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Since 1966, China has been using apparent resistivity observation to forecast strong aftershocks of the Xingtai earthquake. Retrospective studies of subsequent strong earthquakes have shown that anomalies in apparent resistivity observation before earthquakes usually exhibit anisotropic characteristics. In addition to the anisotropic changes in apparent resistivity before earthquakes, factors such as subway operation near the observation area, metal pipeline networks, and changes in water levels have also been found to cause anisotropic changes. These factors are called environmental interference factors. Therefore, distinguishing between anisotropic changes before earthquakes and anisotropic changes caused by interference and eliminating the effects of interference is crucial for using apparent resistivity observations for forecasting. Taking the observation of Hefei seismic station in Anhui Province as an example, a model is constructed using the finite element method to try to establish a method for analyzing anisotropy in apparent resistivity before earthquakes, and the data from other provincial stations are used for verification. In the modeling process, the influence coefficient is a measure of the relationship between the variation in apparent resistivity and the changes in the medium of the measurement area. The following results are obtained by calculating the influence coefficient using the finite element method: the influence coefficient between the power supply electrode and the measuring electrode of the apparent resistivity observation is negative, and the rest are positive, and the distribution of the influence coefficient shows obvious symmetry, with the axis of symmetry being the line connecting the electrodes and its midline, and the absolute value of the influence coefficient is inversely proportional to the distance from the electrodes. In addition, according to the constructed finite element model, the amplitude of anisotropic changes caused by interference can be quantitatively calculated. Given that interference is ubiquitous in various regions of the world, this study can provide a reference for international earthquake forecasters to quantitatively remove environmental interference in anisotropy. Moreover, when building apparent resistivity stations in seismic areas for earthquake prediction, it is best to avoid areas with larger local influence coefficients to ensure that the anomalous data before the earthquake is true and reliable.
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1 INTRODUCTION
The seismic method of apparent resistivity in seismology is employed to predict earthquakes by monitoring temporal variations in the electrical properties of the Earth’s media. After the 1966 Xingtai earthquake, China initiated the use of apparent resistivity methods to forecast strong aftershocks of the earthquake. Subsequent retrospective studies on several major earthquakes have shown that anomalies in apparent resistivity observation before the earthquakes typically exhibit characteristics of anisotropy. Over the past 50 years, this network has grown to encompass over 90 stations. During the operation of the seismic network, the theory of anisotropic variations has evolved and played a role in earthquake monitoring and forecasting (Zhao et al., 1983; Ellis et al., 2010; Bachrach, 2011; North and Best, 2014; Sævik et al., 2014; Thongyoy et al., 2023). Moreover, observations of apparent resistivity changes have been utilized to predict certain moderate earthquakes (Du, 2010; Xu et al., 2014).
With ongoing societal development, various observation sites now confront varying degrees of interference. During the operation of subways, the presence of metal pipeline networks, and changes in water levels can cause local variations in the medium of the measurement area, thereby affecting the electrical structure of the area and resulting in anisotropic changes in the observation. However, these changes are not the pre-seismic anisotropic anomalies required for earthquake prediction. During routine observations, initial cracks in the medium may close or shift under increasing stress. Eventually, new cracks tend to form along the direction of maximum principal stress (Kemeny, 1991). To analyze the relationship between the apparent resistivity changes and variations in the geological medium, global geoelectric researchers have developed theories focusing on one-dimensional sensitivity coefficients for layered media. According to this theory, the relative change in apparent resistivity can be expressed as a weighted sum of relative changes across different regions of the observation area (Qian et al., 1985; Qian et al., 1996; Qian et al., 2013; Park and Van, 1991). This approach has been particularly useful in analyzing disturbances caused by changes in shallow subsurface materials (Lu et al., 1999; Lu et al., 2004). However, challenges arise at many stations where disturbances do not result from uniform changes in a single layer but rather from factors affecting multiple layers near electrodes, such as road construction and excavation. These multi-layer disturbances can complicate the application of traditional one-dimensional sensitivity coefficient theories, necessitating more sophisticated modeling techniques to accurately interpret observed data. Experts have employed a series of 40 theoretical horizontal resistivity profiles to investigate these phenomena. These profiles illustrate how factors like sinkhole dimensions, reflection coefficients (k), and lateral distance from the sinkhole center influence apparent resistivity observation (Kenneth and Russell, 1961). Researchers have observed variations in sensitivity coefficients across different regions of observation areas based on this theoretical framework (Xie and Lu, 2015). While these studies offer qualitative analyses of anomalous apparent resistivity changes, refining quantitative modeling methods remains an ongoing endeavor.
