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The main components of seismo-electromagnetic research are the deep underground electromagnetic seismogenic environment, electromagnetic field changes at different stages of the seismogenic process, and the physical mechanism and change rules of electromagnetic properties of the earth’s interior. Traditional electric and magnetic methods mainly analyze the single field change of the geoelectric field, geomagnetic field, or resistivity at frequencies less than 1 Hz. These do not include the extremely low-frequency band that is sensitive to seismic events, so it is difficult to obtain the characteristics of time-spatial variations and propagation characteristics precursors. In comparison, magnetotelluric stations observe magnetotelluric fields containing seismogenic-induced electromagnetic disturbances, and the observation frequency band is wide. In this paper, the three-dimensional numerical simulation method is used to calculate the magnetotelluric apparent resistivity anomaly generated by resistivity changes in the seismogenic zone, and the forward algorithm of arbitrarily orientated dipole source in layered earth is used to simulate the response of low-frequency pre-earthquake electromagnetic radiation. The magnetotelluric response including seismogenic resistivity anomaly and pre-earthquake electromagnetic radiation is obtained using the field component composition method. The frequency characteristics and spatial distribution characteristics of apparent resistivity anomalies are systematically analyzed, and the results are of important significance for the observation, data processing, and identification and analysis of seismic electromagnetic anomalies in different seismogenic processes.
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1 INTRODUCTION
Physical quantities that can be related to electromagnetic anomalies in the earthquake developing process mainly include earth resistivity, geomagnetic field, geoelectric field, electromagnetic induction field, and electromagnetic radiation (Zhao et al., 2022). In a deep underground electromagnetic seismogenic environment, changes in the electromagnetic field in the seismogenic process, and the physical mechanism and change characteristics of electromagnetic properties of the earth’s interior are the main contents of seismo-electromagnetic research (Mao, 1986). Since the 1960s, there has been systematic research and observations of seismogenic electromagnetic phenomena in China. Observation stations have been successively set up in key earthquake risk areas for long-term observation of the geomagnetic field, geoelectric field, earth resistivity, magnetotelluric field, and electromagnetic radiation (Pan, 1998), recording a large number of electromagnetic precursors (Huang et al., 2017). In 2018, the experimental satellite Zhang Heng No.1 was launched for seismic electromagnetic monitoring in China; from this, a space-ground joint seismic electromagnetic monitoring system was established (Zhang et al., 2020). During this period, there has been theoretical and experimental research on the mechanism of earthquake electromagnetic precursors, distribution laws and propagation characteristics, correlation with seismic activity, and information extraction (Huang, 2002; Ma, 2002; Wang et al., 2005; Ding, 2009; Gao and Hu, 2010; Du, 2011; Huang et al., 2015; Ren et al., 2015; 2016; Zhou et al., 2017). These results confirm that the earthquake preparation process does cause electromagnetic anomalies, summarize the characteristics of temporal and spatial variations of seismic electromagnetic anomalies, and use numerical simulations to try to explain the generation mechanism and propagation selective phenomena of seismic electromagnetic signals and focus on numerical simulation research on the mechanism of earthquake electromagnetic co-seismic or post-earthquake attenuation (Gao et al., 2016; Hu et al., 2011), but there is still a lack of strong quantitative explanations for the identification characteristics of electromagnetic anomalies caused by the seismogenesis process.
The early earthquake precursor observation and data analysis methods in China have mainly used traditional electrical and magnetic methods to observe the changes in the geoelectric field, geomagnetic field ([image: image] 1 Hz), or the earth direct current (DC) resistivity. It is difficult to obtain the time-spatial change and propagation characteristics of seismo-electromagnetic precursor from these observation data including no ultra-low frequency (ULF)/extremely low frequency (ELF) band signals which may be more sensitive to seismic events. At the same time, individual field component is easily affected by the changes in the earth’s electromagnetic environment and by human activity. Because these changes and disturbances are random events, they cause great difficulty in the identification of seismic electromagnetic anomalies. During the period 2007–2009, 12 magnetotelluric stations were set to observe the alternating geo-electromagnetic field, the data is mainly used for the study of electromagnetic field background changes (Zhao et al., 2010; Fan et al., 2013), and less for extracting seismic electromagnetic anomaly information (Gao et al., 2010; 2013). During 2011–2015, an ELF electromagnetic observation network for seismic anomaly monitoring has been set up (with the support of major national science and technology infrastructure projects) in the capital circle and the southern section of the North-South Earthquake Belts, which makes it possible to use magnetotelluric impedance for seismic electromagnetic anomaly monitoring. This network can not only observe natural source signals for magnetotelluric sounding, but it can also receive signals of a given frequency regularly sent by a long-distance high-power transmitter to improve the signal-to-noise ratio of the natural source in the low energy window frequency band and reduce the error of the data. Then the apparent resistivity and other observational data will have a higher sensitivity to the anomalies of the underground resistivity structure (Zhao et al., 2012).
