moving-source devices consider factors such as coil size, number
of turns, and layout, striving to enhance emission efficiency and detection depth without
compromising portability and speed. Among existing commercial transient electromagnetic
coil devices, moving-source devices are more prevalent than fixed-source devices due to
differences in the amount of detectable information. To obtain sufficiently rich data, fixed-
source devices are costly and inconvenient to use, and they face construction challenges
in complex geological conditions. Moving-source devices effectively address these issues.
Depending on different operational needs, the design philosophy of coils varies. For
depth measurement requirements, devices are usually designed with larger sizes and
higher emission currents. To minimize detection blind zone, coil designs aim to reduce
primary field interference as much as possible. Consequently, the characteristics of coil
devices differ, with common features including detection depth, resolution, and detection
blind zone.
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This chapter will analyze the three main characteristics of coil devices: detection depth,
resolution, and detection blind zone. Due to the significant influence of coil size on coil
properties and the lack of uniformity in sizes across different types of coil devices, this
chapter will only provide a rough quantitative analysis.

3.1.1. Detection Depth

Detection depth is one of the most important indicators in survey work [95]. The
detection depth H of coil devices is limited by various conditions, with two key factors
being the selection of coil parameters and the resistivity of the overlying layer [96]. The
detection depth of coil devices is primarily determined by the resistivity ρ of the overlying
layer in the detection area, the magnetic moment M of the coil device, and the minimum
discernible voltage η, as shown in Formula (1).

H = 0.55
(

Mρ1

η

) 1
5

(1)

From the above equation, it can be seen that increasing the magnetic moment of the
coil device or reducing the minimum discernible voltage can enhance the detection depth
of the device. The magnetic moment depends on the magnitude of the emission current
and the area of the emitting coil.

The specifications for detection depth (maximum detection depth) in this section are
provided in Table 2.

Table 2. Maximum depth specification.

Detection Depth Metric Specified Range

Extremely deep >2000 m
Deep 200~2000 m

Deeper 100~200 m
Shallower 50~100 m
Shallow <50 m

For fixed-source devices, the emitting coils can carry large currents and are typically
large in size, providing substantial magnetic moments. Among coils of the same size,
ground-well devices employ surface emission and tunnel or borehole reception, resulting
in the receiving probes being closer to the anomalous body. This proximity enhances the
resolution capability for the anomalous body, and thus ground-well devices generally
achieve greater detection depths than large fixed-source loops.

In contrast, moving-source devices have significantly smaller emitting coils compared
to fixed-source devices, resulting in shallower detection depths. Taking the central loop
as a baseline, overlapping loops with coils of the same size can better receive response
signals, thereby achieving greater detection depths. Dipole devices, due to the separa-
tion between transmitting and receiving coils, have a smaller magnetic field distribution,
resulting in smaller magnetic moments compared to central loops, and thus shallower
detection depths. Ground-well devices, with multi-turn small-loop emitting coils, have
larger magnetic moments and the emitting coils are closer to the target bodies, leading to
deeper detection depths. Magnetic probe devices incorporate magnetic cores internally,
which better stimulate the electromagnetic field, granting the device a larger magnetic
moment, and thus deeper detection depths, compared to central loops. Bucking coils, due
to their compensatory design, have larger emission magnetic moments, resulting in greater
detection depths. Equivalent reverse magnetic flux coils, with their symmetrical design,
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completely eliminate primary field interference. However, due to their precise design and
smaller emission currents, their detection depth is extremely limited.

In summary, the detection depths of various devices are illustrated in Figure 16.
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Figure 16. Comparison diagram of detection depth of each coil device.

3.1.2. Resolution

The resolution of a coil device is an indicator of its ability to distinguish and identify
different underground geological structures or feature details during the detection process.
Resolution is influenced by various factors, including the coil arrangement, noise levels
in the detection area, and the excitation method of the emission coil [97,98]. Different coil
arrangement methods result in varying coupling responses to target bodies, leading to
differences in resolution. The better the coupling effect, the higher the resolution.

The size and shape of coil devices directly impact their resolution. Smaller coil devices
can provide higher spatial resolution, allowing for more precise detection of subtle changes
in target layers, resulting in higher resolution. Strong noise in the target area can interfere
with the response signals at the receiving coil, reducing resolution. Coils with magnetic
cores have larger emission magnetic moments, enhancing radial detection resolution.

In addition to the influence of the coils themselves, the arrangement of survey lines
and measurement points, as well as data processing methods, significantly affect the
resolution of coil devices. Therefore, this section cannot provide precise quantitative
specifications for the resolution of coil devices, but can only qualitatively compare the
resolution characteristics among different coil devices.