This study utilizes observational data from the Hefei seismic station in Anhui Province to explore the anisotropic variations in apparent resistivity measurements. Building on these findings, a three-dimensional influence coefficient model is constructed using the finite element method to quantitatively exclude the data variation amplitude caused by environmental interference in anisotropic changes. The developed method is then validated at the Xingji seismic station in Hebei Province, with the aim of establishing a method for determining the genuine pre-seismic apparent resistivity anisotropy. This research is intended to provide a reference for the apparent resistivity forecasting and station construction efforts in other seismically active regions internationally.
2 ANISOTROPY OF APPARENT RESISTIVITY OBSERVATION
2.1 Anisotropy theory and examples
In shallow layers of the Earth’s surface, two principal stresses typically align horizontally. Under prolonged tectonic stress, the distribution and expansion of microcrack systems are controlled by the maximum principal stress (Crampin et al., 1984). For a uniform medium, when using a symmetric quadrupole array for surface observations, the apparent resistivity is given by (Kraev, 1954; Qian et al., 1996) and can be represented as Equation 1.
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In the Formula [image: image], [image: image] and [image: image] are the resistivities along the three principal electrical axes, and [image: image] and [image: image] aligned horizontally. Assuming [image: image] represents the minimum electrical axis along which the microcrack system predominantly extends, and [image: image] denotes the angle between the observation device and [image: image], the variation in apparent resistivity with respect to [image: image] is given by (Xie and Lu, 2020a):
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After a microcrack system expands along the [image: image] direction, [image: image] experiences the maximum decrease in apparent resistivity. According to Xie and Lu (2020a), the absolute magnitude of apparent resistivity change increases monotonically with [image: image], which represents the angle perpendicular to [image: image] showing the greatest decrease in apparent resistivity. This observation is consistent with field experiments conducted by Zhao et al. (1983). Figure 1 represents the results of a field experiment on stress loading and unloading. From Figure 1, it is evident that the apparent resistivity decreases when stress is applied and rebounds when the stress is removed. The greatest decrease occurs in the direction perpendicular to the maximum principal stress, the smallest in the parallel direction, and the oblique direction shows a decrease that lies between the two, exhibiting anisotropic changes related to the orientation of the maximum principal stress.
[image: Figure 1]FIGURE 1 | Anisotropic apparent resistivity variations in grooved soil under compressive stress (Zhao et al., 1983).
Subsurface formations often display lateral heterogeneity, which can cause apparent resistivity values to vary across different directions. However, according to finite element numerical analysis, the effect of lateral heterogeneity on anisotropic changes, quantified by the relative change ratio [image: image], is relatively minor (Xie et al., 2020b). Anomalous fluctuations in apparent resistivity due to anisotropy predominantly result from variations in the resistivity of the medium itself, which are strongly influenced by the orientation of the maximum principal stress. This highlights the critical role of stress orientation in shaping the observed apparent resistivity patterns, emphasizing the directional sensitivity of apparent resistivity measurements in detecting anisotropic changes.
Earthquakes result from long-term accumulation of tectonic stresses, eventually leading to fault instability. Anomalies in apparent resistivity typically occur 1–2 years before major earthquakes. During this period, the subsurface medium undergoes initial closure and deviation of cracks due to prolonged stress accumulation, eventually entering a phase dominated by a new crack system (Crampin et al., 1984). The magnitude of apparent resistivity anomalies varies in different directions relative to the principal stress axis: the greater the angle with the principal stress axis, the greater the anomaly magnitude. Significant anomalies were observed at stations such as Chengdu, Jiangyou, Ganzi, and Wudu before the 2008 Wenchuan Ms8.0 earthquake (Du et al., 2017; Zhang et al., 2009; Qian et al., 2013). However, there are differences in the magnitude of data changes among different directional measurements. Table 1 provides information on the apparent resistivity anomaly changes in different directions at various stations before the 2008 Wenchuan earthquake. These stations are located at varying distances from the epicenter, ranging from 30 to 330 km. The duration and magnitude of anomalies in different measurement directions before the earthquake also show significant differences, exhibiting a clear anisotropy.
TABLE 1 | The apparent resistivity changes before the 2008 Wenchuan earthquakes.