The magnetotelluric sounding method based on the principle of electromagnetic induction has the characteristics of the wide frequency band and multi-component observation. Using magnetotelluric data from stations to identify and extract seismic electromagnetic anomaly information has the following advantages. 1) In data processing, the ratio of the mutually orthogonal electric and magnetic field is used to obtain the electromagnetic impedance of the earth and then the apparent resistivity and impedance phase information. This method can automatically eliminate the influence of magnetotelluric field changes of any frequency caused by the change of the earth’s electromagnetic environment. 2) Reliable regional background resistivity information at different depths can be obtained from long-term observations by the network, which is convenient for identifying and extracting resistivity anomalies. 3) The seismogenic resistivity anomaly has the characteristic of slow change over a long time, which is easy to distinguish from human activity and local spatial change. 4) Allows for better comprehensive analysis, the electromagnetic impedance anomaly of a magnetotelluric station not only includes the change in the resistivity of the underlying earth formation caused by stress change and fracture development in the adjacent areas but also includes the electromagnetic radiation information generated by pressure in the rock formation.
In many cases, the earth can be represented as a horizontally stratified medium with homogeneous and isotropic properties in each layer (Wait, 1951). In this paper, we introduce a three-dimensional low resistivity anomaly in the horizontally layered stratum model designed to simulate the change of the earth’s resistivity in the seismogenic zone, the electromagnetic impedance response in a large spatial range is calculated and its characteristics with frequency and space variation have been analyzed. Assuming that the electromagnetic radiation in the seismogenic region is equivalent to the vector electric dipole radiation source, the electromagnetic impedance response of electric dipole of different orientations is calculated and its characteristics of responses are analyzed. Finally, the dipole source response and magnetotelluric response are synthesized to simulate the observed response of the seismic electromagnetic anomaly by the magnetotelluric stations. From the perspective of 3D numerical simulation, we analyze the characteristics of an electromagnetic anomaly caused by earth resistivity changes and electromagnetic radiation during the pre-seismic period and propose methods to identify and extract different seismic electromagnetic anomalies. This will then provide theoretical support for extremely low-frequency electromagnetic observations used to monitor seismic electromagnetic anomalies.
2 MODEL DESIGN
This study concentrates on observations and processing of magnetotelluric data within a limited spatial area. Based on the one-dimensional (1D) horizontal layered stratum model, the 3D low resistivity anomaly is added to the high resistivity stratum to simulate the resistivity change caused by fracture development in the seismogenic area. The electromagnetic radiation generated by the sudden change of stress in the seismogenic center area before the earthquake is simulated with an inclined electric dipole source at depth.
The designed model structure is shown in Figure 1, where we use the x-y-z rectangular coordinate system with z = 0 at the ground surface and positive upward. Figure 1A shows the x-z resistivity section at y = 0 (shown by the dotted line in Figure 1B) of the horizontally layered model with a 3D low resistivity anomaly. Figure 1B is an x-y slice of resistivity at a depth of 10 km (as shown by the dotted line in Figure 1A), showing the plane structure of the 3D low resistivity anomaly. The top earth layer is a low-resistance cover layer with a thickness of [image: image] and resistivity of [image: image]. The second layer is a high resistance intermediate layer, with a thickness of [image: image] and resistivity of [image: image]. The bottom of the model (lower crust) is a low resistivity half space (h3→∞) with the resistivity of [image: image]. The atmosphere is above the ground surface and its resistivity is set to [image: image] The embedded 3D low-resistivity anomaly is a flat, low-resistivity wedge-shaped body located in the middle of the high-resistivity layer of the model. The core region of the 3D body is a low resistivity (10 [image: image]) cuboid with a length (y-direction) of 105 km, a width (x-direction) of 25 km, and a height (z-direction) of 4 km, centered at (0, 0, −10 km) to simulate the seismogenic core area extending along the fault zone. The resistivity outside the cuboid core increases by 20, 30, 50, 100, and 300 Ωm in steps of 5 km along the x-axis, and the extension range reaches ±37.5 km in the x-direction. The resistivity along the y-axis increases as the same as in the x-direction but by 10 km spatial steps, forming two triangular anomalous bodies whose resistivity gradually increases as distance in the x-direction from the center point in the x-y plane. This structure is used to simulate the change of the formation resistivity near the seismogenic core area. The buried inclined electric dipole (small white arrow in Figure 1A), which simulates the electromagnetic radiation source, is located at (0, 0, −10 km), with an azimuth of θ=0° and inclination of φ=30 [image: image]. Unless otherwise specified, the permeability parameter and dielectric constant are set to [image: image] and [image: image], respectively.
[image: Figure 1]FIGURE 1 | Horizontal layered and 3D low resistivity anomaly model using the x-y-z rectangular coordinate system with z=0 at the ground surface and positive upward (A) Is the resistivity x-z section, and (B) is the resistivity x-y plane slice at a depth of 10 km (z = −10 km).
3 3D MAGNETOTELLURIC RESPONSE SIMULATION
Using 3D simulation software to calculate the magnetotelluric response of the horizontally layered model with the 3D low resistivity anomaly shown in Figure 1, we can obtain the apparent resistivity and phase information of the xy and yx components at the ground observation site. Figure 2 shows contour maps of the apparent resistivity of the two principal component elements with frequencies of 0.1, 0.05, and 0.01 Hz, respectively. Because the model structure is symmetrical, we only show quadrant 1 (with x=0–400 km and y=0–300 km) to investigate the distribution of electromagnetic impedance response. In Figure 2, white ladder lines are used to mark the corresponding positions and boundaries of the 3D low resistivity anomalous body at depth. Different color scales are used in contour maps because the amplitude of different frequency responses varies greatly.
