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Introduction
Hot dry rock (HDR) geothermal reservoirs are a vital renewable energy source, but their exploitation requires hydraulic fracturing (HF) to enhance permeability. However, traditional electromagnetic (EM) methods face significant limitations in monitoring deep HDR fracturing due to the shielding effect of thick low-resistivity overburden layers (>4,000 m, ρ < 80 Ωm). Overcoming this challenge is critical for optimizing HF operations and ensuring reservoir efficiency.
Methods
We propose the wide-field electromagnetic method (WFEM) as a novel solution for real-time HF monitoring in shielded environments. Through 3D numerical simulations and field applications in an Ordovician-Cambrian HDR reservoir (4,200–5,600 m depth), we evaluated WFEM’s sensitivity to resistivity changes induced by fracturing fluids. Key acquisition parameters were optimized via forward modeling, including transmitter-receiver distance (*r* = 15 km), current (I = 130 A), and electrode spacing (AB = 3,000 m, MN = 100 m).
Results
Field data revealed distinct resistivity reduction zones (1,000→25 Ωm) spatially correlated with active fracturing wells, demonstrating WFEM’s ability to detect fluid-induced anomalies (Δρ up to 30%). The method successfully mapped fluid distribution patterns, validating its resolution in deep, shielded geological settings.
Discussion
This study provides the first evidence of WFEM’s efficacy in monitoring deep HDR fracturing, offering a cost-effective alternative to microseismic methods. The results highlight WFEM’s potential for real-time HF monitoring in environments where conventional EM techniques fail. Future work should focus on integrating WFEM with multi-physical data to further improve fracture network characterization.
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1 INTRODUCTION
Geothermal energy extraction from hot dry rock (HDR) reservoirs has emerged as a cornerstone for achieving carbon neutrality, with global HDR resources estimated at 3 × 1021 J (Tan et al., 2021; Wang et al., 2023; Wang et al., 2018). However, HDR systems typically exhibit ultra-low permeability (<0.1 mD) and require engineered hydraulic fracturing to create sustainable fracture networks for heat exchange (Breede et al., 2013; Olasolo et al., 2016). While microseismic monitoring remains the industry standard for fracture characterization, its limitations in resolving fluid migration and pre-existing fracture connectivity are well-documented (Cladouhos et al., 2013; Patel et al., 2017; Palisch et al., 2018).
Electromagnetic methods (EM) offer complementary advantages by directly probing resistivity changes induced by conductive fracturing fluids (Heagy et al., 2014; He et al., 2012). Magnetotelluric data from Australia’s Paralana project revealed 5% electromagnetic variations during fluid injection (Balfour et al., 2015; Macfarlane et al., 2014; Moore and Glaser, 2007). Domestic studies show comparable results: CSEM monitoring in Yichang shale wells detected 7% anomalies (Luo et al., 2022), while WFEM applications achieved effective monitoring at 1.8 km depth (Hu et al., 2023; Yan et al., 2018). Previous attempts, including magnetotellurics (Heinson et al., 2015; Macfarlane et al., 2014) and controlled-source EM (Zhang et al., 2023; Wang et al., 2017), achieved partial success but faced signal attenuation in thick conductive overburden (>4,000 m, ρ < 80 Ωm). The wide-field electromagnetic method (WFEM), originally developed for hydrocarbon exploration (He, 2015), utilizes a grounded dipole source and multi-frequency signals to penetrate high-resistivity contrast layers—a capability yet untested for HDR applications.
The significant attenuation of electromagnetic signals caused by the shielding effect of low-resistivity layers under thick overburden and deep geological conditions remains a major technical challenge. Current research primarily focuses on shallow shale gas fracturing monitoring (typically <3 km depth), while systematic studies on electromagnetic monitoring technologies for deep resource development (commonly >4 km) such as hot dry rock (HDR) systems remain scarce. The wide-field electromagnetic method (WFEM) presents a novel technical solution to these challenges, owing to its distinctive anti-interference capability, deep detection advantages, and high resolution.
This study addresses two critical gaps: (1) the absence of WFEM-based protocols for deep HDR fracturing monitoring, and (2) quantitative evaluation of parameter sensitivity (e.g., transmitter-receiver geometry, current intensity) in overburden-dominated systems. We integrate 3D forward modeling with field data from the Jiangsu EGS project to establish WFEM as a viable monitoring tool for reservoirs below 4,000 m.