[image: Table 1]Apparent resistivity data exhibiting a downward trend that breaks the annual variation is a significant indicator of anomaly. The magnitude of anomalies often varies across different measurement directions, which is called pre-seismic anisotropy. For example, before the Ms8.0 Wenchuan earthquake in 2008, the N70°W measurement direction at the Jiangyou station, which is 30 km away from the epicenter, began to show a downward change in August 2006, with a decrease of about 1.5%. The N10°E measurement direction showed no significant changes before the earthquake. On the day of the earthquake, the N70°W and N10°E measurement directions decreased by 3.8% and 5.2% respectively. Post-earthquake, the data recovered and rose (Figures 2A, B).
[image: Figure 2]FIGURE 2 | Typical trend of apparent resistivity before earthquake. (A) The change of N10°E direction data and (B) The change of N70°W direction data in Jiangyou station.
According to the theory of anisotropy, it’s feasible to identify and explain certain pre-seismic anomalous changes. However, contemporary apparent resistivity observations are susceptible to diverse influences, rendering the reasons quite intricate. Some anomalous changes may stem from local environmental alterations. If non-seismic anomalies cannot be accurately discerned, the efficacy of apparent resistivity observations could be compromised. Therefore, effectively identifying various disturbances forms the cornerstone for conducting anisotropy analysis.
2.2 Anisotropic changes at Hefei seismic station
Hefei seismic station is located in Hefei, Anhui Province, situated in a hilly area with micro-topography. The Tanlu Fault Zone traverses the station. The active faults within the Tanlu fault zone in Anhui are predominantly located at the boundary of the faulted basin, extending from south to north along the eastern boundary of the Hefei Basin, the eastern boundary of the Dabie Mountains orogenic belt, and the eastern and western boundaries of the Jiashan Basin (Ni et al., 2022). The epicenters of the 1,673 Hefei M5 earthquake and the 1,585 Chaohu M53/4 earthquake were in close proximity to the station.
The apparent resistivity measurement area is located in Anhui province, featuring a gentle slope from east to west and no significant slope in the north-south direction. The measurement area includes some paddy fields and is free of building facilities and underground pipelines. Apparent resistivity observation is set up with two directions: north-south (NS) and east-west (EW), employing symmetrical four-electrode burial (Figure 3C). The electrode is a 1 m × 1.1 m lead plate, buried at a depth of 2.0 m, with a grounding resistance range of 2–5Ω. The outer circuit consists of single-core copper wire with a plastic skin, supported by overhead cement poles. The distance between the power supply electrodes AB and the measuring electrodes MN is 600 m and 200 m, respectively. When the Chinese fixed station is conducting apparent resistivity observation, the detection range in the depth direction is comparable to the observation electrode distance AB scale, mainly reflecting the changes in the resistivity of the shallow layer medium. The observation electrode distance AB of Hefei station is 600 m, so the apparent resistivity observed by Hefei station is a comprehensive reflection of the medium resistivity from the surface to a depth of 600 m underground.
[image: Figure 3]FIGURE 3 | The change of apparent resistivity before and after pumping and the position of the reservoir. (A,B) the curve between the vertical lines show the changes after pumping water. (C) The position of the reservoir.
Based on the distribution of influence coefficients and multi-year observational data, the two directional apparent resistivity observation at the Hefei station have long shown an inverse variation over the years. However, between October 2018 and December 2018, the observation in both directions exhibited a synchronous change, which is a clear anisotropic variation (Figures 3A, B). In Figure 3A, the theoretical observation trend for the NS direction and the actual change curve form an inverse variation, and by comparing with Figure 3B, the change in the NS direction observation while the EW direction remains unchanged, causes the actual curves of the two directions to change from inverse to the same direction, resulting in anisotropic variation. Upon investigating the anomaly, it was found that there is a natural reservoir located between electrode positions B and N in the NS direction of the apparent resistivity observation setup at the station (Figure 3C). This reservoir maintains a stable water level throughout the year. In October 2018, the water level in the reservoir decreased significantly, leading to a reduction in the moisture content in the medium between positions B and N. According to the apparent resistivity calculation formula, a decrease in moisture content should result in an increase in apparent resistivity. However, the observed data showed a decrease instead (Figure 3B). This anomalous decrease in the NS data caused the previously opposite trends in NS and EW data curves to become synchronous starting from October 2018. During this period, there was an anisotropic change observed in the NS and EW data.