[image: Figure 2]FIGURE 2 | Contour maps of the spatial distribution of the apparent resistivity of the two principal components of the 3D model. (A,C,E) are the ρxy at the frequency of 0.1 Hz, 0.05 Hz, 0.01 Hz respectively; (B,D,F) are the ρyx at the frequency of 0.1 Hz, 0.05 Hz, 0.01 Hz respectively. 
It can be seen from Figure 2 that 1) generally, the existence of a 3D low resistivity anomaly causes the apparent resistivity value above and near the 3D body to be significantly reduced. 2) The amplitude of the apparent resistivity anomaly is largest just above the 3D low resistivity body, and gradually decreases to background value with increasing distance from the boundary of the 3D low resistivity body, and the attenuation distance increases with decreasing frequency. For example, the distance of the [image: image] anomaly decrease to zero on the x-axis is about 80 km when f=0.1 Hz, and about 180 km when f=0.01 Hz 3) The maximum amplitude of the apparent resistivity anomaly occurs at a lower frequency, that because the top surface of the 3D low resistivity anomaly body is buried at a depth of 8 km and has a low-resistivity overburden with a thickness of 2 km, as shown in Figure 1A. 4) Compared with [image: image]; [image: image] has a larger apparent resistivity value, apparent resistivity anomaly amplitude, and anomaly distribution range, which may be because the electrical principal axis of the 3D low resistivity anomaly body is in the y-direction, and [image: image] closer to the response of TM (transverse magnetic) polarization mode. 5) When f=0.05 Hz, the decay rate of [image: image] in the x-direction, outside the 3D low resistivity anomaly, becomes faster and shows a small enhancement (positive anomaly) after attenuating to zero. With the frequency reduced to f=0.01 Hz, the apparent resistivity anomaly outside the 3D low resistivity anomaly has changed from negative to positive, and the amplitude and extension range of the positive anomaly has increased. Correspondingly, a similar phenomenon occurs in the y-direction for [image: image], and the amplitude and coverage of positive anomalies are larger than that of [image: image].
To quantitatively evaluate the sensitivity of the magnetotelluric response observed at the stations to the seismogenic resistivity anomaly, Figure 3 shows the ratio curve of the responses of the measuring sites at different offsets along the radial x) direction and axial y) direction of the 3D low resistivity anomaly to the responses of the 1D horizontal layered model of the corresponding measuring sites. The offsets of the measuring sites are 0, 10, 25, 50, 100, 200, and 400 km, respectively. The curve with a ratio of 1 represents the response of a 1D layered model, which is not disturbed by the 3D low resistivity anomaly. If the ratio is larger than 1, the apparent resistivity value increases, making this a positive anomaly. A ratio less than 1 indicates that the apparent resistivity value decreases, that is, a negative anomaly. Because the model contains the 3D low resistivity anomaly, the ratio curve should be dominated by negative anomalies, and how much the ratio deviates from 1 is the amplitude of the anomaly. The apparent resistivity ratio curve in Figure 3 shows that: 1) The influence of 3D low resistivity anomaly begins in the low-frequency band below 5 Hz. 2) In the frequency band of about 1∼5 Hz, the apparent resistivity ratio curve shows a positive abnormal overshoot, which is the intrinsic characteristic of the magnetotelluric response. The amplitude of overshoot is largest at zero offsets (up to about 7%) and decreases with an increasing offset; is approaching zero for x offset is greater than or equal to 50 km and while y offset is greater than or equal to 100 km. 3) Generally, in the low-frequency band below 1Hz, the ratio curve is dominated by negative anomalies, and the amplitude of the negative anomaly decreases with increasing offset distance. At the same offset distance, the amplitude of the [image: image] curve is less than the amplitude of the [image: image] curve. For example, at zero offset distance, there is a maximum negative anomaly near the frequency of about 0.13 Hz, the ratio of the [image: image] can reach about −11% and the ratio of the [image: image] can reach about −25%. 4) In the frequency band below 0.1 Hz, the ratio curve of [image: image] with an offset of greater than or equal to 50 km along the x-axis shows a small positive anomaly. When the [image: image] offset is 50 km, the maximum positive anomaly reaches about 2.5%, and the positive anomaly amplitude decreases rapidly with the increasing offset. When the [image: image] offset along the y-axis is equal to 50 km, a small positive anomaly appears at about 0.013 Hz, and the amplitude is close to 2%. When the offset is equal to 100 km, the [image: image] curve starts to show a positive anomaly at about 0.1 Hz, with an amplitude of about 2%, which decreases rapidly to zero with the further increasing offset. 5) It should be pointed out that the boundaries of the 3D anomalous body are at 37.5 km in the +x direction and 52.5 km in the +y direction, that is, the overshoot anomaly in the frequency band of 1–5 Hz can only be identified within the range of the 3D body; while identifiable weak positive anomalies for the low-frequency band below 0.1 Hz may only appear in the area outside the anomalous body.
[image: Figure 3]FIGURE 3 | Apparent resistivity ratio of the three-dimensional model to one-dimensional layered model for measuring sites of different offsets along x- and y-direction. (A) and (B) are the ρxy/ρ1D along x and y direction respectively; (C) and (D) are the ρxy/ρ1D along x and y direction respectively.
