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1. Introduction

Super-low-frequency (SLF) (30–300 Hz) electromagnetic tech-
nology was first used in military to submarine deep water commu-
nications. In the 1950s, to strengthen the concealment and
survivability of strategic missile nuclear submarines, both the
United States and the Soviet Union began to study SLF communica-
tions, with the aim of achieving communications between land
command centers and submarines at depths of below 100 m and
distances of thousands of kilometers. In 1969, the US Navy built
an SLF test facility in the low-conductivity granite area of Clam
Lake, Wisconsin (Wisconsin test facility (WTF)). Later, in 1972,
the Navy successfully established communications between a sub-
marine at an underwater depth of 102 m and a distance of 4600 km
away. Then, in the 1980s, the United States upgraded the WTF sta-
tion to an official work station and built a new test facility in
Michigan (Michigan test facility (MTF)). At the same time, the
Soviet Union built the Zeus station in the low-conductivity area
of the Kola Peninsula and was also successful in implementing
the strategic command communication with nuclear submarines
underwater [1–5].

In the 1990s, the United States and Russia began to study com-
munication problems at lower frequencies (0.1–30 Hz), while
expanding the fields of research to geophysics, space physics, and
more. An international extremely low frequency (ELF) research
project (Fig. 1) was also publicly proposed.

At this point, it should be noted that, according to Chinese radio
frequency division standards, the frequency range of 0.1–300 Hz
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includes the tremendously low frequency (TLF) (0.03–0.3 Hz), ELF
(0.3–30 Hz), and SLF (30–300 Hz) bands. For easier expression,
we refer to 0.1–300 Hz as the ELF band in this article.

China’s first ELF test facility was established in the 1990s, based
on the introduction of Russian technologies, providing a hard-
earned platform for theoretical and applicational research on ELF
electromagnetic technology. In 2000, the academicians Jianxun
Lu and Zongjin Ma were the first to carry out a research project
on this topic under the Chinese Academy of Engineering. The
project, which was named ‘‘Research on Seismic Prediction and
Underground Resource Detection System Using ELF/SLF Radio
Waves,” studied the earth–ionosphere waveguide propagation
technology of ELF electromagnetic waves in detail [6,7]. To address
the shortcomings of low power, small signal coverage (10–20 km),
and shallow detection depth (1–1.5 km) of the mobile emission
sources used in the existing artificial-source electromagnetic
method (e.g., controlled source audio frequency magnetotellurics
(CSAMT)) [8], a new artificial-source electromagnetic method
was proposed by the project, which focused on the application of
fixed high-power transmission signals propagating through an
earth–ionospheric waveguide. This method greatly expands the
radius of applicable signals to thousands of kilometers and deepen
the lower exploration depth to 10 km. The scope of application of
the existing artificial-source electromagnetic method was also
greatly expanded. In order to distinguish this new technology from
other geophysical electromagnetic technologies, we named this
method as the wireless electromagnetic method (WEM).

To better study and apply the WEM method, and to exert its
effectiveness in resource detection and earthquake prediction, a
construction plan for the infrastructure required to apply the
WEM method was proposed: the ELF engineering project for
underground exploration (also known as the WEM project) [9]. In
2005, several tests of WEM applications in resource detection
and earthquake prediction were carried out by the ELF test facility.
The tests generated numerous preliminary positive results, sug-
gesting that this method is effective [10,11]. In 2006, theWEM pro-
ject was listed as one of the major National Science Technical
Infrastructure Construction Projects in the 11th Five Year Plan
Period in China.

2. Overview of the WEM project

2.1. Goals

The goals of the WEM project are as follows.
(1) To construct experimental facilities such as an ELF transmis-

sion station, which has the ability to transmit 0.1–300 Hz ELF
electromagnetic signals with a high signal-to-noise ration (SNR),
effectively covering all Chinese land and territorial waters.