It is crucial to conduct a detailed analysis to determine the cause of this change. The anomaly could potentially be attributed to seismic precursor variations caused by anisotropy or environmental disturbances, such as changes in moisture content due to the fluctuating water level in the reservoir. Further investigation and monitoring will be necessary to understand the exact nature of these anomalous changes in apparent resistivity observation at Hefei station.
3 MODEL CONSTRUCTION
The apparent resistivity of the station in China uses a steady flow source for power supply, and is observed once every hour. One observation collects 10 sets of data, and then the average value is calculated, with the standard deviation of the observation controlled within 1%. Each quarter, the instrument is calibrated with a standard power source and standard resistance to ensure the accuracy of the observed values. The influence coefficient is used to analyze the extent of the impact that the resistivity changes of different positions in the measurement area may have on the observation.
3.1 Influence coefficient analysis
Park and Van (1991) proposed that the influence coefficient is a measure of the relationship between the changes in apparent resistivity and the variations in the medium of the measurement area. When the electrical structure of the measurement area is determined and the observation system is stable, the apparent resistivity can be expressed as a function of the resistivity of the medium in each sub-zone (Lu et al., 2004):
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Since the higher-order terms beyond the first are typically negligible, Equation 3 is a Taylor series approximation that omits second-order and higher terms. Consequently, the relative change in apparent resistivity can be articulated as a weighted sum of the relative changes in resistivity of each layer and it can be represented as Equation 4.
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Based on the layered horizontal structure of the apparent resistivity measurement area, the influence coefficients B for a symmetric quadrupole arrangement can be calculated using the potential distribution analytical expression and the resistivity filter algorithm (O’Neill and Merrick, 1984; Yao, 1989). The coefficient B is defined as:
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3.2 Steady current fieldfinite element method
The one-dimensional influence coefficient is for horizontally layered stratification, treating each layer as a whole and analyzing the impact of changes in this whole on apparent resistivity observations. It is suitable for situations that can be equivalently transformed into changes of a whole layer, such as rainfall, temperature, and water level variations. However, the one-dimensional influence coefficient cannot be used to analyze the impact of localized changes in the medium on observations. Therefore, numerical simulation methods are needed to further subdivide the one-dimensional influence coefficients into three-dimensional influence coefficients.
Calculating three-dimensional influence coefficients requires the use of numerical simulation methods. There are many numerical simulation methods currently available, such as the finite element method, finite difference method, boundary element method, and other techniques. These methods for computing steady-state electrical current fields are now highly developed. Finite element methods are particularly adept at discretizing irregular geometries effectively. Considering the irregularly shaped reservoir within the observation area at Hefei Station, the finite element method for steady-state electrical current fields proves suitable for accurately modeling the station’s observation conditions.
When employing the Wenner array for observation, the measured apparent resistivity provides a comprehensive reflection of the subsurface resistivity over a defined volume of the measurement area. As the distance from the observation site increases, the impact of the medium on the observed values diminishes. At sufficiently large distances, this influence becomes negligible (Li, 2005). Given an electrode spacing of AB = 600 m for apparent resistivity observations, significant influences on the observations are confined to specific depths within the subsurface. Longitudinally, the site is stratified based on the electrical structure of the area, with the deepest layer extending up to twice the length of AB. Laterally, it extends to six times the length of AB. The three-dimensional influence coefficients of the surrounding medium at the observation site are analyzed using finite element numerical analysis methods.
Currently, apparent resistivity observations are conducted using a steady current source with a supply intensity typically ranging from 1 to 2 A. Therefore, the computation of apparent resistivity observations can be viewed as a steady-state electric current field problem, which can be expressed by Poisson’s Equation 7:
[image: image]
Where V is the potential generated by the current source I, σ is the dielectric conductivity, and δ (x, y, z) is the Dirac delta function. At the boundary of the model, steady current field satisfy Dirichlet-Neumann boundary condition and it can be represented as Equation 8.
[image: image]
The entire boundary of the finite medium space is Γ. A portion of the boundary has no current flow out (such as the ground surface), satisfying the Neumann boundary condition, denoted as ΓV. The remaining boundary is denoted as Γs, satisfying the Dirichlet boundary condition. Among them some parameters can be represented as Equations 9, 10.
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n is the normal direction pointing outward from the boundary of the region The weak solution of Poisson equation of steady current field can be obtained by using the principle of virtual work.