The apparent resistivity method is one of the earliest geophysical methods used for earthquake precursor monitoring in China. After years of observation and research, Qian et al. (1982) and Zhang et al. (1996) successively summarized the characteristics of the apparent resistivity anomaly before earthquakes: 1) The apparent resistivity anomaly before earthquakes can be divided into a long-trend anomaly and impending anomaly. 2) Before the earthquake, the apparent resistivity is mostly a decreasing anomaly, though some increasing changes have also been observed. The anomaly amplitude decreases with increasing epicenter distance. 3) Before the earthquake, the long trend anomaly extends outward from the epicenter area, extending out to 150 km. 4) The anomalies are directional. 5) The standard deviation of the monthly average value of the active source apparent resistivity observation method should be less than 0.5%. If the apparent resistivity has a continuous multipoint trend change and the amplitude exceeds 3 times the standard error, it can be identified as the anomaly. Our simulation results described above provide a theoretical basis for the characteristics of the apparent resistivity anomaly in the seismogenic area summarized by precursors and verify the identification rule of the resistivity anomaly.
4 RESPONSE SIMULATION OF ELECTRIC DIPOLE SOURCE IN THE EARTH
The electromagnetic responses of the electric dipole source in the horizontally layered earth are calculated using the algorithm by Hu et al. (2023), and the propagation characteristics of the electric dipole source radiation field in earth and its influence on ground observations have been investigated. For comparative studies, the responses of a horizontal and an incline electric dipole in uniform earth and horizontally layered earth are calculated and analyzed respectively.
4.1 Response of an electric dipole source in a uniform earth
An x-direction horizontal electric dipole source (azimuth angle [image: image] =0 [image: image], dip angle [image: image] =0 [image: image]), and an inclined electric dipole source (azimuth angle [image: image] =0 [image: image], dip angle [image: image] =30 [image: image]) are set to located at a depth of 10 km in a uniform earth with the resistivity of 104 Ωm. The apparent resistivity and phase are calculated for observation sites at the earth’s surface with 25, 50, 100, 200, and 400 km offset in the x-direction and y-direction respectively. Figure 4 shows the curves of apparent resistivity and phase excited by a horizontal electric dipole source and observed at the earth’s surface with different offsets. Figures 4A, B show the apparent resistivity [image: image] (above) and phase [image: image] curve (below), and Figures 4C, D show the [image: image] and [image: image] with different offsets in the x- and y-directions respectively. In general, all apparent resistivity and phase curves show similar variation patterns with frequency and offset but have slightly different changing rates. When the frequency is high enough, the dipole source field meets the far-field condition, the apparent resistivity value obtained is close to the true resistivity value (104 Ωm) of the medium, and the impedance phase is about 45 [image: image], which is a typical plane wave electromagnetic response. When the frequency is low enough, the apparent resistivity and phase of the dipole source field response have typical near-field characteristics, meaning that with decreasing frequency, the apparent resistivity sharply increases, while the impedance phase correspondingly decreases to zero. Curves of [image: image] and [image: image] along the x direction have almost the same pattern and values as curves along the y direction for the corresponding offset, this means the [image: image] and [image: image] responses excited by horizontal electric dipole have spatial symmetry in the x-y plane; while the [image: image] and [image: image] responses along x direction show slightly different variation rates and frequency feature from responses along the y direction, this indicates the [image: image] and [image: image] responses have no symmetry in the x-y plane.
[image: Figure 4]FIGURE 4 | Apparent resistivity and phase response of a horizontal dipole source in a homogeneous earth for measuring sites of different offsets along x- and y-direction. (A) and (B) are the ρxy and φxy of measuring sites along x and y direction respectively; (C) and (D) are the ρyx and φyx of measuring sites along x and y direction respectively.
For the field responses of horizontal electric dipole source, the area with an offset greater than [image: image] (λ-wavelength) can be regarded as the far field, while the area with an offset less than [image: image] as the near field. As the frequency decreases, the apparent resistivity starts to deviate from the far-field value at the frequency corresponding to wavelength [image: image], where d is the offset along x or y direction; and increases exponentially at the frequency corresponding to wavelength [image: image], indicating of near field response pattern. The apparent resistivity response at the transition zone between frequencies corresponding to [image: image] and [image: image] shows somewhat complicated variations, first increasing slightly, and then returning to the far-field value at the frequency corresponding to wavelength [image: image], and then decreases slightly. The impedance phase starts to deviate slightly by 45 [image: image] at the frequency corresponding to [image: image], and recovers to the far-field value at the frequency corresponding to [image: image], then decreases slowly to zero as decreasing frequency.
