
Citation: Fu, G.; Li, Z.; Zhang, Q.;

Guo, T.; Jiang, Q.; Yang, Y.; Chen, X.;

Lei, C.; Li, J. The Applications of

WFEM in the Exploration of

Medium-Depth Geothermal

Resources. Energies 2024, 17, 1904.

https://doi.org/10.3390/en17081904

Academic Editors: Davide Di Battista,

Fabio Fatigati and Marco Di

Bartolomeo

Received: 12 March 2024

Revised: 13 April 2024

Accepted: 13 April 2024

Published: 17 April 2024

Copyright: © 2024 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/).

energies

Article

The Applications of WFEM in the Exploration of Medium-Depth
Geothermal Resources
Guoqiang Fu 1, Zhuqiang Li 1,2,* , Qiangjiang Zhang 3,4,5,*, Tao Guo 2, Qiyun Jiang 3,5, Yonghong Yang 2,
Xueguo Chen 2, Chuang Lei 6 and Jie Li 4,7

1 School of Resources and Geosciences, China University of Mining and Technology, Xuzhou 221116, China;
gq_jybf@cumt.edu.cn

2 Exploration and Development Research Institute, Shengli Oilfield Company, SINOPEC,
Dongying 257000, China

3 Institute of Urban Underground Space and Energy Studies, The Chinese University of Hong Kong
(Shenzhen), Shenzhen 518172, China

4 College of Earth Sciences, Guilin University of Technology, Guilin 541006, China
5 Institute of Green and Low-Carbon Energy Science and Technology in Chongqing, Chongqing 402160, China
6 Sinopec Geophysical Corporation Geographical & Geological Exploration Branch, Wuhan 430073, China
7 The Guangxi Key Laboratory of Theory and Technology for Environmental Pollution Control,

Guilin 541006, China
* Correspondence: lizhuqiang.slyt@sinopec.com (Z.L.); qjz2018@glut.edu.cn (Q.Z.)

Abstract: Medium-depth geothermal energy mainly consists of two types, hydrothermal and dry-heat
rock. With huge resource reserves, its exploration and development are of great significance to the
transformation of China’s energy structure and the realization of the goal of “Double-Carbon”. From
the differences in the electrical characteristics between hydrothermal and hot dry rock geothermal
resources, this project uses the numerical modeling of the wide field electromagnetic (WFEM) method
as a tool to design a model of typical geothermal resources. Then, we summarize and analyze
the detection capability of the WFEM by calculating the WFEM response under the conditions of
different depths, resistivity values, thickness-to-depth ratios and other parameters. Moreover, aiming
at the key problems faced by the WFEM in real applications, we discuss the factors affecting the
detection accuracy and give solutions to improve the reliability of the detection results. Finally, the
medium-depth geothermal energy detection in the Jiyang Depression of Shandong is presented as an
example, showing how the WFEM detection technique was used with the inversion result profile
obtained. By comparing the results of geomagnetic and seismic detection on the same survey line,
it is demonstrated that the WFEM method has great potential in the exploration of medium-depth
geothermal energy and can be the preferred method.

Keywords: wide field electromagnetic; geothermal energy; Jiyang Depression; geothermal
exploration

1. Introduction

Geothermal energy is abundant and has low operating costs. It is the only renew-
able and clean energy extracted from the Earth’s resources that is not affected by weather
conditions and seasonal changes [1,2]. Geothermal energy is divided into (Figure 1): shal-
low geothermal energy (depth less than 200 m), hydrothermal geothermal energy (depth
200~3000 m) and hot dry rock geothermal energy (depth 3–10 km) [3]. The latest research
shows that hydrothermal geothermal and hot dry rock geothermal are “symbiotic” [4].
Most of the hot dry rock geothermal systems that have been exposed are impermeable high-
temperature rock formations on the wings of specific hydrothermal types or contain a small
amount of steam, except for the high-temperature geothermal systems controlled by vol-
canic activity or magma waste heat that have clear evidence of volcanic activity or magma
waste heat in some areas in China. The symbiotic characteristics of hot dry rock geothermal
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systems and hydrothermal geothermal systems are very obvious in high-temperature rock
formations [4,5].
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To distinguish “geothermal resources”, the mid-deep geothermal resources are classi-
fied as the hydrothermal type and dry hot rock type [4,6]. Correspondingly, the exploration
and development of mid-deep geothermal energy can be divided into two types: tradi-
tional hydrothermal geothermal systems and enhanced geothermal systems. Traditional
hydrothermal geothermal resources mainly exist in highly permeable pores or fissure media
in the form of liquid water or steam [7]. According to the different geological elements and
geological process characteristics, they can be divided into two types: namely, the magma
type distributed at the active edge of the plate or volcanic active area within the plate
and with melt/magma pockets as the main heat source, the faults-deep circulation type
closely related to regional deep faults, and the fault basin type related to higher heat flow
background in the extension zone or low heat flow background in the stable zone [8]. The
dry hot rock geothermal resources are huge. It is estimated that the total geothermal energy
resources located 3–10 km underground in the globe are about 4.95 × 1015 t standard coal,
which is equivalent to 30 times the energy contained in all the coal, oil and natural gas in
the world.

