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The borehole-ground transient electromagnetic method enhances the detection range and resolution by placing the transmitter electrode within the borehole, allowing for close-proximity excitation of subsurface targets and compensating for the shortcomings of traditional ground-based methods. Utilizing an unstructured vector finite element method combined with a second-order backward Euler variable time-stepping difference scheme and the MUMPS solver, we have achieved three-dimensional forward modeling simulation of the transient electromagnetic field for a borehole-ground electric source. Based on the validation of its accuracy, we analyzed the effectiveness of this method for dynamic monitoring of shale gas reservoir fracturing. Through forward modeling, we examined the characteristics of the radial electric field response during shale gas reservoir fracturing monitoring and evaluated the effectiveness of the borehole-ground TEM method in dynamic monitoring of shale gas reservoirs. The research results indicate that this method can meet the requirements for reservoir fracturing dynamic monitoring and has a promising application prospect.
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1 INTRODUCTION
In recent years, as unconventional oil and gas utilization enter a late stage of development into areas where the water cut is high, research on the identification of oil, gas, and water; the prediction of the residual oil and gas distribution; and the dynamic monitoring of oil reservoirs has become crucial (Hu et al., 2014; Zhao et al., 2019). Hydraulic fracturing is a key technology in the development of unconventional oil and gas reservoirs that directly affects the production of unconventional oil and gas. The forward simulation of hydraulic fracturing dynamic monitoring models can not only verify the effectiveness of hydraulic fracturing, but also provides important guidance for the hydraulic fracturing of unconventional oil and gas. Although techniques such as the time-lapse seismic method have matured, during hydraulic fracturing, the small difference in the acoustic impedance caused by the displacement of reservoir fluids by fracturing fluids makes data interpretation difficult, and this method is also costly. Therefore, geophysical methods such as time-lapse gravity and time-lapse electromagnetic models are beginning to be developed (Peng et al., 2012). Notably, the displacement of fracturing fluids can cause significant changes in reservoir electrical properties, providing a theoretical basis for the application of electromagnetic exploration techniques in the dynamic monitoring of unconventional oil and gas reservoirs.
With the increasing demand for the exploration of deep-seated resources, several limitations in conventional ground-based electromagnetic surveying techniques for deep resource exploration have been identified. To address these issues, two approaches can be pursued. First, increasing the transmit power of the excitation field source to improve the signal-to-noise ratio of the received electromagnetic signals can enhance the practicality and effectiveness of electromagnetic methods. Second, facilities such as tunnels, mines, and boreholes can be used to place a transmitter under-ground and close to the target body for emission stimulation. This not only allows for the acquisition of stronger abnormal response signals, thereby increasing the detection depth, but also enhances the resolution of the abnormal body.
The transient electromagnetic method has been widely applied in environmental surveys, oil and gas exploration, mineral exploration, geothermal resource exploration, and deep crustal studies. Compared to controlled-source electromagnetic (CSEM) and magnetotelluric (MT) methods, this method has several advantages, such as a greater detection depth and a higher signal-to-noise ratio (Keller et al., 1984; Strack, 1984; Hördt et al., 1992; Mitsuhata et al., 2002; Müller et al., 2002; Commer et al., 2006; Haroon et al., 2015; He and Xue, 2018). The rational interpretation of electromagnetic data relies on forward and inversion techniques, and forward simulation plays a crucial role by providing important guidance for oil and gas reservoir development. Therefore, this topic has been the focus of widespread attention by scholars.