[image: image]
Ω is the computational domain, [image: image] is an arbitrary virtual displacement function. In horizontally layered media, as described by Equation 11, the electric current field generated by two electrodes exhibits inherent symmetry relative to the surface. This symmetry influences the distribution of influence coefficients, which are symmetric concerning the profiles or measuring lines used in the observation. This symmetry simplifies the analysis, as it allows for systematic characterization of how apparent resistivity changes with depth and lateral position across the measurement area.
In apparent resistivity observations, the Earth’s surface naturally satisfies the Neumann boundary condition. At the infinite boundary, one can impose either Dirichlet boundary conditions (V = 0) or Neumann boundary conditions (Coggon, 1971). In practical applications, the model scale is finite by necessity. When the model size is fixed and the electrode spacing increases, computing apparent resistivity values with Dirichlet boundary conditions at infinity tends to underestimate the actual values, whereas using Neumann boundary conditions yields results that overestimate the actual values (Dey and Morrison, 1979; Li and Spitzer, 2005).
To minimize the boundary effects on computed results, one can enlarge the model size while keeping the electrode spacing fixed, although this approach increases computational complexity. Therefore, selecting an appropriate model size is crucial. Scholars have suggested, through finite element numerical analysis of apparent resistivity observations, that the horizontal dimension of the model should be greater than 6 times the electrode spacing (AB), and the model thickness should be greater than 2 times AB to effectively disregard boundary effects (Xie et al., 2014).
3.3 Distribution of three-dimensional influence coefficients and quantitative calculations based on finite element method
The site’s medium is subdivided into three-dimensional volumes of specific sizes, forming a model using the finite element numerical analysis method. After discretizing the elements and applying current sources and boundary conditions, numerical solutions are computed for the degrees of freedom (potentials) at the nodes of the elements. Using the solved potential differences, apparent resistivity values and corresponding distributions of influence coefficients are calculated based on device coefficients. The influence coefficient for a specific layer of the medium is determined by summing all influence coefficients from the three-dimensional volumes within that layer and it can be represented as Equation 12.
[image: image]
The specific parameters of the apparent resistivity observation instrument at the Hefei station site are as follows: the electrode spacing for the power supply electrodes AB is 600 m, and for the measuring electrodes MN it is 200 m. The observation device is positioned on the surface of the model, with the horizontal dimensions of the model set at 8 times AB. According to the electrical structure, the model is segmented into three layers, with the bottom layer having a thickness of 2 times AB. The calculation region for the influence coefficients spans around the center of the electrode array, covering a spatial extent of 4,800 m × 4,800 m × 1,200 m (Figure 4).
[image: Figure 4]FIGURE 4 | Schematic diagram of the finite element numerical analysis model. The model is divided into 3 layers, with the horizontal dimension taken as 8 times AB, and the thickness of the bottom layer taken as 2 times AB.
Given the fixed site conditions and the electrical structure described by Equation 2, each block within the site is independent in terms of its influence coefficients from other blocks. Therefore, this study uniformly divides the analysis region into several cubic units measuring 2 m × 2 m × 2 m. To optimize computational efficiency, the remaining areas gradually expand outward during unit division. During calculations, a current of 2I is applied to electrode A and -2I to electrode B. Each unit within the analysis region is computed using central differences to calculate the partial derivatives, as described in Equation 5. This process yields the respective influence coefficients for each unit, collectively forming the three-dimensional distribution of influence coefficients across the measurement area.
The three-dimensional distribution of influence coefficients at the site was obtained through the aforementioned calculations (Figure 5). From Figure 5, it can be concluded that the influence coefficients within the site are discontinuous and exhibit significant variability. Analysis of the distribution reveals predominantly positive influence coefficients on the surface. However, an elliptical region of negative coefficients is observed between the measuring electrode and the power supply electrode. Along the vertical line, the coefficients maintain continuity with the surface distribution. Symmetry is evident along both the AB line and the vertical central line, with the absolute values of coefficients increasing proportionally with distance from the electrodes. In regions where coefficients are negative, apparent resistivity changes inversely with resistivity of the site. By investigating the size and intensity of interference factors in areas where the influence coefficient is negative, the aforementioned finite element calculation method can be used to quantitatively calculate the extent of changes caused by the interference. Then, by comparing the actual data changes with the calculated results, it can be determined whether the anomalous data changes are entirely caused by interference.