Since the impedance response of the vertical electric dipole source does not have plane wave characteristics as defined by the field responses observed on the ground, it is not presented here. For the field of an inclined dipole source in the earth, the field responses observed on the ground will be affected by the vertical source field, which is much different from the field of a simple horizontal dipole source. Figure 5 shows the curves of apparent resistivity and phase excited by a 30° inclined electric dipole source at 10 km deep from the earth’s surface, Figures 5A, B show [image: image] and [image: image] curves, and Figures 5C, D show [image: image] and [image: image] responses observed at earth surface with different offsets in the x- and y-directions respectively. The basic features of apparent resistivity and phase responses of the inclined dipole mainly follow the typical response patterns of the horizontal dipole with frequencies and offsets. The curves of [image: image], [image: image] along the y-direction, and [image: image], [image: image] along x-direction do not show much effect by vertical dipole responses; while responses of [image: image], [image: image] along x-direction show some effect of vertical dipole especially for small offsets; but responses of [image: image], [image: image] have been severely affected by vertical dipole responses. It can be seen from Figure 5D that the [image: image] and [image: image] curves in the y-direction show oscillating feature in the far field zone with decreasing amplitude as frequency. The responses of the horizontal electric dipole source also oscillate, though the amplitude is very small and difficult to identify. Thus one of the effects of the vertical source field is to amplify this oscillation. The apparent resistivity response in the transition zone shows a negative overshot with a large amplitude at the frequency corresponding to [image: image]. The impedance phase curve also shows a small amplitude oscillation in the high-frequency band of the far field; starts rising rapidly from close to 45° approaching +180° at the frequency corresponding to [image: image], and drops sharply toward −180° at the frequency corresponding to [image: image]; and then rises to zero slowly. It can be seen that the frequency characteristics and spatial distribution characteristics of magnetotelluric responses observed on the ground may become extremely complex if an arbitrarily orientated electric dipole source at depth exists at the same time.
[image: Figure 5]FIGURE 5 | Apparent resistivity and phase response of an inclined dipole source in a homogeneous earth for measuring sites of different offsets along x- and y-direction. (A) and (B) are the ρxy and φxy of measuring sites along x and y direction respectively; (C) and (D) are the ρyx and φyx of measuring sites along x and y direction respectively.
4.2 Response of electric dipole source in the three-layer model.
The frequency characteristics of apparent resistivity and phase response of electric dipole in layered earth medium may become complex due to the difference in sensitivity of different frequencies to different depths. Figure 6 shows the apparent resistivity and phase curves of the horizontal electric dipole source with different offsets along the x - and y-directions in the three-layer earth model. Note that the impedance phases of the two principal component elements have been corrected to the 45 [image: image] baseline. The parameters of the three-layer model are set and described in Figure 1A, and the horizontal dipole source in the x-direction is located at a depth of 10 km. In general, the near- and far-field characteristics of the frequency response excited by the horizontal electric dipole source shown in Figure 6 are still obvious for both apparent resistivity and phase curves. That is, in the high-frequency band, the apparent resistivity value tends to the resistivity of the surface layer, and the impedance phase tends to 45 [image: image]; however, in the low-frequency band, the apparent resistivity increases sharply and the phase decreases to zero. The shape of the frequency response curve becomes complex due to the influence of different resistivity layers, especially the conductive cover layer, and it is difficult to define the far/near field transition frequency as well as the oscillation and jump of the phase curve. Figure 6A shows the most complex changes of the [image: image] and [image: image] curves in the x-direction. Although the far-field apparent resistivity value is about 20 [image: image], the frequency from the far-field to the transition zone is not much different from the transition frequency as shown in Figure 4 for resistive half-space, especially for large offsets where the resistive layer below the surface has dominant effects. For small offsets (<100 km), the apparent resistivity rises to a certain extent, then starts to decline, and then rises again in the near field zone; this may be a reflection of the layered electrical structure. The smaller the offset, the greater the amplitude of the apparent resistivity rises, with a maximum of about 3000 Ωm which is approaching the resistivity of 104 [image: image] for the resistive layer. With increasing offset, the amplitude and frequency band of the formation change effect decreases, and the near-field influence characteristics become prominent. The far-field value of [image: image] is about 45 [image: image], showing a jump to +180 [image: image] at the transition section, and then gradually return to zero. The jump in corresponding frequency is lower than the phase jump frequency of the uniform high-resistance earth in Figure 4. Figure 6B shows the response of the [image: image] and [image: image] in the y-direction. Compared with the [image: image] and [image: image] response in the x direction, the apparent resistivity responses have the same variation pattern, but the variation amplitude of the curve is smaller. The change of phase curve is gentle, and shows characteristics of dipole source response; only the curve with an offset of 25 km appears a positive jump at transition frequency. The curves of [image: image] and [image: image] in the x- and y-direction as shown in Figures 6C, D reflect the basic characteristics of the dipole source response and again show perfect symmetry. The frequency of the apparent resistivity and phase curves with different offset distances from the far field zone to the transition zone is close to the response of the homogeneous resistive earth as shown in Figure 4. After entering the near-field zone, the apparent resistivity curve rises slowly, and then rises at a similar rate near 1 Hz, approaching 104 Ωm for all offsets. When the offset is 400 km, the apparent resistivity shows a large negative overshot and the phase shows a jump in the transition zone.
[image: Figure 6]FIGURE 6 | Apparent resistivity and phase curves of the horizontal electric dipole source in a three-layer earth model for measuring sites of different offsets along x- and y-direction. (A) and (B) are the ρxy and φxy of measuring sites along x and y direction respectively; (C) and (D) are the ρyx and φyx of measuring sites along x and y direction respectively.