Current research on time-domain electromagnetic methods primarily focuses on numerical simulation and feasibility analysis. In the field of borehole transient electromagnetic technology, the borehole electrical method was initially proposed by researchers in the former Soviet Union for the delineation of coal seam horizons. He Zhanxiang further developed the borehole time-frequency electromagnetic method based on previous research, deriving a three-dimensional numerical simulation algorithm for vertical dipole sources using the volume integral equation method, and achieved three-dimensional forward and inversion modeling of borehole electromagnetic methods (Wang et al., 2006; Wang et al., 2007). Ke Ganpan and Huang Qinghua used finite element methods to implement three-dimensional forward simulation of vertical line source electric fields (Ke and Huang, 2009). Cuevas established a borehole electromagnetic model that involved placing vertical electric dipole sources as excitation sources at the bottom of the metal casing. In addition, Cuevas analyzed the electromagnetic response characteristics at the radial distance measurement points on the ground and studied the effects of factors such as the length and conductivity of the metal casing on the response (Cuevas, 2012). Ghada and Sami conducted time-domain numerical simulations of infinitely long wire sources in two-layered formations and analyzed the influences of different layer conductivities on the response results (Ghada and Al-Najim, 2015). Zhang Jiaqi integrated the expressions for each component of the dipole electromagnetic field along the direction of the wire to obtain analytical expressions for the vertical long wire source’s electromagnetic field, and compared the responses of this field with the response of the ground horizontal electric dipole as part of a three-dimensional forward simulation of a borehole. This demonstrated the significant advantages of borehole electromagnetic methods in deep resource detection compared to conventional ground-based methods (Zhang, 2018). In terms of dynamic monitoring, Orange et al. analyzed the feasibility of using marine controlled-source electromagnetic methods to monitor the process of oil and gas reservoir development based on a classic two-dimensional oil and gas model (Orange et al., 2009). Furthermore, Wirianto et al. studied the feasibility of using land-based controlled-source electromagnetic methods to monitor changes in oil and gas reservoirs through numerical simulations of complex three-dimensional resistivity models (Wirianto et al., 2010). Meanwhile, Xie Xingbing et al. conducted experiments on residual oil monitoring using time-domain long-offset transient electromagnetic methods and preliminarily verified the effectiveness of this method in detecting residual oil boundaries (Xie et al., 2016). Li et al. proposed a multi-source, multi-directional ground-to-well vertical electromagnetic profiling method and used the integral equation method to simulate the electromagnetic response characteristics of oil and gas reservoir resistivity and oil saturation changes during water injection and production processes (Li et al., 2017). Liu et al. conducted numerical simulations and field experiments on the hydraulic fracturing process of shale gas fields and confirmed the good effect of controlled-source electromagnetic methods in monitoring shale gas production (Liu R. et al., 2020). Wang Xinyu et al. conducted a simulation and performed an analysis of the dynamic monitoring of oil reservoirs using electrical source transient electromagnetic methods and verified the significant response effects of this method in the dynamic monitoring of oil and gas reservoirs (Wang et al., 2022).
Early studies have demonstrated that, compared to conventional ground-based electromagnetic methods, borehole electromagnetic methods have significant advantages in deep exploration. Additionally, electrical source transient electromagnetic methods have been proven to be feasible for the dynamic monitoring of reservoirs. Therefore, based on the non-structured vector finite element method, in this paper, a borehole model is constructed, and the finite element results are compared with numerical filtering solutions to validate the algorithm’s effectiveness. Subsequently, we establish a three-dimensional model and calculate the electric field components for dynamic monitoring of shale gas hydraulic fracturing within the model and analyze the relative anomaly changes to verify the effectiveness of borehole transient electromagnetic methods in the dynamic monitoring of shale gas hydraulic fracturing.
2 METHOD AND TECHNIQUE OF THE DYNAMIC MONITORING OF SHALE GAS FRACTURING USING THE TIME DOMAIN ELECTROMAGNETIC METHOD
In recent years, the borehole electromagnetic method has emerged as a widely applied electromagnetic method in the exploration of oil and gas reservoirs, residual oil detection in oil fields, and the dynamic monitoring of reservoirs. It mainly consists of two forms: 1) the well-surface electromagnetic method (WSEM), in which electromagnetic sources are emitted from within the well and received on the surface; and 2) the surface-well-electromagnetic method (SWEM), in which electromagnetic sources are emitted from the surface and received within the well. In the borehole electromagnetic method, the casing of the well can be used as the emitting electrode, or else dipole/magnetic sources can be placed near the geological target layer within the well for close-range stimulation. The excitation signal can be single-frequency or multi-frequency domain electromagnetic waves, or alternatively, it can be time-domain square waves. Array observations are conducted on the ground to measure the intensity of the electric field and the induced electromotive force components. The measured signal strength depends on the distribution of the formation resistivity and other physical parameters within the electromagnetic field’s range of action determined by the observation method (Hu et al., 2022).