The geothermal energy industry is chained with three main links: namely, resource de-
tection, drilling and mining and comprehensive utilization [9]. The detection of geothermal
energy is an upstream industry, the first link in the chain. According to surveys, Tibet, west-
ern Yunnan and western Sichuan are the three regions with the richest high-temperature
geothermal resources in China which can meet the requirements for large-scale industrial
power generation. The methods for the detection of mid-deep geothermal energy mainly
include electromagnetic methods, seismic methods and gravity. Among them, the electro-
magnetic methods include magnetotelluric methods (MT, AMT) [10–15] and time-frequency
electromagnetic methods (TFEM) [16], the controlled source audio electromagnetic method
(CSAMT) [17–19] and the wide field electromagnetic method (WFEM) [20,21]. Seismic
methods mainly include reflection seismic and micro-motion methods [22–24]. The main
role of gravimetry in mid-deep geothermal detection is to extract geological information
related to basement undulations, hidden faults and local structures, etc., to reflect the
regional structures and to locate the favorable areas for heat storage [25–27]. In recent years,
the electromagnetic method has become the preferred method for mid-deep geothermal
exploration due to its advantages in detection accuracy and construction cost. Taking the
geothermal resource exploration of Yueliang Bay in Binhai County, Jiangsu Province as
an example, three methods including CSAMT, WFEM and micro-motion detection were
applied for comparative verification. The strata are divided according to the detection
results of the three methods and the inferred fault structures are basically consistent. After
drilling by DR01, the borehole verification is highly consistent, confirming the effectiveness
of the comprehensive geophysical method and technology. It also shows that the WFEM



Energies 2024, 17, 1904 3 of 22

method can effectively suppress interference while ensuring the exploration depth. This
method has such obvious advantages that it can be, therefore, taken as the preferred method
for geothermal resource exploration [18].

The main problems in the exploration of mid-deep geothermal energy include serious
human interference, large detection depth, poor terrain conditions and complex geologi-
cal structures, making geophysical detection difficult. The conventional electromagnetic
method has a relatively low accuracy when the detection depth is met, so it is difficult to
form an effective trap for mid-deep geothermal resource targets. The WFEM method is a
large-depth and high-precision artificial source frequency domain electromagnetic method
proposed by the Academician He Jishan [28]. It has three major advantages: large depth of
detection, high precision and strong anti-interference ability. It has been applied in many
domestic geothermal exploration projects in China and has been recognized as the major
geophysical method for the exploration of deep geothermal resources [21].

Based on the WFEM method, a theoretical model is designed according to the electrical
characteristics of the mid-deep hydrothermal geothermal and hot dry rock geothermal
resources, and the detection capabilities of the WFEM method are analyzed. These analyses
contribute to enhancing the understanding of utilizing the WFEM method for geothermal
energy resource exploration, offering theoretical support for the practical cases discussed in
subsequent sections. Then, we discuss and analyze the key issues in the WFEM observation
system design, data processing and inversion imaging in mid-deep geothermal energy
detection. Finally, the processing methods and solutions to key issues in WFEM detection
are discussed through the case of mid-deep geothermal energy potential evaluation and
detection in Jiyang, Jinan City. Through the comprehensive analysis of existing seismic
profiles, the WFEM method provides an important theoretical basis for the high-precision
detection of mid-deep geothermal energy.

2. Analysis of the Detection Capability of WFEM for Medium and Deep Targets
2.1. Analysis of the Detection Capabilities of Hydrothermal Geothermal Resources

The design of the three-layer H-shaped geoelectric model is shown in Figure 2 (taking
into account the stratigraphic structure in the case of Jiyang geothermal detection in this
paper). The resistivity values of the first, second and third layers are 200 Ωm, 100 Ωm
and 2000 Ωm, respectively. The thicknesses of the first and second layers are 1000 m and
2000 m, respectively. The hydrothermal geothermal target body exhibits low resistance
characteristics; the depth of the top interface is 2000 m, and the initial resistivity is set
to 10 Ωm. We design the hydrothermal geothermal targets with different thicknesses
and different electrical properties, and use the 1D WFEM method to carry out numerical
simulation research and summarize and analyze the detection capabilities of the WFEM
method for mid-deep hydrothermal geothermal targets. In the numerical modeling, an
equatorial device is used with the coordinates of point A of the long wire source being (2 km,
−12 km, 0), respectively, and the coordinates of point B being (3 km, −12 km, 0), respectively.
The wire length is 1 km and the distance between transmitting and receiving is 12 km.
There are a total of 61 transmitting frequencies, with the highest frequency being 10 kHz,
while the lowest frequency is 0.01 Hz evenly distributed on the logarithmic interval.

Figure 3 gives the numerical modeling results in which Figure 3a shows the wide
field apparent resistivity profile without a hydrothermal target. Figure 3b shows the wide
field apparent resistivity profile after placing a target body with a thickness of 100 m
(a thickness-to-depth ratio of about 5%), a width of 2000 m and a resistivity of 10 Ωm.

It can be seen from Figure 3 that the wide field apparent resistivity has obvious
anomaly characteristics when the second layer of the H-type geoelectric model contains
a low-resistance hydrothermal geothermal target body. The amplitude of the apparent
resistivity anomaly corresponding to the target body is 23.4% (from 111 Ωm to 85 Ωm),
while the measurement accuracy of the WFEM method measured data is 5%.
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Figure 3. Apparent resistivity profile using WFEM method. (a) No anomaly body (b) there is an
anomaly body.

In order to study the detection ability of the WFEM method on hydrothermal geother-
mal targets, on the basis of the above modeling examples, we change the resistivity, thick-
ness and depth parameters of the targets, and then summarize and analyze the results of
the numerical simulation to draw regular conclusions.

Figure 4 shows the overlay of the curves of the measuring points (2.5 km, 0 m,
0 m) changing with frequency at different resistivity parameters of the target body with
a thickness-to-depth ratio of 5%. It can be seen that the abnormal amplitude of the wide
field apparent resistivity caused by the target body becomes larger as the resistivity value
of the target body decreases (from 50 Ωm to 1 Ωm). Compared with the background
model, the maximum abnormal amplitudes are 4.5%, 13.2%, 23.4%, 39.6%, 64.0% and 78.4%,
respectively. Taking 5% as the amplitude of the anomaly as the identification limit for
low-resistance anomalies deeper than 2000 m, when the thickness-to-depth ratio is 5%,
the difference in resistivity can be detected when it is a difference of more than two times
(when the resistivity of background is 100 Ωm, the low-resistance anomaly targets that can
be detected have a volume resistivity value slightly less than 50 Ωm).
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Figure 4. Overlay of wide field apparent resistivity curves with different resistivity parameters
(5% thickness-to-depth ratio).