It can be seen from the above analyses that the electromagnetic response of the horizontal electric dipole source in the layered stratum can reflect the basic characteristics of the dipole source field. However, because of the influence of layered electrical structure, the frequency response curves in different directions, differing offsets, and polarization modes may have complex shapes and variation characteristics. To better understand the spatial distribution characteristics of the electromagnetic response of the horizontal electric dipole source, Figure 7 shows the x-y plane distribution of the apparent resistivity ([image: image]) of the horizontal electric dipole source at 100, 10, and 1 Hz, respectively; and the plotting range is the same as in Figure 2. The white arrow in Figure 7 indicates the position of the horizontal electric dipole source in the earth. It can be seen that the spatial distribution form of [image: image] is complex. First, the apparent resistivity in the corresponding rectangular neighborhood above the dipole source increases sharply towards the center of the dipole, and the lower the frequency, the larger the range of resistivity increases. For example, when the frequency is 100 Hz, the range of resistivity increase is a rectangular area composed of [image: image] and [image: image]. However, when the frequency is 1 Hz, it is an area composed of [image: image] and [image: image], and the shape of the regional boundary is complex. Second, at the periphery of the area with a sharp increase in resistivity, a trough with decreased resistivity appears, corresponding to the negative overshoot of the apparent resistivity curve in Figure 6. The lower the frequency, the wider the wave trough, and, by extension, the greater the reduction in the resistivity value. Moreover, because the Ex and Hy components of the dipole source response have amplitude crossing zero and phase jump from positive to negative (or from negative to positive) at the azimuth of [image: image] =35 [image: image], the resistivity anomaly of [image: image] changes in the vicinity of the line that starts from the center of the dipole source and extends at an azimuth angle of 35 [image: image]. From the source center to the outside, the resistivity near the 35 [image: image] line is larger than that of the adjacent area, forming a high resistivity strip extending outward, and the extended distance is far greater than the aforementioned rectangular area scale with sharply increasing resistivity. With further increase in distance, the resistivity near the extension line is slightly smaller than that in the neighborhood. It can be seen from Figure 7C with a frequency of 10 Hz that the x boundary of the rectangular domain with sharply increased resistivity is about x [image: image] 50km, and the high resistivity anomaly zone along the 35 [image: image] line extends to x [image: image] 150 km. Meaning, that if the station is located near the extension line, the electromagnetic anomaly can be observed further away from the seismogenic center. Since the Ey and Hx components of the dipole source response change continuously with the azimuth angle; [image: image] has a simple and symmetrical spatial distribution. The resistivity increases sharply in the circle centered on the dipole source, and the radius of the circle increases with decreasing frequency. Since the earth model is not a homogeneous half-space, it cannot be characterized by the wavelength corresponding to a certain formation resistivity value. From the near source range in Figure 7 that is greater than the surface resistivity value (20 Ωm), it can be seen that the radius is about 23 km when f =100 Hz, 55 km when f = 10 Hz, and 135 km when f = 1 Hz. It can also be seen from Figure 7 that the apparent resistivity [image: image] shows a small change in oscillation amplitude in the far-field area, and the period of the oscillation decreases first and then increases with the increasing offset, which may be caused by a change of apparent resistivity with offset. Because the wavelength becomes longer at low frequencies, it is difficult to identify the oscillation period of the low-frequency response in the displayed space. [image: image] also has similar oscillation characteristics, but the 180 [image: image] shift is generated with the 35 [image: image] line as the boundary; that is, both sides of the 35 [image: image] line correspond to peaks and troughs. The amplitude of the oscillation in the far-field area is not large, which may not be noticed in the processing of actual observation data and anomaly identification.
[image: Figure 7]FIGURE 7 | Contour plots in the x-y plane of apparent resistivity response of the x-direction horizontal electric dipole source in a three-layer earth. (A,C,E) are the ρxy at the frequency of 100 Hz, 10 Hz, 1 Hz respectively; (B,D,F) are the ρyx at the frequency of 100 Hz, 10 Hz, 1 Hz respectively.
Figure 8 shows the apparent resistivity and phase curves of the x-direction inclined (φ=30 [image: image]) dipole in the three-layer earth with different offsets in the x- and y-directions. Compared with the response of the horizontal electric dipole source shown in Figure 6, the response excited by the vertical electric dipole source, except the [image: image] of the y-direction, has very different curve shapes and amplitudes in other components. In general, the response curve of a tilted electric dipole source is more complex with frequency. The apparent resistivity response of the tilted dipole source exhibits a large amplitude variation pattern in the near-field zone, first reaching a high value, then decreasing slowly, and finally exhibiting an oscillating pattern with increasing frequency. The near-field maximum amplitude is much higher (at least one to two orders) than the response of the corresponding horizontal electric dipole source. For example, the x-direction’s [image: image] increase to greater than 105 Ωm, the x-direction’s [image: image] increases to greater than 104 Ωm, and the y-direction’s ρyx increase to greater than 106 Ωm. The turning frequency of the apparent resistivity curve corresponding to [image: image] is about an order of magnitude higher than the turning frequency of the horizontal dipole source. The small amplitude oscillation in the far-field area is more prominent, that is, the amplitude change is greater, and the period is more obvious. The [image: image] value along the y-direction in the far-field zone does not reflect the resistivity of the surface layer but is closer to the value of the second layer (104 Ωm). The phase curves for [image: image] along the x-direction and [image: image] along y-direction oscillate slightly near the 45 [image: image] line when they are in the far-field area, and when they enter the near-field area, there is a jump of +180 [image: image]-180 [image: image], and then gradually trend to 0 [image: image] In the far-field region, [image: image] along the y-direction also oscillates rapidly.