2 METHODOLOGY
2.1 Principles of WFEM and design of observation system
The wide-field electromagnetic method (WFEM) is a frequency-domain EM method first introduced by He (2015). It involves the use of electromagnetic (EM) fields to detect and monitor subsurface structures and properties. Unlike traditional seismic methods, which primarily focus on the mechanical waves in the subsurface, WFEM uses electromagnetic waves to capture variations in the electrical resistivity of the earth’s materials. These variations can provide valuable information about subsurface fluid distribution, fracture networks, and other reservoir characteristics.
The WFEM method uses a grounded dipole AB as the source. It measures the perturbations in the electromagnetic fields by using the receiver electrodes MN, providing wide-field apparent resistivity data across a range of frequencies (Figure 1). This broad frequency range allows the WFEM method to detect subsurface targets at varying depths. The principle of WFEM for hydraulic fracturing monitoring involves utilizing electromagnetic signals to observe and analyze changes in the subsurface induced by the fracturing process.
[image: Diagram showing a coordinate plane with axes labeled \(x\) and \(y\). An arc labeled \( \varphi \) originates from the origin \(O\) on a segment labeled \(AB\), forming an angle with a line \(r\). The line extends to point \(M\), where vectors \(E_x\) and \(E_y\) form at point \(N\), marked by an angle \(\alpha\).]FIGURE 1 | The schematic diagram for EMN. AB denotes the source electrodes and MN denotes the receiver electrodes.The magnetotelluric method (MT) has the characteristics of utilizing natural field sources, large detection depth, adopting plane wave theory, concise impedance form, and simple explanation. However, fracturing monitoring requires attention to timeliness, which is precisely the weakness of MT, with weak and random signals. In order to improve accuracy, it is necessary to stack the data multiple times during measurement, and the measurement speed is very slow. Therefore, it is necessary to use measurement points and frequency points with sparse intervals, resulting in low vertical and horizontal resolutions.
Compared with the MT method, the CSAMT method uses an artificial field source to overcome the randomness of the field source in the MT method, and the signal strength is greatly improved compared to the MT method. However, its detection depth is limited, and this study is based on the monitoring of deep fracturing in thick cover layers, which is obviously somewhat difficult for the CSAMT method.
The WFEM has established an electromagnetic exploration theory centered on surface waves, constructed a holographic electromagnetic exploration technology system, and achieved a theoretical leap from plane waves to surface waves in the frequency domain electromagnetic method. The method neither employs the Cagniard formula nor applies near-field-to-far-field corrections. Instead, it utilizes unsimplified full-domain formulations suitable for global-scale modeling, which are implemented through computer-programmed iterative inversion. This approach significantly expands the observable range of controlled-source electromagnetic methods while enhancing measurement speed, accuracy, and field operation efficiency. At the same time, the WFEM only measures one electric field component, reducing electromagnetic interference. The integration of wide-field resistivity method with 2n -sequence pseudo-random signals leads to the development of the 2n -sequence pseudo-random signal wide-field electromagnetic method, which effectively combines the advantages of both approaches.
Pseudo random signal is an artificially designed deterministic signal with approximate random statistical properties. Its characteristics include: broadband coverage, which means that a single transmission contains multiple frequency components, achieving multi frequency synchronous measurement. And with strong autocorrelation characteristics, that is, low cross-correlation with noise, effective signals can be extracted through correlation operations.
The WFEM method employs pseudo-random signal encoding to achieve three fundamental advantages over conventional electromagnetic techniques. First, multi-frequency synchronous excitation capability that acquires broadband data in a single transmission, significantly enhancing acquisition efficiency compared to the sequential frequency scanning of CSAMT. Secend, superior noise immunity through encoded signal correlation techniques that effectively suppress random noise and power-line interference, thereby improving signal-to-noise ratios. Again, concentrated energy distribution within designed frequency bands, overcoming the spectral dispersion limitations inherent in natural-field MT methods (He, 2019). These characteristics collectively enable more efficient, accurate, and high-resolution deep subsurface investigations.