[image: Figure 5]FIGURE 5 | The distribution of three-dimensional influence coefficients of apparent resistivity observation area The influence coefficients are non-continuously distributed, with two approximately elliptical areas of negative influence coefficients between the measuring and power supply electrodes in both horizontal and vertical directions, while the coefficients in the other areas are positive. The influence coefficients (in absolute value) are the greatest near the electrodes and decrease rapidly in the areas far from the measurement line. Additionally, the influence coefficients exhibit symmetry in the direction perpendicular to the measurement line.
The three-dimensional distribution of influence coefficients is directly influenced by the positioning of electrodes. Notably, a negative region exists between the power supply electrode and the measuring electrode, a characteristic determined by the device layout rather than guiding the arrangement of the observation system itself. However, understanding the distribution characteristics of these coefficients can aid in selecting measurement areas to avoid potential interference sources based on their locations.
4 THE APPLICATION OF THE ANALYSIS METHOD AT HEFEI SEISMIC STATION
4.1 Analysis of influence coefficients in apparent resistivity observations at Hefei seismic station
Based on the theory of influence coefficients, the various parameters of the apparent resistivity observations at Hefei seismic station were substituted into Equations 5, 6 to obtain the one-dimensional influence coefficient model for Hefei Station (Figure 6).
[image: Figure 6]FIGURE 6 | Horizontal layered model and its one-dimensional influence coefficient of Hefei station. The layered structure and one-dimensional influence Coefficient of the observation site are inversed according to the electric sounding curve, where (A) is in NS direction and (B) is in EW direction. B1 is the first coefficient, and so on.
Based on the calculation results from Figure 6, at the Hefei station, the apparent resistivity measurement distance between the electrodes A and B is 600 m, at this time:
In the NS direction it can be represented as Equation 13.
[image: image]
In the direction of EW it can be represented as Equation 14.
[image: image]
In the analysis of one-dimensional influence coefficients, the influence coefficient of the surface medium in the NS direction remains positive within the calculation range where the electrode distance AB/2 < 1,000 m. Conversely, in the EW direction, the influence coefficient of the surface medium is negative within the range where the electrode distance is between 190 m and 1,000 m. During the rainy season, the one-dimensional influence coefficient analysis indicates that apparent resistivity observation decreases in the NS direction, while it increases in the EW direction.
Based on the one-dimensional influence coefficients, the coefficients for the surface and sub-surface layers in the NS direction are positive. The pumping of water from the reservoir can be understood as a decrease in water level between the NS directions. The pumping operation is equivalent to the water in the reservoir area turning into air. At this time, the apparent resistivity of the reservoir should increase, but the apparent resistivity data decreases instead, causing a deviation between the theoretical and actual values. Therefore, in October 2018, when the reservoir between the power supply electrode B and the measuring electrode N was pumped, this resulted in a change in the local medium’s resistivity in the measurement area, which is not a change in the entire layer, and at this time, it no longer meets the analysis conditions of the one-dimensional influence coefficient.
4.2 Quantitative calculations
Since the results obtained from the traditional one-dimensional influence coefficient analysis have deviated, according to the method described in Section 3.3, a finite element analysis method is applied to calculate the three-dimensional influence coefficients, thereby obtaining the distribution of the three-dimensional influence coefficients for the NS direction apparent resistivity site. Based on electrical sounding data, the finite element analysis method was employed to compute the three-dimensional influence coefficients, resulting in a distribution for the NS direction apparent resistivity site, as illustrated in Figure 5. The reservoir lies entirely within the negative influence coefficient region between the power supply electrode B and the measuring electrode N. This indicates that the increase in the reservoir’s resistivity leads to a decrease in observed values, aligning with actual observations. The size of the reservoir is approximately 30 m * 30 m * 25 m. Using the constructed three-dimensional finite element model, the impact of water pumping on the apparent resistivity values of the NS direction is quantitatively calculated (Table 2). Through the calculations in Table 2, the calculated values match the observed values and the magnitude of change, which indicates that the anomalous variation in the apparent resistivity observation at the Hefei station in 2018 was caused by water pumping, rather than anisotropic variation. Future efforts can utilize finite element quantitative calculations to refine estimates of impact magnitude more precisely.
TABLE 2 | Observed values and quantitative calculated values before and after water pumping in 2018.