For fixed-source devices, central loops and large fixed-source loops are structurally
similar, differing mainly in size. Using the central loop as a baseline, the emission coil
can achieve optimal coupling with geological bodies, with minimal volumetric effects
and higher resolution. However, the signal intensity of central loops is generally less
stable than that of large fixed-source loops. Qualitatively, large fixed-source loops have
higher resolution than central loops. Ground-well devices have higher resolution than
large fixed-source loops because underground observations can reduce the impact of cover
layers on observation effects, with fewer interference factors, resulting in higher resolution
and accuracy.

For moving-source devices, overlapping loops have lower resolution than central
loops due to greater interference from primary fields. Dipole devices differ from central



Water 2025, 17, 171 17 of 24

and overlapping loops in that the centers of the transmitting and receiving coils do not
coincide, resulting in smaller responses to target bodies and weaker signals, and thus
lower resolution. Ground-well devices, utilizing multi-turn small-loop emission coils, have
larger magnetic moments and the emission coils are closer to the target bodies, resulting
in higher resolution. Magnetic induction probe devices, with transmitting and receiving
coils located within boreholes and in close proximity, can better couple with the magnetic
field, thus achieving higher resolution. Bucking coils and equivalent reverse magnetic flux
coils can both reduce primary field interference to obtain higher quality response signals.
Theoretically, equivalent reverse magnetic flux devices can achieve detection without
blind zone.

In summary, the resolutions of various coils are illustrated in Figure 17.
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3.1.3. Detection Blind Zone

The detection blind zone of a coil device is an indicator of the survey range. Detection
blind zone refers to the shallow area that the device cannot detect. The larger the detection
blind zone, the more extensive the shallow area that remains undetected.

Detection blind zone is primarily determined by the inductive effects and cutoff time
of the coils [99,100]. In the early stages, strong self-induction signals make it difficult
to discern useful signals, thereby creating blind zones. Additionally, mutual inductance
between coils prolongs the cutoff time of the coils, increasing the shallow detection blind
zone. The magnitude of the current directly affects the detection depth and signal-to-noise
ratio, but excessively large currents can also increase the cutoff time of the coils, enlarging
the device’s blind zone.

The specifications for detection blind zones (maximum detection blind zone) in this
section are provided in Table 3.

For fixed-source devices, large fixed-source loops are sizeable and typically capable
of detecting depths of several hundred to even thousands of meters. Their large emission
currents result in relatively large blind zones. Ground-well devices, being closer to the
target bodies, have smaller blind zones compared to large fixed-source loops.
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Table 3. Maximum detection blind zone specification.

Detection Blind Zone Metric Specified Range

Very large >200 m
Large 150~200 m

Relatively large 100~150 m
Medium 50~100 m

Relatively small 30~50 m
Small 10~30 m

Very small <10 m

For moving-source devices, taking the central loop as a baseline, overlapping loops
with coils of the same size have significantly larger detection of blind zones due to pro-
nounced inductive effects and prolonged cutoff times. Dipole devices, differing from
central and overlapping loops in that the centers of the transmitting and receiving coils
do not coincide, exhibit smaller responses to target bodies and weaker signals, resulting
in lower resolution. Ground-well devices, utilizing multi-turn small-loop emitting coils,
possess stronger mutual inductance, leading to longer cutoff times and larger blind zones.
Magnetic probe devices, with transmitting and receiving coils placed within boreholes and
in close proximity, can approach target bodies more easily, resulting in smaller blind zones.
Bucking coils, with their compensatory design, mitigate inductive effects, resulting in very
small blind zones. Equivalent reverse magnetic flux devices can eliminate primary field
interference, theoretically achieving zero blind zones.

In summary, the blind zone levels of various coil devices are illustrated in Figure 18.
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Figure 18. Comparison diagram of blind zones detected by various coil devices.

3.2. Discussion

Different application scenarios and detection requirements have driven the evolution
of transient electromagnetic coil devices from the initially simple central loop design to
more diverse coil forms. Concurrently, the emergence of new coil forms continues to
optimize the application effectiveness of transient electromagnetic methods, providing
more options for practical engineering projects.

Given that the same type of coil device is often suitable for multiple application
scenarios, this study conducts a comprehensive analysis of each type of coil device across
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three dimensions: detection depth, resolution, and blind zones. A comprehensive analysis
of each coil device type is presented in Table 4.

Table 4. Comprehensive analysis of various types of coils.