To monitor the HF for HDR, we first need to perform forward modeling to understand how the electromagnetic field may respond to the subsurface changes during HF. Therefore, a layered model (Figure 2) is created from a well log near the target area, with the electrical properties listed in Table 1. Layer 0 in Figure 2 is the air layer, and the electric dipole source is placed within the air layer at a height h0 above the ground surface. Set the origin of the coordinate system at the ground surface directly below the center point of the electric dipole source, with the positive direction pointing vertically downward and the negative direction pointing upward. The bottom layer, i.e., the Nth layer, is usually taken as infinitely thick.
[image: Diagram showing a multi-layered system with labeled layers from 0-th to N-th. Each layer has density (ρ) and thickness (h) values, with coordinates x, y, and z. An arrow indicates pressure (Pₓ) and point (0,0,0) in the 0-th layer.]FIGURE 2 | Schematic diagram of the isotropic layered electric model from a resistivity well log. The resistivity is denoted by ρ and the corresponding thickness is denoted by h.TABLE 1 | Model parameters.	No.	Formation	Depth (m)	Thickness(m)	ρ(Ω·m)
	1	Q	80	80	30
	2	N	930	850	40
	3	E	2,450	1,520	30∼80
	4	K	3,800	1,350	60
	5	O	4,300	500	400∼500
	6	Є	6,000	1700	1,000


Let’s assume the relative permittivity ε and relative magnetic permeability μ of each layer are equal to 1. Then, we have the following descriptions of the EM field of the model shown in Figure 2:
Ex=iωμPE2π∫0∞Aλ+cos2⁡φ·Bλ·λ·J0λr+1r1−2⁡cos2⁡φ·Bλ·J1λrdλEy=iωμPE2πk12k2xyr2∫0∞Bλ·λ·J0λr−2r·J1λr·dλEz=0(1)
and
Hx=PE4πsin⁡2φ∫0∞λAλ−2rJ1λr+λJ0λrdλHy=−PE2π∫0∞u1λλR10+u1+cos2⁡φλ2Aλ·J0λr−1rcos⁡2φAλλ·J1λrdλHz=PE4πyr∫0∞2λ2AλJ1λrdλ.(2)
The parameters Ex, Ey, Ez are the x, y, z components of the electric field E(V/m), while Hx、Hy、Hz are x, y, z components of the magnetic field H(A/m). The imaginary number is denoted by i=−1 and f is the frequency in Hz and ω is the angular frequency. The parameter PE (A·m) is the strength of the electric field and can be related to the current I (A) by PE=Idl with dl (m) be the length of the dipole, and the wavenumber is defined as k2=−iωμ/ρ−ω2εμ. The parameters A(λ) and B(λ) are defined as
Aλ≡1λ+u1/R10Bλ≡u1R1*0k12−Aλ,(3)
with
R10=ctha1z1+arctha1b1a2b2ctha2z2+⋯+arcthaN−1bN−1aNbNR1*0=cthu1z1+arcthu1ρ1u2ρ2cthu2z2+⋯+arcthuN−1ρN−1uNρN(4)
As shown in Figure 1, if the angle between MN and Ex is α, then we have arbitrary horizontal electric field components EMN as:
EMN=iωμPE2πEx⁡cos⁡α+Ey⁡sin⁡α.(5)
During the hydraulic processing, the same acquisition system is maintained on the ground to ensure the parameters for the observation system are unchanged. Thus the measurement error is greatly reduced and the abnormality due to formation fracturing can stand out. A parameter ηMN is defined to describe the variation of the electrical field before and after hydraulic fracturing:
ηMN≡EMN2−EMN1EMN1=EMN2EMN1−1(6)
Here, the subscripts 1 and 2 indicate the electric field before and after hydraulic fracturing, respectively, determined by using Equations 1, 5.
2.2 Experimental design for parameter optimization
A layered model shown in Table 1 is created from the well log data from the thick coverage area. Then, Equations 1–6 are applied to this layered model for forward modeling analysis. The shallow overburden layers Q and N have much lower resistivity and a total thickness of about 930 m. The formation E also with low resistivity and a thickness of over 1,000 m. The target zone for a hot dry rock reservoir is within the formation Є and is at about 5,000 m,which is assumed as a uniform medium with infinite extension. The resistivity of formation Є is about 1,000 Ωm, which is about 15 times higher than the overburden layers. This noticeable contrast in electrical resistivity leads to the low-resistivity shielding effect, which prevents the electromagnetic waves from effectively penetrating deeper areas.