[image: Figure 8]FIGURE 8 | Apparent resistivity and phase curves of an inclined electric dipole source in three-layer earth for measuring sites of different offsets along x- and y-direction. (A) and (B) are the ρxy and φxy of measuring sites along x and y direction respectively; (C) and (D) are the ρyx and φyx of measuring sites along x and y direction respectively.
Figure 9 shows the plane distribution of the apparent resistivity of the inclined electric dipole source. To facilitate comparison, the same contour color scale as in Figure 7 is used. Compared with Figure 7, it can be seen that 1) the apparent resistivity of the inclined electric dipole source is much higher than that of the horizontal electric dipole source. 2) The area of near-source area apparent resistivity enhancement is much larger than the response of a simple horizontal dipole source. Taking [image: image] of f = 10 Hz as an example, the boundary in the x-direction of the simple horizontal electric dipole source is 50 km, while the boundary of the inclined electric dipole source is 160 km. 3) Because of the effect of vertical electric dipole source response, a resistivity anomaly band is formed for [image: image] response in the y-direction; that means the plane distribution [image: image] for inclined dipole response no longer has simple symmetry. 4) The oscillation amplitude in the far-field area is larger than that of the simple horizontal dipole source, and the oscillation amplitude is even larger near the anomalous extension zone.
[image: Figure 9]FIGURE 9 | Contour plots in the x-y plane of apparent resistivity response of an inclined electric dipole source in a three-layer earth. (A,C,E) are the ρxy at the frequency of 100 Hz, 10 Hz, 1 Hz respectively; (B,D,F) are the ρyx at the frequency of 100 Hz, 10 Hz, 1 Hz respectively.
It can be seen from the apparent resistivity response of the tilt dipole source in the earth that when the radiation source contains vertical components, the amplitude and spatial range of the apparent resistivity anomaly in the near-field zone are greatly enhanced. Compared with the response of a simple horizontal electric dipole source, the amplitude of the high resistance anomaly is about 2–5 orders of magnitude higher. For the same offset, the frequency of the near-field zone anomaly increases by about an order of magnitude. The spatial range of near-field zone anomaly is about 3 times larger (taking 10 Hz response as an example). It can be seen that the vertical component of seismogenic electromagnetic radiation can greatly increase the detectability of anomalies.
5 MAGNETOTELLURIC RESPONSE WITH DIPOLE RADIATION IN THE EARTH
The behaviors of the magnetotelluric response of the 3D anomaly of earth resistivity and the dipole response of buried electric dipole radiation source in the seismogenic zone have been presented in previous sections. We now discuss the magnetotelluric responses when the 3D anomalous body and radiation dipole exist at the same time while the magnetotelluric observation is carried on.
In the process of seismogenesis, the formation resistivity in a specific range may be reduced because of the development and expansion of micro-fractures in the earth caused by the accumulation of stress. This earth resistivity change can cause the apparent resistivity decrease in the low-frequency band (less than 1 Hz) and can be observed by magnetotelluric stations in a certain range outside the seismogenic area. As the time of the earthquake approaches, the resistivity anomalies may have the characteristics of gradually enhancing and expanding. The abrupt change of ground stress before an earthquake may also lead to electromagnetic radiation, but the spatial scope will be more limited to the vicinity of the fault. However, only in the short time before an earthquake, the stress is strong enough to generate an anomalous electromagnetic field in the far field (Du et al., 2004). For long-term monitoring stations, magnetotelluric field changes caused by different types of anomalies may be observed separately or simultaneously in different stages of earthquake preparation. If there is electromagnetic radiation before the earthquake, the field components observed at the station are the superposition of the magnetotelluric field and electromagnetic radiation field components. Because of the randomness of the amplitude and change of the magnetotelluric field, the processing and analysis of single-field data are not practical when processing observational data. Instead, it is mainly through obtaining the power spectrum of each field quantity and defining the ratio of the electromagnetic field quantity, or the impedance element, to characterize the changing relationship of the apparent resistivity with frequency. If low-frequency electromagnetic radiation is generated by the earthquake preparation, the radiation field strength must reach a certain strength before it can have a significant impact on the superimposed total field, which is reflected in the magnetotelluric response where the apparent resistivity systematically deviates from the background value.