Table 1 exhibits the numerical results of the wide field apparent resistivity anomaly
amplitude when the hydrothermal geothermal target body has different depths, thickness-
to-burial ratios and resistivity parameters. The resistivity values of the layer background
are 100 Ωm and 200 Ωm, respectively, when the depths of the target’s top interface are
located at 2000 m and 500 m, respectively. Taking 5% as the abnormal amplitude and
as the identification limit, it can be seen that when the thickness and depth ratios of the
low-resistance target body are 1%, 2%, and 5%, respectively, the difference in resistivity
between the target body and the background surrounding rock is greater than 10, 5, 2 times,
showing that it is detectable. This can be summarized as a general conclusion on the ability
of the WFEM method to detect mid-deep geothermal resources.

Table 1. Numerical modeling results of the hydrothermal geothermal target body with different
parameters (“/” indicates not simulated, The same as below).

Depth of
Target (m)

Thickness to
Depth Ratio Numerical Modeling Results

2000

5%

Resistivity (Ωm) 100 50 20 10 5 2 1

Maximum abnormal
amplitude (%) / 4.5 13.2 23.4 39.6 64.0 78.4

Explorability(Yes or No) / N Y Y Y Y Y

2%

Resistivity (Ωm) 100 50 20 10 5 2 1

Maximum abnormal
amplitude (%) / 1.0 5.3 9.3 18.3 36.9 54.5

Explorability(Yes or No) / N Y Y Y Y Y

1%

Resistivity (Ωm) 100 50 20 10 5 2 1

Maximum abnormal
amplitude (%) / 0.3 3.3 6.9 11.5 26.1 41.5

Explorability(Yes or No) / N N Y Y Y Y
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Table 1. Cont.

Depth of
Target (m)

Thickness to
Depth Ratio Numerical Modeling Results

500

5%

Resistivity (Ωm) 100 50 20 10 5 2 1

Maximum abnormal
amplitude (%) 2.7 8.1 24.7 51.9 100 179 215

Explorability(Yes or No) N Y Y Y Y Y Y

2%

Resistivity (Ωm) 100 50 20 10 5 2 1

Maximum abnormal
amplitude (%) 1.4 4.1 12.4 26.5 54.3 123 184

Explorability(Yes or No) N N Y Y Y Y Y

1%

Resistivity (Ωm) 100 50 20 10 5 2 1

Maximum abnormal
amplitude (%) 0.92 2.7 8.3 17.7 36.5 89.3 152

Explorability(Yes or No) N N Y Y Y Y Y

2.2. Analysis of the Detection Capabilities of Hot Dry Rock Geothermal Resources

Figure 5 shows the model of a hot dry rock geothermal resource. The resistivity values
of the first, second and third layers are 200 Ωm, 100 Ωm and 10,000 Ωm, respectively. The
thicknesses of the first and second layers are 1000 m and 3000 m, respectively. The hot
dry rock geothermal target body exhibits high resistance characteristics, rising upward
and protruding into the second layer of rock. The top interface is at a depth of 3000 m
(hot dry rock is usually at a depth of 3–10 km) and the initial resistivity is set to 100 Ωm.
We design hot dry rock geothermal resource targets with different thicknesses and different
electrical properties, use the 1D WFEM method to carry out numerical simulation research
and summarize and analyze the detection capabilities of the WFEM method for mid-deep
hydrothermal geothermal targets. In the numerical modeling, an equatorial device is used
with the coordinates of point A of the long wire source being (2 km, −16 km, 0), respectively,
and the coordinates of point B being (3 km, −16 km, 0), respectively. The wire length is 1 km
and the transmitting and receiving distance is 16 km. There are a total of 61 transmitting
frequencies, with the highest frequency being 10 kHz and the lowest frequency 0.01 Hz
being evenly distributed on the logarithmic interval.
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Figure 5. Schematic diagram of H-shaped model of hot dry rock mass.

Figure 6 gives the numerical modeling results, in which Figure 6a depicts the wide field
apparent resistivity profile of the uninvaded hot dry rock target body. Figure 6b depicts the
wide field apparent resistivity profile after intruding into a hot dry rock-type geothermal
target body with a resistivity of 200 Ωm. The image indicates that the wide field apparent
resistivity exhibits clear anomalous characteristics when a high-resistance hydrothermal
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geothermal target body is present in the second layer of the H-type geoelectric model. The
amplitude of the apparent resistivity anomaly corresponding to the target body is 26.5%
(from 113.6 Ωm to 143.7 Ωm).
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Figure 6. Apparent resistivity profile using WFEM method (a) No hot dry rock target (b) There is hot
dry rock target.

Table 2 exhibits the numerical results of the amplitude of the wide field apparent
resistivity anomaly when the hot dry rock geothermal target body has different depths,
thickness-to-burial ratios and resistivity parameters. The depths of the top interfaces
of the invaded targets are 3000 m, 3500 m and 3800 m, respectively, and the resistivity
values are 200 Ωm, 500 Ωm, 1000 Ωm, 2000 Ωm, 5000 Ωm and 10,000 Ωm, respectively.
Taking 5% as the abnormal amplitude and as the identification limit, it is evident that
when the thickness and depth ratio of the high-resistance target body is greater than
13.3% and 5.1%, respectively, the resistivity difference between the target body and the
background surrounding rock is greater than 2.5 times, which is detectable. In addition, for
high-resistance anomaly target objects, the amplitude of a wide field apparent resistivity
anomaly changes little when the resistivity difference between the anomaly object and the
background surrounding rock is greater than a certain value. This can be summarized as a
general conclusion on the ability of the WFEM method to detect mid-deep hot dry rock
geothermal resources.