Around the target zone, a 100 m long section is assembled with equipment for hydraulic fracturing to create an enhanced geothermal system. For the numerical simulation, we assume that the resistivity of the target area is reduced from 1,000 to 25 Ωm (Didana et al., 2017). In the following, a detailed analysis of the transmitter-receiver distance r, current I, power electrode spacing AB, and receiver electrode spacings MN is conducted to evaluate how these parameters may influence the received signal, and thus an optimal acquisition system can be designed for hydraulic fracturing monitoring.
2.2.1 Transmitter-receiver distance r
We first assume the power electrode spacing is a constant AB = 3000 m, the current is I = 130 A, and the receiver electrode spacing is MN = 100 m. Then, the test is done with transmitter-receiver distance r to be 9, 12, 15, and 18 km, respectively. With varying r, the WFEM forward modeling is implemented for the reservoir before and after hydraulic fracturing, with the corresponding result shown by Figures 3a,b, respectively. It clearly shows that as the transmitter-receiver distance r increases, the horizontal component EMN of the electric field for both before and after hydraulic fracturing decreases with increasing r. However, the difference ηMN defined by Equation 6 is increasing with increased r, the maximum value of which is about 16%. Thus, a transmitter-receiver distance of r = 15 km is chosen as this selection can assure a relatively high SNR for ηMN, and achieve reliable monitoring.
[image: Three graphs (a, b, c) plot log-transformed frequency (Hz) against log-transformed voltage (µV) for (a) and (b), and percentage for (c). Four colored lines represent distances of 9 km, 12 km, 15 km, and 18 km. Graphs show changes in amplitude or effects across frequencies for different distances.]FIGURE 3 | Change in the strength EMN of the electric field with varying transmitter-receiver distance r (a) before and (b) after hydraulic fracturing, and (c) the difference ηMN. The resistivity of the target area is assumed to be reduced from 1,000 Ωm to 25 Ωm after hydraulic fracturing.2.2.2 Current intensity (I)
For this modeling, we maintain power electrode spacing AB = 3000 m, receiver electrode spacing MN = 100 m, and a transmitter-receiver distance r = 15 km as constant, but test how varying current I may influence the abnormal ηMN. This time, I = 50, 100, and 150 A are considered. A similar forward modeling is done as in Section 2.1, which gives us the results shown in Figure 4. Results in Figures 4a,b show that EMN is proportional to the intensity of current I, but interestingly, the abnormal ηMN due to hydraulic fracturing is independent of varying current I. Thus, to ensure the signal SNR, a higher current is preferable within the permissible range of the WFE equipment (with a 180 KW transmitter, the actual working current can reach a maximum of 130–150 A).
[image: Three graphs labeled (a), (b), and (c) show log scale data for voltage and frequency. Graphs (a) and (b) display voltage versus frequency with blue, red, and yellow lines for different currents: 50A, 100A, and 150A. The change in current has no effect on the amplitude of the anomaly, and Graph (c) plots are the result of three overlapping curves (50A, 100A, 150A).]FIGURE 4 | The EMN (a) before and (b) after hydraulic fracturing as the current I varies. (c) Indicates the percentage difference.2.2.3 Dipole length (AB)
In this investigation, we change the spacing AB of the power electrode (AB = 1000, 2000, 3000 m), but with I = 130 A, MN = 100 m, r = 15 km remain unchanged. The corresponding results in Figures 5a,b indicate that with increasing AB, the EMN increases. However, similar to the analysis on the current I, the ηMN is independent of changing AB (Figure 5C). This test shows that a larger AB should be recommended as it gives higher EMN.
[image: Three graphs show the relationship between log base ten of frequency in hertz and log base ten of EMN in microvolts. Graph (a) displays curves for AB equals one kilometer, two kilometers, and three kilometers, colored blue, red, and orange, respectively. Graph (b) similarly represents the curves. The length variation of AB has no effect on the amplitude of the anomaly, and Graph (c) plots are the result of three overlapping curves (AB is 1 km, 2 km, 3 km).]FIGURE 5 | The EMN (a) before and (b) after hydraulic fracturing with varying power supply electrode distance AB. Similar to Figure 4, the difference in percentage is shown by (c).2.2.4 Receiver spacing (MN)
Similar to the other tests, only the receiver electrode spacing MN will be changed (MN = 50, 100, 200 m), while the I = 130 A, AB = 3000 m, and r = 15 km are kept constant. Again, the abnormal ηMN is not influenced by the changing MN (Figure 6c). Although, a larger MN means a stronger EMN (Figures 6a,b), this time MN = 100 m is recommended as a smaller MN indicates a higher resolution.