(2) To carry out theoretical and methodological research on the
WEM method and on its applications in resource exploration and
earthquake prediction by taking advantage of the deeper propaga-
tion and larger signal-coverage mechanism of ELF electromagnetic
waves.

(3) To explore new theories of deep resource exploration under
complex geological environments and new laws and mechanisms
of the electromagnetic anomaly precursors of earthquakes, and to
promote original research results in these areas of great scientific
significance.

(4) To promote the development of disciplines such as geo-
physics, space physics, and radio physics.

2.2. Achievements of the WEM project

Construction of the ELF transmitting station and other support-
ing infrastructure, both for resource exploration and earthquake
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prediction, has been completed. Further research on the principles
and engineering applications of the WEM method has been carried
out at these facilities on topics such as resource exploration, earth-
quake prediction, and continental shelf signals testing, and a num-
ber of achievements have been obtained, as described below.

2.2.1. Establishment of the first civilian high-power ELF transmission
station

A high-power transmission station (known as a WEM station
for short) was established in a low-conductivity area in central
China. The station has two nearly orthogonal transmitting anten-
nas: The east–west antenna is about 80 km long, and the north–
south antenna is about 60 km long. Each antenna is equipped with
a 500 kW transmitter (Fig. 2 shows the equipment and facilities of
the transmitting station) and is grounded at both ends. The anten-
nas can transmit signals in 98 frequencies within the 0.1–300 Hz
ELF band approved by the Radio Administration of the Ministry
of Industry and Information Technology of the People’s Republic
of China. The frequency accuracy of the WEM station signals is bet-
ter than 3 � 10–8, while the frequency stability is better than
3 � 10–8. The stable and high SNR of the WEM station signals ful-
fills the requirements for resource exploration, earthquake predic-
tion, and other breakthrough scientific research fields (Fig. 3).

After theWEM station was built, the strength of its transmitting
signals was tested nationwide (from Mohe in Heilongjiang
Province, north China, to Kuitun in Xinjiang Uygur Autonomous
Region, west China). The test results showed that the coverage
radius of the signals at 0.5–300 Hz was as high as 2000–3000 km
with an SNR of 10–20 dB, while the coverage radius of signals at
0.1–0.5 Hz was 1000–2000 km with an SNR of 10–20 dB (Table 1).

2.2.2. Results of underground resource detection research and
application

The WEM method is a new artificial-source electromagnetic
method that differs from existing artificial-source electromagnetic
technologies in terms of its propagation mechanism and applica-
tion. Based on the characteristics of the WEM method, theoretical
research was carried out on the ELF electromagnetic waves propa-
gation mechanism and on the application of WEM in resource
detection. In addition, an ionosphere–atmosphere–earth coupling
model of ELF electromagnetic waves propagation and a WEM
data-processing platform were established. As a result, ultra-wide
networked deep three-dimensional (3D) ELF electromagnetic
exploration can be implemented to obtain high-precision and
high-resolution electrical structures within a depth of 10 km,
which can provide reliable geophysical models for oil, gas, and
mineral resource exploration [12–15].

During the construction of the WEM project, many experimen-
tal explorations were conducted in the Caosiyao molybdenum
mining area (Inner Mongolia Autonomous Region), the Biyang
Basin (Henan Province), the Mingyuexia structural area
(Chongqing and eastern Sichuan Province), and the Suining area
(Sichuan Province) (Figs. 4 and 5). All of these explorations verified
that the WEM method has the ability to improve geophysical
modeling for metallic minerals and oil and gas exploration, in
comparison with conventional techniques.

2.2.3. Results of earthquake-prediction research and application
An ELF electromagnetic signal observation network composed

of 30 fixed stations and twomobile stations (Tables 2 and 3), which
can continuously monitor both WEM signals and natural signals in
the ELF band at same time, was established in the key earthquake
disaster-prevention areas of the Beijing capital circle and the
southern section of the north–south earthquake belt. An earth-
quake service subsystem was established, including data transmis-
sion, monitoring, processing, management, and analysis services in



Fig. 3. Comparison of (a) electric-field (E) and (b) magnetic-field (H) power spectral densities from the WEM station and natural-source. x: north–south component; y: east–
west component; A: WEM signals; N: natural signals.