Table 2. Numerical modeling results of different parameters of hot dry rock geothermal target body.

Depth of
Target (m)

Thickness to
Depth Ratio Numerical Modeling Results

3000 28.5%

Resistivity (Ωm) 100 200 500 1000 2000 5000 10,000

Maximum abnormal
amplitude (%) / 26.5 50.4 59.9 65.1 68.5 69.9

Explorability / Y Y Y Y Y Y
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Table 2. Cont.

Depth of
Target (m)

Thickness to
Depth Ratio Numerical Modeling Results

3500 13.3%

Resistivity (Ωm) 100 200 500 1000 2000 5000 10,000

Maximum abnormal
amplitude (%) / 11.3 19.8 23.0 24.7 25.7 26.2

Explorability / Y Y Y Y Y Y

3800 5.1%

Resistivity (Ωm) 100 200 500 1000 2000 5000 10,000

Maximum abnormal
amplitude (%) / 4.1 6.8 7.7 8.2 8.6 8.7

Explorability / N Y Y Y Y Y

3. Study of the Key Issues of WFEM in Detection of the Mid-Deep Geothermal Energy

To study the key issues of WFEM detection, we first need to clarify the problems in
the detection itself, secondly, consider what difficulties we face in the detection of the mid-
deep geothermal resources, and finally, how to avoid or solve these problems. This paper
elaborates on the factors affecting the accuracy of WFEM detection and the difficulties faced
by mid-deep geothermal energy detection and gives corresponding solutions to provide
theoretical references for the application of WFEM.

3.1. Factors Affecting the Accuracy of Wide Field Electromagnetic Detection

Referring to the relevant literature and combined with the experience in practice
of the WFEM method, the factors that affect the accuracy of WFEM detection can be
summarized into three categories: (1) Objective factors, including volume effect (it can
increase frequency density and number of frequencies), side effects (they can help to
optimize survey line design; make surface element observations, reduce line spacing
and point spacing, and improve lateral resolution), underground factors such as complex
structure and small resistivity differences (they can be modeled and constrainedly inverted
according to existing reference materials to improve the extraction of weak abnormal signals
from observation data); (2) errors in observation data, including WFEM field source layout,
field measurement and terrain errors and other factors; (3) factors brought by processing
algorithms, including data editing and filtering algorithms, static effect processing methods,
inversion initial model selection and inversion methods and so on. Among the above three
types of factors, the first one is an objective factor that is common in electromagnetic
detection methods. The second and third ones are the key issues in WFEM detection, which
can directly affect detection accuracy.

3.1.1. Observation Data Error

There are three major factors affecting the errors in observation data:

(1) Field source deployment factors

In the WFEM method observation system, the field source deployment is a very
important part that directly affects the magnitude of the signal strength of the measurement
point, the signal-to-noise ratio quality of the observation data, and the magnitude of the
field source effect [20,29,30]. In the field source layout, issues that need to be considered
are as follows: the length of the AB wire, the difference in AB elevation, the field source
grounding resistivity, the terrain difference and elevation difference between the field
source and the measurement line, the electrical current between the field source and the
measurement line complexity and the connection issues between multiple field sources.

In the cases of complex underground structures and poor terrain conditions, long
measuring lines are usually connected by multiple field sources. Due to the influence
of the field source effect, the wide field apparent resistivity of the measuring points at
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the connection has a large difference (see the apparent resistivity curve of wide-area
electromagnetic survey line field source connection in a certain area as shown in Figure 7,
where the measuring point No. 170 is the dividing line). In the design process of long
survey line observation systems, the electrical consistency of multiple field sources should
be fully considered, and it must be ensured that multiple field sources are located on the
same side of the survey line, or the areas should be considered with relatively simple
electrical conditions between field sources and survey lines. In a field survey, the principle
should be followed of finding the field source first and then adjusting the survey line
according to the field source conditions, and the influence of the field source should be
removed as much as possible during data processing.

Energies 2024, 17, x FOR PEER REVIEW 9 of 22 
 

 

In the cases of complex underground structures and poor terrain conditions, long 
measuring lines are usually connected by multiple field sources. Due to the influence of 
the field source effect, the wide field apparent resistivity of the measuring points at the 
connection has a large difference (see the apparent resistivity curve of wide-area electro-
magnetic survey line field source connection in a certain area as shown in Figure 7, where 
the measuring point No. 170 is the dividing line). In the design process of long survey line 
observation systems, the electrical consistency of multiple field sources should be fully 
considered, and it must be ensured that multiple field sources are located on the same side 
of the survey line, or the areas should be considered with relatively simple electrical con-
ditions between field sources and survey lines. In a field survey, the principle should be 
followed of finding the field source first and then adjusting the survey line according to 
the field source conditions, and the influence of the field source should be removed as 
much as possible during data processing. 

 
Figure 7. Apparent resistivity curve at the junction of multiple field sources of wide field electro-
magnetic survey lines in a certain area of Yunnan. 

(2) Measurement factors 
The errors in the observation data mainly come from four aspects: no point position 

recorded at the measurement point MN, the MN angle deviation (as shown in Figure 8), 
the poor grounding effect of the MN and the wrong MN recording sequence. Among 
them, factors 1 and 4 are operational errors while factor 3 has a more mature solution and 
is usually not considered. The calculation method of wide field apparent resistivity based 
on any MN angle [31] can make the layout of field survey lines more flexible, but this 
requires consistent calculation of apparent resistivity in data processing. Currently, in 
WFEM 2D and 3D inversions, it is very difficult to obtain good imaging results. Therefore, 
we should try to ensure that MN and AB are parallel during data collection. Some meas-
uring points can be translated if the layout conditions do not allow it. 