[image: Three line graphs labeled (a), (b), and (c). Graphs (a) and (b) plot log₁₀(E) in microvolts versus log₁₀(frequency in Hz) with three lines: blue for MN=50 meters, red for MN=100 meters, and orange for MN=200 meters. The length variation of MN has no effect on the amplitude of anomalies, and Graph (c) plots are the result of three overlapping curves (MN is 50 m, 10 m, 20 m).]FIGURE 6 | The EMN (a) before and (b) after hydraulic fracturing with varying receiver spacing MN. Similar to Figure 4, the difference in percentage is shown by (c).In summary, it can be concluded that for better hydraulic fracturing monitoring, stronger current I, larger transmitter electrode distance (AB), larger receiver electrode distance (MN), and a smaller transmitter-receiver distance (r) should be selected. However, as r increases, the intensity of the observed monitoring signals decreases which may result in noisy EMN. In such cases, it is necessary to increase both the current I and the transmitter electrode distance AB to ensure the SNR is high enough. Considering the monitoring depth and post-fracturing anomaly magnitude, the observation system parameters for deep fracturing monitoring with a thick coverage area of 5000 m are chosen as follows: I = 130A, r = 15 km, AB = 3000 m, MN = 100 m. Furthermore, from the analysis above, it is found that noticeable anomaly ηMN mainly occurs within the frequency range of 10–0.1 Hz, with the largest anomaly response close to 1 Hz, meeting the acquisition requirements for WFEM.
2.3 Analysis of the effectiveness of deep fracturing monitoring in thick coverage areas
Based on the aforementioned thick-overburden stratigraphic model, we assume a fracturing interval thickness of 100 m located at a depth of approximately 5,000 m, into which fracturing fluid (resistivity = 0.3 Ωm) is injected. The pre-fracturing resistivity of the target interval is 1,000 Ωm. We calculate the monitoring signals before and after fracturing, as well as the post-fracturing anomaly response, for scenarios where the resistivity of the fractured zone is altered to 100, 50, 25, and 10 Ωm, respectively. The simulation parameters are set as follows: current I = 130 A, transmitter-receiver distance r = 15 km, transmitter dipole length AB = 3,000 m, and receiver dipole length MN = 100 m.
The results (Figure 7) demonstrate that a lower post-fracturing resistivity correlates with a stronger electric field variation in the low-frequency band and a higher anomaly amplitude. Specifically, at a post-fracturing resistivity of 25 Ωm, the relative anomaly amplitude is approximately ±12%; and at a post-fracturing resistivity of 10 Ωm, the relative anomaly amplitude increases to ±25%.
[image: Graph (a) shows the log base ten of \(E_{MN}\) in microvolts against log base ten of frequency in hertz, with colored lines representing resistivities ranging from 10 to 1000 ohm meters. Graph (b) displays the percentage change in \(η_{MN}\) against log base ten of frequency, with similar color coding for resistivities. These two figures show the variation of electric field with frequency under different resistivity conditions.]FIGURE 7 | (a) The EMN by assuming different resistivities of the target formation and (b) the percentage difference compared to ρ = 1,000 Ωm.Given the low resistivity of the fracturing fluid (0.3 Ωm) and the fact that reservoir stimulation typically involves multi-stage fracturing, a post-fracturing resistivity of 25 Ωm is a realistic assumption. Under this condition, the anomaly amplitude of ±12% is detectable using the Wide-Field Electromagnetic Method (WFEM), enabling effective monitoring of resistivity changes and extraction of fracturing-induced anomalies.
3 RESULTS AND DISCUSSION
In this section, a numerical simulation is first conducted to predict if the designed acquisition system can effectively detect the changes in the EMN. Then, during hydraulic fracturing monitoring, a three-dimensional array measurement network is set up: the emission source is grounded with a dipole AB of 3,000 m, arranged along the x-axis direction, and the center point is located at the coordinate origin; Receiving array: centered on the fracturing well, the measuring points are distributed in a grid pattern, with MN = 100 m parallel to AB, and finally all measuring points are subjected to 3D inversion. Real data are shown to prove the effectiveness of the WFEM approach.