The transmitter of the borehole transient electromagnetic method is either an electrode (electrical source) or a magnetic dipole source (magnetic source) located in the well. The waveform of the transmitted current can be a zero-based square wave or a pseudo-Gaussian pulse, and the source can be moved within the well to conduct measurements. The receiving array can be deployed in various layouts depending on the surface conditions. At each excitation point, signals from multiple excitation cycles need to be observed and stacked to improve the signal-to-noise ratio, which requires more measurement time than the charging method. Both the electric field components and magnetic field components can be measured simultaneously to compensate for the insensitivities of electric and magnetic fields to different electrical differences. In addition to imaging the intensity and gradient of the electric field, processing of the observation data can also yield images of the apparent resistivity and polarization parameters of the target interval. The borehole transient electromagnetic method has been widely used in the study of various factors, such as the layering of oil and gas reservoirs, the delineation of reservoirs, and the exploration of underground water. It is characterized by its high efficiency, easy operation, and fast exploration speed. Compared to surface-well electromagnetic methods and airborne electromagnetic methods, borehole electromagnetic methods have a broader exploration range and are more sensitive to high-resistivity anomalies. The borehole transient electromagnetic detection method is an effective electromagnetic exploration method (Figure 1) (Hu et al., 2022).
[image: Figure 1]FIGURE 1 | Schematic diagram of borehole-to-ground transient electromagnetic method device.
3 IMPLEMENTATION OF 3-D FORWARD ALGORITHM
3.1 Time domain finite element forward modeling theory of electromagnetic fields
In the quasi-static state, the time domain Maxwell equations of the active region can be expressed as follows:
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Starting from the Maxwell equations in the time domain, the magnetic field is eliminated, and the electric field diffusion equation, which ignores the displacement current term, is established:
[image: image]
where [image: image] is the permeability; [image: image] is the position vector; [image: image] is the electric field intensity at position [image: image] , at time [image: image]; [image: image] is the magnetic field intensity at position [image: image] , at time [image: image]; [image: image] is the magnetic induction intensity at position [image: image] , at time [image: image]; [image: image] is the conduction current density at position [image: image] , at time [image: image]; [image: image] is the applied source current density at position [image: image] , at time [image: image]; and [image: image] is the electrical conductivity.
An unstructured tetrahedral grid is used to discretely calculate the region, and the Nédélec vector interpolation basis function, which automatically satisfies the continuity and non-dispersion of the tangential component of the electric field, is used to approximate the linear distribution of the electric field within the element. (Figure 2) The electric field inside any tetrahedral element can be expressed as follows:
[image: image]
where [image: image] is the tangential electric field value on the j edge of the tetrahedral element, which can be called the degree of freedom, and [image: image] is the vector interpolation basis function.
[image: Figure 2]FIGURE 2 | Electric field distribution of edges of the tetrahedral element.
Based on Galerkin’s weighted margin method and Eq. 5, the following equation can be obtained:
[image: image]
Finally, an equation in the following form is obtained:
[image: image]
where [image: image] and [image: image] are the global stiffness matrix and mass matrix, and [image: image] is the source term. The specific expression is as follows:
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where [image: image] is the volume of the unit. For a grounded vertical long wire source, we approximate it to a superposition of multiple segments of electric dipoles (Ansari and Farquharson, 2014), each of which can be expressed as follows:
[image: image]
where [image: image] is the current intensity at time t, dl is the length of the electric dipole, [image: image] is the current direction vector, [image: image] is the position of the emission dipole source, and [image: image] is an impulse function.
In order to improve the numerical accuracy, the time is discretized using the second-order backward Euler difference scheme, and simultaneous Eq. 7 (Um et al., 2010):
[image: image]
Finally, large linear equations are formed, which can be expressed as follows:
[image: image]
In order to solve Eq. 13, the initial electric field [image: image] at time t = 0 should be given. For a series of current sources with an initial current of zero, such as a grounded long wire source, square wave, triangle wave, sine wave, or trapezoid wave, the initial electric field is [image: image]. The initial electric field of the next step waveform is composed of two parts: the spatial electric field distribution caused by the long wire source and the stable direct current electric field formed by the positive and negative electrodes.
[image: image]
[image: image] can be calculated from Ohm′s law, and [image: image] can be calculated from the negative gradient of the potential [image: image].
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If the point source current strength is [image: image], is located at [image: image], and is obtained according to the continuity of the electric field by using the differential form of Ohm’s law [image: image], then
[image: image]
where [image: image] is the impulse function. The three-dimensional Poisson equation satisfied by the point source field can be obtained by combining the above equations:
[image: image]
The same grid is used to ensure the consistency of the boundary between the direct current electric field and the vector electric field, and the total field method is used to solve both the direct current (DC) field and the transient electromagnetic field. Due to the large solution area, the Dirichlet boundary condition is applied to the external boundary [image: image] in the calculation process.