Figure 7. Apparent resistivity curve at the junction of multiple field sources of wide field electromag-
netic survey lines in a certain area of Yunnan.

(2) Measurement factors

The errors in the observation data mainly come from four aspects: no point position
recorded at the measurement point MN, the MN angle deviation (as shown in Figure 8),
the poor grounding effect of the MN and the wrong MN recording sequence. Among them,
factors 1 and 4 are operational errors while factor 3 has a more mature solution and is
usually not considered. The calculation method of wide field apparent resistivity based on
any MN angle [31] can make the layout of field survey lines more flexible, but this requires
consistent calculation of apparent resistivity in data processing. Currently, in WFEM 2D
and 3D inversions, it is very difficult to obtain good imaging results. Therefore, we should
try to ensure that MN and AB are parallel during data collection. Some measuring points
can be translated if the layout conditions do not allow it.

(3) Topographical factor

In recent years, terrain inversion can simulate terrain characteristics and effectively
reduce the static effects caused by terrain and the problem of inaccurate target positioning.
Due to factors such as the density of the model grid and the complexity of the terrain, there
is always a deviation between the modeled terrain data and the actual terrain data which
will have a greater impact on the imaging results at the medium-shallow level. Taking
the 2D survey line as an example, the difference between the actual terrain and the model
equivalent terrain is shown in Figure 9. When laying out survey lines, we should try to
avoid terrain mutation areas and select relatively gentle areas to lay out survey points. In
addition, we should try to increase the model grid density as much as possible to improve
terrain accuracy.
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3.1.2. Processing algorithm factors

The factors of the processing algorithm mainly include four aspects:

(1) Data editing and filtering processing

In recent years, research on the data preprocessing of electromagnetic methods has
gradually increased [32–34]. There are two opposite solutions in data preprocessing:
(1) Using various algorithms to make the data smoother and consistent with the trend;
(2) Keeping the glitches and small anomalies in the original data. The first solution is
more reasonable overall and can ensure the stability of inversion convergence, but it also
removes the weak local anomalies and reduces the ability to identify small structures.
There are more abundant small structures and small anomalies in the inversion results
of the second scheme, but its inversion convergence is poor and its inversion results are
not smooth enough. Combining the two solutions, data preprocessing and editing may
make the original data better, but at the same time, it may lead to deviating from reality
and causing false anomalies. During the processing process, the processing results of
other geophysical methods, geological structures, physical property data and drilling data,
etc., are comprehensively considered from the overall trend to ensure that there are no
deviations in large structures, and then weak abnormal signals are extracted through
algorithms to improve the resolution of detection results.

(2) Static effect problem

The static effect refers to the phenomenon that the shape of the sounding curve remains
unchanged due to local inhomogeneities in the shallow part of the measuring point, but
an overall rise or fall occurs. The performance is particularly obvious in the areas with
complex terrain conditions. Figure 10 shows the wide field electromagnetic apparent
resistivity profile of Shangyun Coal Mine in Pu’er, Yunnan. When MN = 2 m, a relatively
serious static effect is produced due to the uneven surface (cracks). When MN = 8 m,
the impact of static effects is greatly reduced. The increase in MN spacing is equivalent
to physically performing lateral filtering. For the areas with large terrain undulations or
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serious shallow surface unevenness, solutions include, therefore, appropriately increasing
the MN spacing, using mathematical algorithms to process raw data and using high-
dimensional imaging algorithms.
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(3) Inversion of the initial model problem

In the regularized inversion algorithm, the initial model is crucial to the reliability
of the inversion results [13,35,36]. Currently, two processing schemes are mainly applied:
(1) Using low-dimensional inversion results as the initial model for high-dimensional
inversion; (2) Using the uniform half-space model as the initial model. The first one is
a commonly used solution in early inversion imaging algorithms. It has the advantages
of faster convergence and obvious protrusion of the deep basement. The disadvantage
is that it is easily affected by local minima and static effects, resulting in false anomalies.
In addition, the high-dimensional inversion algorithm can greatly reduce the influence of
local static effects; the use of 1D inversion results in the initial model requiring the separate
processing of the original data. The second method has often been used in recent years. It
has the advantages of good convergence and high reliability of mid-shallow-layer inversion
results (fewer false anomalies), but the disadvantage is that the deep basement inversion
effect is not obvious.

(4) Problems with the inversion method

Theoretically, the WFEM method belongs to the artificial source electromagnetic
method, and its imaging results using the source inversion algorithm are more reliable.
In practice it is, however, very difficult to use the source inversion algorithm due to the
influence of the coverage of the measurement points, the electrical unevenness between the
field source and the measurement line, and the terrain effect (see the diagram of the layout
of WFEM survey line in Lancang County, Pu’er City as shown in Figure 11): (1) AB is not at
the same height as the survey line, and the terrain between the field source and the survey
line is greatly undulating. When 1D and 2D source inversions are performed, the field
source needs to be projected to the same altitude as the survey line and it is assumed that
the electrical properties between the field source and the measurement line are uniform,
which is quite different from the real situation. (2) In 3D exploration, it is necessary to
arrange measuring points between the field source and the survey line. By inverting the
electrical distribution under the measuring points, the accuracy of the forward data of the
model in the inversion fitting can be improved, and the error of the inversion results with
the source can be improved. It is related to the underground electrical distribution, and the
error increases as the uneven electrical distribution increases.
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The measures taken in processing the measured data of the WFEM method include
field source correction; increasing the transmitting and receiving distance from the previous
three times to the current 5–10 times the exploration depth; using wireless technology for
the work areas with large terrain undulations and serious electrical non-uniformity, and
source inversion algorithm. An active inversion algorithm should be used for the work
areas with flat ground and relatively uniform electrical properties.