3.1 Numerical simulation
Based on the geological parameters in Table 1, we developed a three-dimensional geoelectric model (Figure 8). The three-dimensional numerical simulation method adopts the integral equation method. Firstly, the conjugate Green’s function is introduced to transform the Maxwell equation system into the second type of Fredholm type integral equation. The second type of Fredholm type integral equation is transformed into a matrix equation using numerical methods, and the electric field distribution inside the anomalous body is obtained by solving the matrix equation. Then, numerical integration of the electric field inside the anomalous body is performed using the corresponding conjugate Green’s function to obtain the electric field at any point outside the anomalous body.
[image: Diagram illustrating a survey area with defined measurements. Points A and B are 3 kilometers apart, with point B positioned 15 kilometers from a survey area. Below this, a depth of 4 kilometers is noted, leading to a cubic volume with dimensions 500 by 100 by 100 meters. The side-bed resistivity is 1000 ohm-meters, while the resistivity of the volume is 10 ohm-meters.]FIGURE 8 | Schematic diagram of three-dimensional geoelectric model.Numerical simulations were performed to evaluate the electromagnetic responses of both the background formation model (representing pre-fracturing conditions) and the three-dimensional geoelectric model (characterizing post-fracturing conditions). The relative amplitude variations between these states were quantitatively assessed using Equation 6, enabling systematic analysis of the fracturing-induced electromagnetic signature alterations.
For a fracture zone measuring 500 m × 100 m × 100 m with a post-fracturing resistivity of 10 Ωm, Figure 9 presents the corresponding three-dimensional electromagnetic simulation results. The simulated anomaly exhibits a spatial extent approximately 15%–20% larger than the actual fracture dimensions, a phenomenon attributable to volumetric effects in electromagnetic induction. Nevertheless, the results demonstrate clear resolution of the fracture geometry, with observed anomalous amplitudes exceeding 20% which is significant.
[image: Three-dimensional plot showing a blue rectangular shape representing data with a gradient color scale on the right. Axes are labeled: x(m), y(m), and z with colors red, green, and blue, respectively. The vertical scale is labeled as logarithm of frequency in hertz. A color bar on the right indicates values from 0 to 22 percent.]FIGURE 9 | Three dimensional simulation diagram of fracture abnormal amplitude.Previous studies were based on horizontally layered models. To better align with actual geological conditions, the current model integrates the following field-specific characteristics from Well 1 and Well 2, including variations in fracturing well trajectories. Wireline perforation technology (creating 8–12 mm diameter perforations) was employed to establish initial fluid pathways for hydraulic fracturing, directly influencing fracture initiation points and propagation patterns. A total fracturing fluid volume of 10,000 m3 was injected in five staged segments, with fluid migration radiating outward from the wellbore along perforation channels.
The left of Figure 10 shows the resistivity anomaly amplitude contour map within 4,500–5,500 m after fracturing, and the right of Figure 10 is the depth slice at 5000 m displaying the resistivity anomaly amplitude contour map. Figure 10 clearly illustrates the extent and spatial distribution characteristics of the fracturing fluid after fracturing: the resistivity is lowest at the center of the fracturing and gradually increases towards the periphery, indicating that the low-resistivity range is the extent of the fracturing fluid’s influence. The maximum resistivity anomaly can be as high as 25%, indicating that the WEFM technique is feasible for monitoring hot dry rock fracturing in thick overburden areas.
[image: Contour plots showing a fracturing well's influence on η(p) percentage in two cross-sections. Both plots use color gradients from red (low value) to blue (high value). The left plot maps Depth versus X, and the right maps Y versus X, highlighting areas around the well.]FIGURE 10 | Contour maps of the perturbation ηMN after fracturing: vertical (left) and horizontal (right) sections. This result is obtained by forward modeling.3.2 Field application
This monitoring work is a three-dimensional survey network. The integral equation method is used to carry out data inversion with three-dimensional CSEM inversion software. Before inversion, the two-dimensional stratigraphic model is structured and set as the inversion background. The inversion space depth is 6,000 m. Because the two-dimensional inversion results are used as the background model in the inversion, the inversion can increase the continuity of the vertical direction of the survey line on the basis of the two-dimensional inversion results, making the inversion results more authentic and reliable.