[image: image]
The tangential electric fields of the edges of all of the tetrahedrons are obtained using the lower-upper (LU) decomposition and quick back substitution of the above equations using a multi-wavefront direct solver; namely, the multifrontal massively parallel sparse direct solver (MUMPS). The electric field response [image: image], [image: image], and [image: image] at any point in space is obtained via linear interpolation of the basis function. The response of the magnetic field component is obtained using Faraday’s law of electromagnetic induction.
4 VALIDATION OF THREE-DIMENSIONAL MODEL OF TIME-DOMAIN ELECTROMAGNETIC METHOD IN BOREHOLE AND ON THE GROUND
4.1 Verification of algorithm’s accuracy
To validate the accuracy of the algorithm proposed in this paper, a comparison verification is conducted using a homogeneous half-space model. Assuming that the resistivity of air is 106 Ω⋅m and the resistivity of the homogeneous half-space is 100 Ω⋅m, a vertical electric dipole with a depth range of 100 m–101 m underground is considered. The transmitting current is set to 1 A. The receiving point is located on the ground along the x-direction at a distance of 1,500 m from the transmitter. Schematic diagrams of the model and mesh partition are presented in Figure 3
[image: Figure 3]FIGURE 3 | (A) Schematic diagram of the vertical electric dipole model in a uniform half-space, and (B) schematic diagram of its mesh discretization.
The computational results of the homogeneous half-space are compared and analyzed against the results obtained using COMSOL (Zheng and Zhao, 2023). As shown in Figure 4, the finite element solution closely matches the curve obtained using COMSOL. Based on calculations, the relative error between the two is within ±5%. Therefore, it can be concluded that the algorithm proposed in this paper is reliable and trustworthy.
[image: Figure 4]FIGURE 4 | (A) Comparison of the electric field results of the vertical electric dipoles in a uniform half space and (B) the relative error.
4.2 3-D model verification
To verify the computational accuracy of the algorithm for complex geoelectric models, a three-dimensional model (Liu Y. J. et al., 2020) is designed. The electrical source has a length of 1,000 m, is arranged along the y-direction, and its center point is located at the surface (0,0,0). The transmitting current is set to 1 A. Three measurement points are arranged along the x-direction, and they have coordinates of A (−500,0,0), B (−1050,0,0), and C (−2000,0,0). Local refinement is applied to the mesh at the transmitter and measurement points (Figure 5).
[image: Figure 5]FIGURE 5 | (A) Section diagram of a three-dimensional complex model and (B) schematic diagram of its mesh discretization.
Figure 6 compares the numerical results of the electric field component Ey at the three measurement points with the finite volume calculation results of Liu et al. (Liu Y. J. et al., 2020). It can be observed from Figure 6 that the results fit well, with errors all less than 5%. This demonstrates the accuracy of the algorithm proposed in this paper.
[image: Figure 6]FIGURE 6 | Results of the Ey component of the 3-D model in ground mode.
5 RESPONSE ANALYSIS OF SHALE GAS FRACTURING MONITORING MODEL
To theoretically explore the capability of the borehole transient electromagnetic method for the dynamic monitoring of shale gas hydraulic fracturing, a three-dimensional model (Figure 7) is designed. In this model, a layer of shale with a thickness of 300 m and resistivity of 40 Ω·m is located 2000 m below sea level. Above the shale layer, there is limestone with a thickness of 700 m and a resistivity of 2000 Ω·m, as well as mudstone with a thickness of 1,300 m and resistivity of 100 Ω·m. Below the shale layer, a layer of limestone with a resistivity of 2000 Ω·m and thickness of 4,300 m overlies a limestone substrate with a resistivity of 1,000 Ω·m. The wellhead is located at (0,0), where a transmitting source with a length of 2000 m along the z-direction is deployed. The transmitting current is set to 1 A. The measurement points are distributed within an x range of 200 m–5,000 m and a y range of −1,500 m–1,500 m, with a mesh size of 200 m × 200 m. Two hydraulic fracturing stages are conducted within the shale layer, each with a fracture range of 1,200 m × 1,000 m × 300 m. After fracturing, the resistivity changes to 5 Ω·m. Three observations are made at the surface to observe the response of the electric field before hydraulic fracturing, after the first fracturing stage, and after the second fracturing stage. The radial electric field [image: image] is analyzed.
[image: image]
[image: Figure 7]FIGURE 7 | Schematic diagram of the shale fracturing model.
Figure 8 shows the [image: image] response curve at observation point (2,200, 300, 0) and the difference curve between [image: image] after two hydraulic fracturing stages and before fracturing. It can be observed that significant changes in the electric field response [image: image] occur at 30 ms and 50 ms. To better illustrate the distribution pattern of the underground electric field at different times, the response profiles of the electric field [image: image] at 10 ms, 30 ms, 50 ms, 100 ms, and 500 ms are plotted in Figure 9.