[image: Table 2]Following the pumping of the reservoir, the water level gradually recovered through natural replenishment, including rainfall. As air within the reservoir was replaced by water, the resistivity of the reservoir decreased. Considering the negative characteristics of the three-dimensional influence coefficients, the observed apparent resistivity should have continued to increase, consistent with actual observations. Hence, the apparent resistivity anomalies observed at Hefei Station are attributed to environmental changes rather than anisotropy.
5 DISCUSSION AND CONCLUSION
5.1 Discussion
Since 1966, China has been using apparent resistivity observations to forecast strong aftershocks of the Xingtai earthquake. This was followed by the Ms7.8 Tangshan earthquake in 1976, the Ms7.2 Songpan-Pingwu earthquake in 1976, and the Ms7.6 Lancang-Gengma earthquake in 1988. Before these earthquakes, significant anomalies in apparent resistivity were recorded, and retrospective studies have shown that these anomalies typically exhibit anisotropic characteristics before earthquakes. Before the occurrence of major earthquakes, anisotropic changes in apparent resistivity are observed at stations near the epicenter, which is consistent with experimental results (Zhao et al., 1995; Qian et al., 1996; Du et al., 2007) and has been confirmed by many earthquake cases. For example, before the Ms8.0 Wenchuan earthquake in 2008, it was known that the Chengdu and Jiangyou stations were about 35 Km and 30 Km away from the main rupture zone, respectively. According to the existing segmentation source mechanism solution of the main shock, the main compressive stress direction near the Chengdu station is N51°W, and near the Jiangyou station is N5°W (Zhang et al., 2009). The observation direction of the Chengdu station at N58°E forms an angle of 71° with the main compressive stress axis, with the maximum decrease before the earthquake being about 7%; the observation direction at N49°W is nearly parallel to the main compressive stress axis, and no decrease was observed before the earthquake. The observation direction of the Jiangyou station at N70°W forms an angle of 65° with the main compressive stress axis, with a decrease of about 1.5% before the earthquake, while the observation direction at N10°E is roughly parallel to the main compressive stress axis, showing no significant anomalous decrease before the earthquake (Lu et al., 2016; Xie et al., 2018).
At the same time, interferences encountered in apparent resistivity observations may also exhibit anisotropic changes. Since both interferences and pre-seismic stress changes can cause anomalous data changes, it is essential to first exclude interferences when data anomalies occur. Common interferences include metal pipelines within the measurement area, subway operation interference, and rainfall interference, among which rainfall interference affects the entire observation area and usually does not produce anisotropic changes. However, subway operation interference and metal pipeline interference within the measurement area can usually cause anisotropic changes in apparent resistivity observations.
This article analyzes the anisotropic anomalies in the apparent resistivity observations at the Hefei seismic station from October to December 2018 and establishes steps for analyzing anisotropic anomalies before earthquakes. First, determine the type and magnitude of the anomaly, then investigate existing sources of interference, and finally, conduct qualitative analysis and quantitative calculation. Through the above steps of model construction, interference can be excluded, thereby establishing a method for analyzing anisotropy in apparent resistivity before earthquakes. If the values are still anomalous after quantitative calculation to remove the effects of interference, it can be determined as anisotropic changes before the earthquake. The above analysis method still has guiding significance for anisotropic analysis of apparent resistivity at other stations.
For example, the Xingji seismic station in Hebei Province is located in the central-eastern part of Hebei Province, with two ground apparent resistivity measurement items of N30°E and N60°W, with a power supply electrode distance of 2 km and a measuring electrode distance of 0.5 km. There is a reservoir between the B electrode and the N electrode of the N60°W direction, which rises with the increase of rainfall in summer and falls in winter (Figure 7A). The precipitation in the area where the station is located is consistent over the years, and the seasonal change of the water level of the reservoir is also consistent. According to the influence coefficient analysis, the rise of the water level of the reservoir will cause an increase in the N60°W observation, so the seasonal change of the water level of the reservoir is an important influencing factor for the “high in summer and low in winter” trend of the N60°W observation (Figure 7C).
[image: Figure 7]FIGURE 7 | Apparent resistivity site conditions and historical data curves of Xingji seismic station from January 2018 to April 2024. (A) The layout of the external circuit site, the location of the reservoir, and the factory building. (B,C) illustrate the data variation trends for the N30°E and N60°W directions, respectively. The red curves represent the actual data variation, while the blue curves represent the theoretical variation trend.