Fig. 2. Equipment and facilities of the WEM transmitting station. (a) The 2 � 500 kW transmitter; (b) the control cabinet; (c) the antenna tuning room; (d) the feeder tower.
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Table 1
Results from the strength test of the signals transmitted by the WEM station.

Frequency (Hz) Coverage radius of transmitting signals (km) SNR (dB)

0.1–0.5 500–1000 20
800–2000 10

0.5–10 2000 20
3000 10

10–300 3000 20
> 3000 10
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collaboration with the National Seismic Network. The subsystem
can monitor real-time dynamic changes in both the electromag-
netic field and underground electrical structure (e.g., electromag-
netic time series, frequency spectrum, and apparent resistivities)
in the Beijing capital region and the southern earthquake belt. All
these data can be used to study the relationship between and
mechanism of earthquakes and electromagnetic anomalies, and
improve our ability to monitor and predict earthquakes [16–18].

Since 2015, the electromagnetic monitoring network has pro-
duced a large amount of observational data covering the time
duration of many earthquake events, including a magnitude 5.1
earthquake in Yangbi (Yunnan Province) on March 27, 2017, mag-
Fig. 4. Comprehensive interpretation results from WEM exploration in the Caosiyao mo
indicates the horizontal range of the ore body; (b) inversion result of a cross-section, blac
number of survey line; F1–F4 mean the number of faults; Q is the Quaternary strata; E
granite.
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nitude 7.0 earthquake aftershocks in Jiuzhaigou (Sichuan Province)
on August 8, 2017, and a magnitude 5.4 earthquake in Qingchuan
(Sichuan Province) on September 30, 2017. Changes in the
electromagnetic field or underground electrical structure before
and after the event were clearly recognized before and after these
earthquakes. For example, a pulsation of apparent resistivity and
impedance phase at 74 Hz appeared a few weeks before the
Yangbi magnitude 5.1 earthquake (Fig. 6). As another example,
the fluctuation range of 4 Hz electromagnetic power spectral
density transmitted by WEM station began to increase eight days
before the Qingchuan magnitude 5.4 earthquake (Fig. 7). At
present, electromagnetic data from the WEM earthquake
subsystem has been included into the basic earthquake-prediction
database as one of the earthquake-prediction parameters.
2.2.4. Other breakthrough scientific research and applications
Based on the information gained from the international ELF

research project, ELF electromagnetic technology can be widely
applied in many scientific research fields, such as geophysics, space
physics, and more. During the construction of the WEM project,
experiments on continental shelf signals were carried out, which
demonstrated that the signals transmitted by the WEM station
lybdenum mine, Inner Mongolia. (a) 3D view of resistivity slices, black dashed line
k dashed line shows the vertical range of the molybdenum deposits. L1–L7 mean the
is Cenozoic Erathem strata; Mo is the molybdenum ore; Ar is Archean strata; c is



Fig. 5. Comparison of (a) WEM results and (b) seismic travel time (T) tomography section of an oil/gas structure in Mingyuexia, Chongqing. J is the Jurassic strata; T is the
Triassic strata and the subscripts 1, 2, 3 are different stage; P is Permian strata; C is Carboniferous strata; S is Silurian strata; e is Cambrian strata.
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can be received 300 m underwater in the South China Sea. These
experiments laid a solid foundation for continental resources
exploration using the WEM method, expanded the application sce-
narios of ELF electromagnetic technology, and promoted the devel-
opment of the WEM station.

3. Key technologies and innovations

The following key technologies and innovations have been
developed within the WEM project.