[image: Figure 8]FIGURE 8 | (A) Er response curve observed at the observation point (2200, 300, 0) at three times, and (B) the difference in Er between the first and second stages of fracturing and before fracturing.
[image: Figure 9]FIGURE 9 | Response profiles of the electric field Er at 10 ms, 30 ms, 50 ms, 100 ms, and 500 ms, (rows one through five, respectively), and the response in the pre-fracturing, first-stage fracturing, and second-stage fracturing periods (columns one through three, respectively).
Figure 9 displays the response profiles of the electric field [image: image] before and after fracturing at 10 ms, 30 ms, 50 ms, 100 ms, and 500 ms. It can be seen from Figure 9 that before fracturing, the contours of the electric field [image: image] are relatively smooth from the early to late stages, and the electric field response exhibits faster attenuation in the near field and slower attenuation in the far field. The contours of the electric field before and after fracturing are similar at 10 ms. After 10 ms, significant differences in the electric field response values can be observed between the first and second fracturing stages. After 30 ms, clear boundaries of the resistivity changes can be seen (Figure 9). At 500 ms, it is evident that the electric field values are smaller in the low-resistivity body than in the surrounding area, demonstrating the capability of this method in detecting anomalies.
To further analyze the changes in the electric field response values before and after hydraulic fracturing and to verify the applicability of this method in the dynamic monitoring of shale gas fracturing, we created difference profile maps of the electric field response [image: image] at 10 ms, 30 ms, 50 ms, 100 ms, and 500 ms (Figure 10). As can be seen from Figures 10, at 10 ms, there is a significant change in the field values in the anomaly area, and the change is greater in the second fracturing stage compared to the first fracturing stage and is greater in the fracturing stages compared to no fracturing. The size and location of the anomaly body can be distinguished based on the field values. At 30 ms, the decay rate of the electric field values [image: image] near the anomaly body is slower than that without fracturing. Similarly, it can be observed that the decay rate of the electric field response values [image: image] near the anomaly is slower in the second fracturing stage than in the first fracturing stage. This is because the shale becomes a low-resistivity body after fracturing, leading to a decrease in its resistivity and the formation of significant current pathways in the low-resistivity body, resulting in significant changes in the electric field in the fracturing area. In the late stage, the residual values near the low-resistivity body are smaller than those in the surrounding area, which is consistent with the decay law of the electromagnetic field near the low-resistivity body. In conclusion, based on the contour maps of [image: image] and the residual contour maps of [image: image], the significant changes in the electric field response before and after hydraulic fracturing in a shale gas reservoir can be clearly observed, confirming the effectiveness and feasibility of using the borehole transient electromagnetic method for dynamic monitoring of shale gas fracturing.
[image: Figure 10]FIGURE 10 | Response profiles of the electric field Er fracturing differential value in the first stage (column one) and second stage (column two) of Er fracturing at 10 ms, 30 ms, 50 ms, 100 ms, and 500 ms (rows one through five, respectively).
6 CONCLUSION
In this study, we applied the unstructured vector finite element method to three-dimensional forward simulation of the borehole transient electromagnetic (TEM) method for the dynamic monitoring of shale gas fracturing. The effectiveness of the borehole TEM method in monitoring the dynamic changes in underground mineral deposits and oil and gas reservoirs with resistivity differences was demonstrated. Based on the analysis of the response, the following conclusions were attained:
(1) Under the condition of a homogeneous half-space, the algorithm’s correctness was verified by comparing the finite element solution proposed in this study with the COMSOL solution. To further validate the accuracy of the algorithm, comparisons were made with the finite volume method in surface mode. It was demonstrated that the algorithm can effectively perform three-dimensional forward simulations of the borehole TEM method in complex models.
(2) Numerical analysis of underground shale gas reservoir models revealed that the borehole TEM method can effectively characterize the electrical differences before and after shale gas fracturing, thereby achieving high-precision dynamic monitoring of shale gas fracturing.
At present, many scholars have carried out the research of borehole to ground transient electromagnetic method, but it is rarely applied to the dynamic monitoring of shale gas fracturing. With the help of this algorithm proposed in this study allows for the analysis of the patterns of the borehole TEM method in the dynamic monitoring of unconventional oil and gas fracturing. This provides theoretical guidance for the dynamic monitoring of unconventional oil and gas fracturing in practical production processes.
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