Device Classification Detection Depth Resolution Detection Blind Zone

The large fixed-source loop Extremely deep High Large
The ground-hole TEM Extremely deep Extremely high Very large

The central loop method Deeper Medium Medium
Overlapping Coils Deep Lower Relatively large

The transient electromagnetic dipole device Shallow Low Small
The well-ground TEM Deep High Relatively large

Magnetic induction probes Deep High Relatively small
Bucking coils Shallower Higher Very small

The opposing coils Shallow High Very small

After undergoing long-term technological evolution, magnetic source transient elec-
tromagnetic coil devices have become increasingly diversified and refined in their designs
to accommodate different geological environments and detection needs. However, coil
devices still face some common issues: there are inductive effects between coils, leading
to excessively long shutdown times; coil devices are susceptible to interference from envi-
ronmental noise signals; due to their high sensitivity to low-resistivity anomalies, metals
in the construction environment can also affect transient electromagnetic detection; and
for deeper detection tasks, the signal strength and stability of coil devices remain insuf-
ficient. Addressing these issues continues to be a trend in the development of transient
electromagnetic coils.

Despite these challenges, magnetic source transient electromagnetic coil devices hold
significant potential for applications in future underground space development through
technological innovation and structural optimization, promising to provide more precise
and efficient solutions in the field of geophysical exploration. The application of magnetic
source TEM devices will become more widespread, with development trends focusing on
the following three aspects.

The first aspect is multifunctionality. Future detection devices will possess multiple
detection functions, integrating various types of coils to combine different detection capa-
bilities tailored to diverse engineering environments. Devices will also incorporate data
analysis functions, processing information concurrently with data collection to provide
more accurate analyses of underground structural data. Additionally, future advancements
will enhance the noise interference resistance of magnetic source devices, improving their
adaptability to complex environments.

The second aspect is automation. Future detection devices will achieve intelligent
recognition and extraction of electromagnetic signals, accurately identifying the response
signals of target geological bodies to obtain precise geological information. Coil devices will
also be integrated with imaging systems, automatically processing and imaging data while
acquiring geological information, making detection work more convenient and efficient.

The third aspect is intelligence. Future detection devices will integrate with artificial
intelligence tools such as drones and unmanned vehicles, mounting detection coils on
unmanned platforms. Through information control systems, these devices will be remotely
operated in real-time, capable of obtaining accurate information in extreme geological
conditions, such as underground abandoned spaces, high-temperature and high-pressure
environments, and forests, which are areas difficult for humans to access.

With the advancement of artificial intelligence technology, remote detection will be
realized, enhancing detection efficiency and accuracy. Coil devices will also integrate
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more functions to meet the diverse detection needs in complex environments, thereby
reducing the limitations of single-function applications. Furthermore, improving coil
structural design and enhancing manufacturing processes will further elevate coil perfor-
mance, optimizing their applicability and detection effectiveness under different geological
conditions. In the future, magnetic source transient electromagnetic detection devices
will evolve towards greater depth measurement, higher (lateral) resolution, non-contact
coupling, and efficient detection, holding infinite possibilities for TEM in the field of
geophysical exploration.

4. Conclusions
This study summarizes the working principles and application scenarios of various

magnetic source transient electromagnetic coil devices and analyzes the characteristics of
different devices. The conclusions are as follows:

(1) The TEM coil devices are categorized into fixed source devices and mobile source
devices based on whether the transmitter is stationary. Fixed source devices typically
offer higher resolution and greater detection depth. Mobile source devices exhibit
strong environmental adaptability, are easy to transport and operate, and are effective
in acquiring abundant geological information.

(2) Fixed-source TEM devices are typically larger in size and possess strong emission
currents, enabling substantial detection depths and high resolution. However, these
devices are cumbersome to install, have low construction efficiency, provide lim-
ited data, and incur higher costs. In contrast, moving-source devices are generally
smaller, easier, and quicker to install, with weaker emission currents and limited
detection depth.

(3) Large fixed-source loops and well-ground devices utilize substantial emission coils
to generate strong magnetic fields. Central loops, with their simple structure, facili-
tate optimal coupling with targets. Overlapping loops possess larger emission and
reception magnetic moments. Dipole devices have been largely replaced by newer
technologies. Well-ground devices employ multi-turn small loops for emission coils,
providing large magnetic moments and extensive receiving units for deep detection.
Magnetic induction probes effectively address the “one-hole view” limitation in bore-
hole detection. Bucking coils and equivalent reverse magnetic flux devices reduce
primary field interference to obtain higher quality response signals, with the latter
theoretically eliminating detection blind zones.
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