3.2. Difficulties Encountered by WFEM Method in the Detection of the Mid-Deep
Geothermal Energy

The main problems faced by mid-deep geothermal energy detection include serious
human interference, large detection depth, poor terrain conditions and complex geological
structures, making geophysical detection difficult. Taking the three major high-temperature
geothermal favorable areas of Tibet, western Yunnan and western Sichuan as examples,
the specific problems faced are: (1) The terrain is complex, the jungle coverage is high
and the data collection is difficult. The phenomenon of “noodles” in observation data
is very serious and higher requirements are needed for data processing. (2) Field source
deployment is more difficult with a larger field source effect due to the complexity of the
terrain. In addition, due to a large detection depth and transmitter-transceiver distance,
high-power transmitters (such as more than 200 kW) are required with greater transport
difficulties on the third-class or fourth-class highways, making it impossible to transport
field sources to reach the intended locations. (3) When the measurement line is too long,
multiple field sources need to be connected. Due to the influence of topography and
underground electrical inhomogeneity, the wide field apparent resistivity varies greatly
at the connection of the measurement line, which creates issues for the processing and
interpretation of the data. (4) In the interpretation, the determination of the lithology of
hydrothermal geothermal targets needs to be supported by a combination of physical
parameters such as polarisation rates and velocities. Besides, it is also necessary to grasp
the mechanism of the heat source and the characteristics of the groundwater cycle, while
the identification of hot dry rock bodies is more difficult so it is required to combine the
geological and deep drilling data.



Energies 2024, 17, 1904 13 of 22

4. Case Analysis of the Evaluation of the Geothermal Energy Potential and the
Detection of the Mid-Deep Layer of Jiyang Depression, Shandong Province
4.1. Geological and Geophysical Characteristics
4.1.1. Tectonic Background

The Jiyang Depression is located in the southern part of the Bohai Bay basin, which
is a superimposed fault basin of the middle and new Cenozoic era developed on the
basis of the Paleozoic North China Stable Craton, with an extremely complicated internal
structure. The Jiyang Depression is a first-level negative structural unit in the Bohai
Bay Basin that converges to the west and spreads out to the east, held by the Puning
Uplift and the Luxi Uplift. It is a part of the Bohai Bay Complex Block Basin. The Jiyang
Depression is bounded by the Chengning Uplift to the north, the Luxi Uplift to the south,
the Linqing Depression to the west and the Bozhong Depression to the east. The Cenozoic
shows a NEE (near EW)-trending convex and concave structural pattern. It consists of
the four depressions of Dongying, Huimin, Zhanhua and Chezhen and the Chengzikou
uplift–Qingyun uplift, Yihezhuang uplift–Wudi uplift–Ningjin uplift, Chenjiazhuang uplift–
Binxian uplift, Qingcheng uplift–Guangrao uplift, and the depression (sag) has a half-
graben structure that is “broken in the north and overlapping in the south, deep in the
north and shallow in the south”. From the perspective of the regional structure, the
Wangpan Town industry region is located in the southwest of the Jiyang Depression and
involves secondary structural units such as the Huimin Depression, Qingcheng Low Uplift,
Linfanjia Low Uplift and Chezhen Depression (Figure 12).
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4.1.2. Characteristics of the Geothermal Field

The results of the geothermal gradient calculations show that the current average
geothermal gradient in the Jiyang Depression is 35.5 ◦C/km, which is larger than the
global average (30.0 ◦C/km) whereas the neighboring Bohai Basin has a geothermal gra-
dient (33.0 ◦C/km) [38,39], which is close to the overall average of the Bohai Bay Basin
(35.8 ◦C/km) [40]. Compared with some others, the Jiyang Depression has a relatively high
geothermal gradient, and according to the standard of geothermal zoning in Chinese oil
and gas basins [41], the Jiyang Depression is a “hot basin”. The reason for the formation of
the hot basin is related to the deep faults in the depression.

From the statistical results of the variation range and average value of the geothermal
gradient in the four main depressions of the Jiyang Depression (Table 3), it can be seen
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that in the longitudinal direction, the geothermal gradient decreases with increasing depth.
As for the entire region, the Zhanhua Sag has the largest change in geothermal gradient
in various depth ranges, with the highest gradient value, followed by the Dongying Sag,
and the Huimin Sag has the lowest geothermal gradient. Laterally, the average geothermal
gradient of each depression is different. Among them, the Zhanhua Depression has the
highest average geothermal gradient of 36.1 ◦C/km, which is greater than the average
of the entire region. The average geothermal gradient in the Huimin Sag is the lowest at
34.6 ◦C/km, which is smaller than the average in the entire region. The geothermal
gradients in the Dongying and Chezhen Depressions are basically consistent with the
average value of the entire region. As a whole, the overall difference is small although the
geothermal gradients in each depression are different [42].

Table 3. Statistical list of current geothermal gradients at different depths in each structural unit of
the Jiyang Depression [42].

Depth Range
Geothermal Gradient (◦C/km)

Jiyang Depression Dongying Depression Huimin Depression Zhanhua Depression Chezhen Depression

Average Value Range Average Value Range Average Value Range Average Value Range Average Value

0~2 km 36.9 25.5~45.0 36.5 27.9~43.2 34.9 30.1~44.9 37.6 29.5~42.5 36.5
2~3 km 35.2 29.6~44.0 35.3 29.0~39.5 34.4 24.2~44.7 35.5 28.1~42.0 35.2
3~4 km 30 29.9~33.1 33.8 21.1~38.4 30 20.9~44.8 34.5 27.1~38.0 33.1
>4 km 29 <29.0 <26.0 <32 <28.0