(1) The WEM method, which is built on earth–ionosphere
waveguide propagation technology, combines the advantages of
the natural-source electromagnetic method and the existing artifi-
cial-source electromagnetic method. With its strong anti-noise
Table 2
Location information of 15 fixed seismic electromagnetic stations in the capital area.

Station Longitude (� ) Latitude (� )

BD (Baodi) 117.398 39.697
SX (Shexian) 113.642 36.544
HL (Huailai) 115.522 40.443
FN (Fengning) 116.573 41.200
WA (Wenan) 116.453 38.846
WD (Wudi) 117.680 38.018
AQ (Anqiu) 119.218 36.374
LY (Laiyang) 120.721 36.988
JX (Juxian) 118.895 35.543
DT (Datong) 113.713 40.086
XX (Xiaxian) 111.224 35.107
DX (Daixian) 113.057 39.064
HH (Huhhot) 111.563 40.849
YK (Yingkou) 122.604 40.683
DL (Dalian) 121.764 39.577
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ability, large penetration depth, and high accuracy, the WEM
method provides a new scientific and technological platform for
underground resource exploration, earthquake prediction, and
other frontier field research.

(2) Many key technological achievements have been made, such
as the joint formation of high-power ELF signals, dual-band high-
precision signal generation, and complex parameter matching
and tuning for ELF antennas; which make it possible to achieve
efficient high-power ELF output and radiation, and led to the suc-
cessful development of an ELF transmission system. The transmit-
ted high-precision, highly stable ELF electromagnetic signals meet
the research and engineering application requirements.

(3) Theoretical research was carried out on the propagation
mechanism of ELF electromagnetic waves, and an ionosphere–
Table 3
Location information of 15 fixed seismic electromagnetic stations in the southern
section of the north–south seismic belt.

Station Longitude (� ) Latitude (� )

CZ (Chongzhou) 103.518 30.806
JG (Jiange) 105.560 32.205
BZ (Bazhong) 106.745 31.841
JL (Jiulong) 101.513 28.996
PD (Pingdi) 101.836 26.201
MB (Mabian) 103.539 28.836
JGU (Jinggu) 100.734 23.502
MD (Mouding) 101.532 25.302
YX (Yuexi) 100.181 25.698
QJ (Qiaojia) 102.943 26.910
JS (Jianshui) 102.761 23.651
ML (Mengla) 101.528 21.426
XP (Xinping) 101.906 24.103
YJ (Yingjiang) 114.558 41.407
LJ (Lijiang) 100.174 26.977



Fig. 6. Changes of apparent resistivity (top) and impedance phase (bottom) at 74 Hz before and after the Yangbi earthquake. XY: north–south apparent resistivity; YX: east–
west apparent resistivity; M5.1: magnitude 5.1.
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atmosphere–earth couplingmodel was proposed for the simulation
of ELF electromagnetic waves. This model enabled ultra-wide net-
worked 3D deep resource exploration by means of ELF electromag-
netic waves. A series of large-scale, long-offset, and deep
experimental explorations of oil, gas, and mineral resources by
means of the WEM method were accomplished for the first time.

(4) The ELF electromagnetic earthquake monitoring network
was applied to achieve continuous electromagnetic field observa-
tion and rapid analysis. Four-dimensional (4D) dynamic changes
in electromagnetic fields and underground structures can now be
obtained through the continuous monitoring dataset, which has
improved our ability to identify and capture information on elec-
tromagnetic anomalies related to earthquake activity. Significant
data and results were obtained for earthquake prediction by taking
advantage of the ability to simultaneously observe natural-source
and ELF signal for the first time in earthquake electromagnetic
research.

(5) A wide-area underwater ELF detection method has been
proposed. Based on the theoretical calculations and experiments
on underwater reception, the ability of ELF to penetrate seawater
over an enormous area and depth range has been verified. The
achievements of this research form a solid foundation for the
‘‘Transparent Ocean” as well as for marine resource exploration
and other applications.