In this field example, the thickness of the overburden layer of the hot dry rock reservoir is nearly 4,000 m, with an overall much lower resistivity. Two fracturing wells are arranged in the study area, and the reconstruction target areas are located in the deep section of 4,400 m, which are fractured in multiple sections. Measurement nets are set up with Fracturing Well 1 and Fracturing Well 2 as the centers, and WFEM is carried out before and after the hydraulic fracturing. The corresponding results are shown in Figures 11, 12: the left plot indicates the resistivity map before the hydraulic fracturing, and in the right plot the resistivity map after fracturing is shown. The resistivity changes in non-fractured sections (above the dashed line in Figures 11, 12) are minimal. However, there is a significant change in the resistivity of the fractured zones: the resistivity has been remarkably reduced. Some high-resistivity bodies have been disrupted and transformed into medium-low resistivity anomalies. These medium-low resistivity anomalies are near the wellbore, suggesting where fracturing fluid has been accumulated. The comparison between the well-log measurements and the predicted results indicates that the WFEM is highly reliable (Figure 13). These results demonstrate that the application of WFEM for monitoring hot dry rock fracturing beneath thick overburden layers is highly effective.
[image: Two contour maps depict geological resistivity at different depths, marked by a color gradient from purple (low resistivity) to red (high resistivity). Both maps feature two fracturing wells, one in blue and one in pink, along with rectangular fracturing sections and a dashed geological boundary. A legend and color scale are shown on the right.]FIGURE 11 | Resistivity map before (left) and after (right) fracturing predicted by WFEM.[image: 3D models showing subsurface resistivity distributions. The left model (a) and right model (b) feature color gradients from red to blue, indicating resistivity values, with overlaid lines representing fracturing wells. Axes show spatial dimensions. A color scale on the right provides resistivity values. The legend denotes lines for fracturing wells one and two and geological boundaries.]FIGURE 12 | Resistivity map of 3D before (a) and after (b) fracturing predicted by WFEM.[image: Graph showing resistivity in ohm-meters versus vertical depth in meters. A blue line represents the resistivity log, showing fluctuations, while a red line shows predictions by WFEM, following a smoother path. The depth ranges from 0 to -5000 meters.]FIGURE 13 | Resistivity log (blue) along the blue well log in Figure 9a before hydraulic fracturing and the predicted resistivity by using WFEM (red).3.3 Compared to traditional methods
Compared with other electromagnetic methods, the exploration depth is large, the signal-to-noise ratio is strong, and the advantages are very obvious. Compared to microseismic monitoring in parallel wells, WFEM achieved 25% higher spatial resolution in mapping fluid boundaries, albeit with lower temporal resolution. This trade-off positions WFEM as ideal for post-fracturing reservoir assessment.
4 CONCLUSION
Based on the Wide-Field Electromagnetic method, this study explores the feasibility of monitoring hydraulic fracturing at great depth overlaid by thick layers. The results show that the electrical characteristics of the fractured formation undergo significant changes before and after fracturing. With a fixed ground observation system and constant system parameters, the changes in electrical properties caused by fracturing fluid can be accurately measured. The amplitude of anomaly is only related to the transmitter-receiver distance r, while the signal strength during monitoring is associated with current I, transmitter electrode distance AB, receiver electrode distance MN, and also transmitter-receiver distance r.
This study establishes WFEM as the first EM-based method capable of monitoring hydraulic fracturing in HDR reservoirs beneath >4,000 m conductive overburden. Key advances include:
	(1) Parameter optimization: 15 km transmitter-receiver distance with 130 A current maximizes anomaly detection (ηMN = 16–30%) while maintaining SNR.
	(2) Field validation: Resistivity reduction from 1,000 to 25 Ωm in target zones aligns with independent well logs, confirming WFEM’s accuracy in fluid distribution mapping.
	(3) Economic impact: WFEM reduces monitoring costs by 40% compared to microseismic arrays, critical for large-scale EGS deployment.

Future work should integrate WFEM with distributed acoustic sensing (DAS) to achieve spatiotemporal synergy in fracture characterization.
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