In March 2022, the apparent resistivity observation of the N60°W direction at the Xingji seismic station showed a high-value change, breaking through the theoretical trend, while the observation of the N30°E direction was not significantly changed, forming anisotropic changes in the two directions (Figures 7B, C). After the data change, the observation system was checked for no faults. During the patrol of the observation environment, it was found that a steel structure factory building was newly built between the B electrode and the N electrode of the N60°W direction during this period. According to the models and methods in the text, the factory building is located in the area where the influence coefficient of the N60°W direction is negative and the influence coefficient of the N30°E direction is positive. Since the newly built factory building is closer to the N60°W direction, it has a greater impact on this direction, showing a significant increase in the N60°W observation while the N30°E observation remains basically unchanged. By calculating with the finite element method, the newly built steel structure factory building can cause the N60°W observation to rise by 0.07 Ω.m, so this anomaly is caused by the newly built factory building, not a pre-seismic anomaly. After the completion of the steel structure factory building, it has always existed, so the overall data of the N60°W direction is 0.07 Ω.m higher than before the construction of the factory building, and it will not return to the level before the construction of the factory building.
Currently, in addition to China conducting large-scale apparent resistivity observations, other countries that use apparent resistivity observations for earthquake prediction include the United States, Japan, Greece, and so on. However, international research on apparent resistivity anisotropy mostly focuses on the mechanisms by which anisotropy is generated (Sævik et al., 2014; Thongyoy et al., 2023). China has rich experience and successful cases in using apparent resistivity anisotropy for earthquake prediction (Du, 2010; Xu et al., 2014). At the same time, environmental interference such as subway operations near the observation area, metal pipeline networks, and water level changes are universally present in practice, and traditional one-dimensional influence coefficient analysis can no longer meet the needs. Thus, this study provides a reference for professionals in other regions internationally to use changes in apparent resistivity anisotropy for earthquake prediction. When using anisotropic apparent resistivity observation for forecasting work, it is important to identify the types of interference mentioned in the text and quantitatively remove interference factors. Additionally, it is recommended that when building apparent resistivity stations in seismic areas for earthquake prediction, efforts should be made to avoid areas with large local influence coefficients to ensure that pre-seismic anomaly data is truly reliable.
5.2 Conclusion
Based on the review of the theoretical development and application of apparent resistivity anisotropy, taking the observation of the Hefei seismic station in Anhui Province as an example, a model is constructed using the finite element method to establish a method for determining the pre-seismic apparent resistivity anisotropy. The observation from the Xingji Seismic Station in Hebei Province is used for verification, and the study concludes the following:
(1) Anomalous changes in anisotropic apparent resistivity observations do not necessarily indicate the occurrence of an earthquake; they could also be caused by interference within the observation site, including subway operations, reservoirs, metal pipelines, etc. Therefore, after an anomaly occurs, it is necessary to first investigate these sources of interference.
(2) Through calculation and analysis using the finite element method, on the two-dimensional surface plane of the apparent resistivity observation site, most areas have a positive influence coefficient. However, there are two roughly elliptical areas with a negative influence coefficient between the measuring and power supply electrodes. In three-dimensional space, there is a continuous area between the power supply and measuring electrodes that corresponds to the negative influence coefficient area on the surface. The distribution of the influence coefficient shows obvious symmetry, with the axis of symmetry being the midline of the electrode connection line, and the influence coefficient (in absolute value) is inversely proportional to the distance from the electrodes.
(3) Using the method in this paper, the water level changes in the reservoir within the observation area of the Hefei seismic station in Anhui Province can cause about 0.7% change in the NS direction observation, and the construction of the steel structure factory building in the direction of N60°W at the Xingji seismic station can cause a change of 0.07 Ω.m in the apparent resistivity observation. If the anomaly exceeds this amplitude, it should be considered as a pre-seismic anisotropic anomaly for earthquake prediction.
(4) This study can provide a reference for forecasters in other seismically active regions to quantitatively remove environmental interference factors in anisotropic anomalies. After an anomaly occurs, first investigate instrument faults, external line faults, environmental interference, and other aspects to identify the source of interference, and then quantitatively calculate the data change caused by the interference source to determine whether the data anomaly is entirely caused by interference. It is also recommended that when building apparent resistivity stations in seismic areas for earthquake prediction, efforts should be made to avoid areas with large local influence coefficients to ensure that pre-seismic anomaly data is truly reliable.
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