4. Engineering applications and development

The construction of the WEM project provides facilities in both
software and hardware for research on and applications of ELF
electromagnetic technology. It will promote the development of
ELF electromagnetic technology, improve our capability for
resource explorations and the reliability of earthquake predictions,
and be helpful for research in deep geology, space physics, radio
physics, and other fields. The WEM project thus has broad applica-
tion prospects.

4.1. Promoting the development of electromagnetic detection
technology

Electromagnetic methods have been developed from natural-
source electromagnetic methods (passive) to artificial-source elec-
tromagnetic methods (active), and electromagnetic data-process-
18
ing methods have been developed from one-dimensional (1D) to
two-dimensional (2D) and 3D. The signals of the WEM method
are uniformly transmitted by a fixed emission source, which is con-
venient for large-area networked observations. These signals are
characterized by a high SNR and a large coverage area, thereby pro-
viding ideal conditions for the development of 3D electromagnetic
exploration technology and improving the detection accuracy for
underground resources, seismic electromagnetic monitoring, and
earthquake prediction. The WEM method will promote the devel-
opment of artificial-source 3D electromagnetic technology, while
driving a leap forward in the development of underground
resource exploration and seismic electromagnetic monitoring
technology.

4.2. Improving resources exploration technology

The signals in the WEM method are characterized by a high
SNR, large coverage area, and great detection depth. By controlling
the transmission of high-power, wide-range-coverage, and electro-
magnetic signals at different frequencies, the electrical structure of
a geological section or survey area can be scanned indirectly at dif-
ferent depths of geological layers to form a 2D or 3D image of the
electrical structure, which will significantly improve the accuracy
of underground structure detection. This technology will play a
more important role in oil, gas, and mineral prospecting in com-
plex and deep locations [19].

WEM station signals still maintain a high SNR after being atten-
uated by seawater. Therefore, the WEM method is also fully appli-
cable to marine resources explorations in continental shelf areas,
and provides a newmethod for the exploration of oil, gas, and min-
eral resources and geological surveying in China’s continental shelf
area.

4.3. Improving electromagnetic monitoring for earthquake research
and earthquake prediction

The stable and precise electromagnetic signals transmitted by
the WEM station have a large coverage area, and thus can be con-
sciously observed by means of a receiver network in certain earth-
quake-prone areas over a long period of time. This information
includes the dynamic electrical parameter variations of the crust
structure and the electromagnetic field, which simultaneously



Fig. 7. Fluctuation range of 4 Hz electromagnetic power spectral density before and after the Qingchuan earthquake. M5.4: magnitude 5.4.
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carry atmospheric and ionospheric information during the propa-
gation process. Such information can provide us with more com-
prehensive technical combinations to simultaneously capture
deep underground earthquake activity and related ionospheric
changes (i.e., ‘‘source and field” anomalous information), which
can greatly improve the identification and recognition of anoma-
lies and provide a new scientific research tool for determining
the location, time, and magnitude of earthquakes [20].
4.4. Promoting the development of related fields

The WEM project is an important facility for so-called ‘‘deep
earth, deep sea, and deep space” scientific research. The stable
and high-SNR ELF electromagnetic signals transmitted by the
WEM station can be used for research in space physics, atmo-
spheric physics, geology, applied geophysics, and military commu-
19
nications, thereby promoting the progress of disciplines such as
geophysics, space physics, and radio physics in China.
5. Conclusions

The WEM method and its applications, as proposed during the
WEM project, involve many disciplines such as radio communica-
tion and geophysics. This brand new method has achieved many
breakthroughs. When the WEM project was originally going
through the acceptance process, the participating experts gave it
a high evaluation; the project’s acceptance letter stated, ‘‘The
WEM project is an innovative achievement at the intersection of
radio communication technology and geophysics, and it is also a
breakthrough that solved the ELF (0.1–30 Hz) emission problems.
The results are highly original, and the overall technical perfor-
mance is at the leading level around the world.”
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