Total average 35.5 35.5 34.6 36.1 35.4

It can be seen from Figure 13 that the geothermal gradient distribution in the Jiyang
Depression is mainly controlled by the convex and concave basin structural pattern, and is
distributed in an alternating pattern of high and low values. The high-value areas are dis-
tributed in basement uplifts and low uplifts or slopes, such as Yihezhuang, Chenjiazhuang,
Binxian, Qingcheng, Guangrao and other uplifts and isolated island areas. The geothermal
gradient is generally as high as 39.0 ◦C/km or more. The Kendong buried mountainous
area has the highest value which is greater than 40.0 ◦C/km. The low gradient distribution
area corresponds to the sag area, and the low-value center is basically consistent with the
depocenter of the sag. The geothermal gradient is generally less than 34.0 ◦C/km, and the
lowest point is located in the Linyi depression of the Huimin Sag, below 32.0 ◦C/km. In
addition, some areas with relatively high geothermal gradients in the Jiyang Depression
are basically consistent with the distribution of Cenozoic volcanic rocks [43].
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The lateral variation characteristics of the geothermal gradient in the Jiyang Depression
are related to the basement depth and the distribution of volcanic rocks. The geothermal
gradient is high in the raised areas with a shallow basement and Cenozoic volcanic rock
distribution areas, whereas the geothermal gradient is relatively low in the depression areas
with a large basement depth. The basement depth in the basin area and the distribution of
bulges and depressions in the basin are controlled by the Cenozoic lithospheric extension
process, and the distribution of volcanic rocks is also related to this period of the lithospheric
extension process. The geothermal gradient characteristics of the Jiyang Depression are
determined by Cenozoic tectonic-volcanic events. Since the Cenozoic, especially in the Early
Tertiary, tectonic-thermal events in the Jiyang Depression have been very frequent, which
is the main reason for the high geothermal gradient. In the late Tertiary, tectonic activities
in the entire region became consistent and gradually weakened, and the difference in
subsidence in each depression decreased, changing from differential subsidence to overall
subsidence. Therefore, there are certain differences in geothermal gradients among various
unit areas in the Jiyang Depression, and the small differences not only reflect the differences
in tectonic activity of the different tectonic units but also reflect the consistency of tectonic
conditions in the entire region [42].

4.1.3. Characteristics of the Electric Field

Zhang Jihong and other scholars have studied the electrical structure of the Yishu
Fault in the eastern Jiyang Depression. From the interpretation of the Luxi Uplift, the
resistivity of the lower part of the Luxi Uplift is generally relatively high, and there is no
high conductivity layer in the crust. Its resistivity is related to more mafic or granulite
formations [44]. We collected and sorted out the electrical logging data of three wells near
the measurement area (Well Fanshen 1, Well Gaoshen 1 and Well Lin 28). Among them,
Well Lin 28 is the deepest and the depth of the Shanxi Formation reaches 4500 m. Electrical
logging curves show that there are vertical differences in resistivity in this area, with an
overall “high-low-high” change from the Quaternary Plain Formation (Qp) to the Lower
Paleozoic Ordovician Badou Formation (O2b).

4.2. Solution of Wide Field Electromagnetic Detection

According to the geological task requirements and combined with the surface condi-
tions of the work area, the design is carried out according to the 200 m point spacing of
the WFEM method and the 2 km point spacing of the magnetotelluric sounding method.
At the same time, a WFEM method of 100 m point spacing was applied to refine the main
fault zones of the penetration survey line, and a 1 km distance electromagnetic sounding
method was used to refine the buried hill areas such as Wangpan Town Buried Hill and
Bangu 4. Since seismic work has been conducted in this area, during the process of the
survey line design, the line numbers and point numbers of the WFEM survey points were
fully consistent with the earthquake numbers, and the survey lines completely covered the
seismic survey lines.

We designed and completed two measuring lines of the WFEM method (as shown
in Figure 14) with 1049 measuring points. Among them, line WPZ65.8 has six transmit-
ting field sources with a total of 294 measuring points (as shown in Figure 15) whereas
the WPZ534.2 line has 19 transmitting field sources with a total of 755 measuring points,
and the sending and receiving distance is about three times the detection depth in the
field source layout. There are two measuring lines of the magnetotelluric sounding
method with 111 measuring points, and the measuring line length is 150.3 km, including
two magnetotelluric sounding points next to the drilling well (Table 4).
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Table 4. Workload of electrical exploration and design in Wangpan Town.

Line Number Measuring Line Length
WFEM MT

Measuring Point Checking Point Measuring Point Checking Point

WPZ65.8 44.3 294 12 45 3
WPZ534.2 106.0 755 27 66 3

Well-side sounding - - - 2 -
Summation 150.3 1049 39 113 6

4.3. Data Processing and Result Analysis
4.3.1. Data Processing

Figure 16 depicts the original WFEM apparent resistivity profiles of line WPZ65.8
and line WPZ534.2 (straightening is used to calculate the distances for measuring points).
The apparent resistivity characteristics of the high-frequency band and low-frequency
band in the figure show high values. Generally speaking, it conforms to the “high-low-
high” characteristics of the stratigraphy in the area. Since this area is relatively flat and
the electrical distribution is relatively layered, the apparent resistivity at the junction of
multiple field source measurement lines is not much different, and the overall apparent
resistivity shape remains consistent, so a hard splicing method is adopted.
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Figure 16. Original apparent resistivity profile of wide field electromagnetic survey line.

The original data are less affected by static effects. In order to retain the small structures
in the original data as much as possible, horizontal filtering is performed along the data
processing to increase the smoothness of the data and improve the fitting degree of the data
inversion. Using the passive inversion algorithm with terrain (TM polarization mode of
2D MT), the initial fitting error of the line WPZ534.2 is 77.8%, taking the 20 Ωm uniform
half-space model as the initial model. After six iterative inversions, the final fitting error is
9.59%. The initial fitting error of the line WPZ65.8 is 71.6%. After six iterations, the final
fitting error is 12.9%.

Figure 17 shows the 3D inversion imaging results of the two Jiyang WFEM survey
lines. It can be seen from the figure that the inversion results of survey line WPZ65.8
and survey line WPZ534.2 are highly consistent at the intersection. This proves that the
underground structure in this area is relatively one-dimensional is less affected by the field
source effects, and the inversion results are reliable.
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Figure 17. The 3D imaging results of two wide field electromagnetic survey lines.

4.3.2. Analysis of the WFEM Detection Results of the Survey Line WPZ65.8

Figure 18 presents the wide field electromagnetic imaging results and interpreta-
tion comparison chart of the line PZ65.8 with an inversion profile depth of 6000 m.
Three normal faults (F1, F2 and F3) can be identified laterally, dividing the strata into
a structural pattern of one uplift (Wangpanzhen buried hill) and two depressions (Jiyang
Graben, Huagou depression). They are also important in the thermal fault of Jiyang Depres-
sion. From top to bottom, they are the Quaternary, Neogene (Q + N), and Paleogene Series
(E), Jurassic and Cretaceous (K + J) and Carboniferous (C). The first layer of the Quaternary
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and Neogene systems is stably developed, with a thickness of about 800–1100 m, and a
generally low resistivity of about 1–5 Ωm. On the surface, there is a widely distributed
and relatively gentle layer of medium-high resistivity, which is the intrusion of Neogene
igneous rocks with a resistivity between 500 and 1500 Ωm. The second layer is the Pale-
ogene (E) with a relatively low resistivity. There are two secondary depressions around
0–12 km and 15–45 km, with a resistivity of around 1–5 Ωm. The third layer is the Jurassic
and Cretaceous (K + J) strata with a medium resistivity of about 50–100 Ωm; the strata of
the Carboniferous and below are of a high resistivity greater than 500 Ωm. Compared with
wide-field electromagnetic, magnetotelluric and seismic profiles, the results of the WFEM
exploration are closer to those of the seismic profile, with consistent overall stratigraphy
and structure but richer in details with higher reliability.
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4.3.3. Analysis of the WFEM Detection Results of the Survey Line WPZ534.2

Figure 19 illustrates that the WFEM imaging results and interpretation comparison
chart of line WPZ534.2 are in good agreement with those of the survey line WPZ65.8. Seven
faults can be identified laterally, among which F1, F2, F3, and F4 are deep faults that control
the depression. The four faults divide the depression into four uplifts (Luxi, Qingcheng,
Linfanjia and Wudi). The structural pattern of the three depressions (Huagou, Lizezhen and
Yangxin) is also an important thermal control fault in the depression. From top to bottom,
they are the Quaternary and Neogene (Q + N), Paleogene (E), Jurassic and Cretaceous
(K + J) and Carboniferous (C). The first layer of Quaternary and Neogene systems are stable
in development, and there is a widely distributed and relatively gentle layer of medium-
high resistance strata on the surface, indicating that the Neogene systems in the Wangpan
Town area are stable in development. Luxi uplift lacks the Jurassic and Cretaceous (K + J),
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and the low-resistivity of the Tertiary system directly enters the high-resistivity strata with
a resistivity greater than 500 Ωm. The strata in the depressions of Huagou, Lize Town and
Yangxin are all relatively well-developed. The second layer is the Paleogene (E) with a
relatively low apparent resistivity. The stratum as a whole tilts to the north with a resistivity
of 5–12 Ωm. The third layer is the Jurassic and Cretaceous (K + J) strata with a medium
resistivity of about 50–100 Ωm; the fourth layer, the Carboniferous and below strata, has a
high resistivity greater than 500 Ωm.
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5. Conclusions

(1) The numerical simulation results of the WFEM method revealed that for a hydrother-
mal geothermal resource target, detection is feasible when the thickness-to-depth ratio
exceeds 1%, and the ratio of the thickness-to-depth ratio to the resistivity contrast
ratio(the ratio of the target’s resistivity to the background resistivity) exceeds 10%.
For hot dry rock geothermal resource targets, detection is feasible when the thickness-
to-depth ratio exceeds 5%, and the product of the thickness-to-depth ratio and the
resistivity contrast ratio is approximately greater than 25%.

(2) It is difficult to detect the geothermal resources in the middle and deep layers. The
WFEM method also faces a lot of difficulties in field source deployment, data acquisi-
tion, data processing and inversion algorithms. So, it is necessary to choose a suitable
solution in fieldwork to improve the reliability of the detection results.
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(3) Human interference is serious in geothermal energy detection in the middle and
deep layers of the Jiyang Depression. The WFEM method has obtained raw data
with a relatively high signal-to-noise ratio quality. The overall apparent resistivity
profile is consistent with the changing trend of formation lithology, and the uplift
and depression divisions are in good agreement with the actual geological conditions.
The 2D WFEM inversion results can make mutual verification and reference with
the magnetotelluric profile and seismic profile. On the premise of maintaining the
consistency of the overall large structure, the shallow depth resolution of the WFEM
inversion profile is higher with richer details than the others, which makes up for the
weak links in the seismic profile.

(4) According to the uplift and pattern of the depression and the distribution of the
main heat-controlling structures, the Huagou depression is a mid-rise one, which
has a well-developed caprock and a shallowly basement, sandwiched by two heat-
controlling faults F1 and F2, possessing a high potential of both hydrothermal and hot
dry rock geothermal resources, whereas the Linfanjia Uplift is an uplift in a depression,
sandwiched by two deep thermal conductive faults F3 and F4, also having a high
potential of deep geothermal resources.

(5) WFEM methods are efficacious for probing medium to deep geothermal energy
resources. However, practical applications encounter numerous challenges. It is
recommended to employ a multiplicity of geophysical exploration techniques to
enhance the reliability of detection outcomes.
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