To show the influence of the resistivity anomaly and radiation source in the earth on the magnetotelluric response, Figure 10 shows the ratio of the apparent resistivity of the 3D anomaly body and the inclined dipole source to the apparent resistivity of the 1D layered earth model. The structure and parameters of the model are shown in Figure 1. The buried depth of the electric dipole source in the earth is 10 km, the dip angle is 30 [image: image], the source moment (the product of current change and rupture length) is I [image: image] dl=1011A [image: image] m, and the equal source moment is used for all frequencies; Figure 10A shows the ratio curve of the apparent resistivity of the 1D layered model to [image: image] with different offsets along the x-axis: the offsets are x=25, 50, 100, 200, and 400 km, respectively. It can be seen from Figure 10A that the [image: image] response along x direction containing electromagnetic radiation for small offsets (<100 km) presents a positive anomaly with a large amplitude peak (with a maximum of 450) in the medium-frequency band (0.1–50 Hz); small positive and negative variations can be identified at the frequencies (e.g., >40 Hz for the response of 25 km offset) corresponding to the transition zone. As the offset distance increases, the abnormal peak value decreases rapidly and the anomaly of the transition zone shifts to a lower frequency. For the source moment used, the apparent resistivity anomaly with an offset greater than 100 km is weak, and almost no identifiable anomaly for responses of 400 km offset. It can be seen that the influence of the dipole radiation source observed at a magnetotelluric station is more different from the dipole source response itself shown in Figure 8, and cannot be simply identified as the near- or far-field zone for different offsets. Figure 10B shows the ratio curve of [image: image] along the y-direction to the apparent resistivity of the 1D layered model with different offsets. The response of 25 km offset shows a prominent peak of apparent resistivity enhancement with the maximum ratio of 3,800 at about 1Hz, but smoothly reducing to ∼0.6 for frequency less than 0.1 Hz. The variation of ratio curves of other offsets is small and difficult to identify for the response of offset greater than 100 km.
[image: Figure 10]FIGURE 10 | Ratio of the apparent resistivity of the 3D anomaly body together with inclined dipole source in the earth to the apparent resistivity of the 1D layered earth model for measuring sites of different offsets along x- and y-direction. (A) and (B) are the ρxy/ρ1D of measuring sites along x and y direction respectively; (C) and (D) are the ρyx/ρ1D of measuring sites along x and y direction respectively.
Figure 10C shows the ratio curve of [image: image] along the x-axis with different offsets to the apparent resistivity of the 1D layered model. It can be seen that the [image: image] anomaly generated by the electromagnetic radiation source is mainly in the middle-frequency band, but the amplitude is far less than the [image: image] anomaly. It is difficult to identify anomalies in the ratio curve with offsets greater than 50 km. The characteristics of the [image: image] anomaly with differing offsets along the y-direction (Figure 10D) are much similar to those of the [image: image] anomaly along the x-direction (Figure 10A), with only a slight difference in anomaly amplitude, especially for the response of short offset.
Figure 11 shows the spatial distribution of the ratio of the apparent resistivity calculated by superposition of the magnetotelluric response of the 3D low resistance anomaly and the x-direction inclined dipole source response in the layered earth model to the apparent resistivity of the 1D layered earth model, for frequencies of 10, 1 and 0.01 Hz, respectively. The range of the drawings is the same as that in Figure 9. The small white arrows in Figure 11 indicate the position of the electric dipole source in the earth, and the white step lines indicate the boundary of the 3D low resistance anomaly. It can be seen from the plot that the apparent resistivity change caused by the dipole radiation source at depth occurs in the area near the source, and the closer the source, the greater the anomaly. The apparent resistivity far away from the source is almost unchanged (the ratio is equal to 1). The anomaly in the intermediate frequency band has the maximum amplitude enhancement anomaly and a strong reduction anomaly (the ratio is far less than 1). The amplitude of the medium frequency band (f = 1 Hz) anomaly is the largest (0.01–30,000 times), and the expansion range is also large. The anomaly of [image: image] is mainly observed in a sector area in the x direction, and [image: image] in the y direction, with large amplitude enhancement from the dipole center and gradually decay to 1 at the radius of about 100 km and then reduce to a minimum of 0.01 at the radius of about 165 km. The amplitude of the high-frequency band and low-frequency band is relatively small, and the anomalous extension range is also small. The maximum amplitude of f = 10 Hz anomaly (Figures 11A, B) is ∼8,000 times, and the sector radius is about 75 km. The maximum amplitude of f = 0.01 Hz anomaly (Figures 11E, F) is ∼20 times, and the sector radius is about 95 km.
[image: Figure 11]FIGURE 11 | Contour plots of the ratio of apparent resistivity with 3D anomaly body together with inclined dipole source to the apparent resistivity of the 1D layered model. (A,C,E) are the ρxy/ρ1D at the frequency of 10 Hz, 1 Hz, 0.01 Hz respectively; (B,D,F) are the ρyx/ρ1D at the frequency of 10 Hz, 1 Hz, 0.01 Hz respectively.
6 DISCUSSION AND CONCLUSION
It can be seen from the analysis of the above simulations that the observational data of magnetotelluric stations may contain seismogenic electromagnetic anomaly information. The characteristics of different types of seismic electromagnetic anomalies in magnetotelluric impedance response can be summarized as follows. In the seismogenic process, the change of formation resistivity (seismogenic resistivity anomaly) can produce a recognizable low-frequency (less than 1 Hz) apparent resistivity anomaly in magnetotelluric data. The anomaly is mainly a reduction of apparent resistivity from the normal value, and small amplitude enhancement anomalies may also be observed at various spatial sites. Although the amplitude of the anomaly is small, it may also be detected hundreds of kilometers (more than 200 km) away from the seismogenic center. However, if there is a low-frequency electromagnetic radiation anomaly at the same time, the influence of seismogenic low resistance anomaly may be completely masked in the low-frequency band due to the strong anomaly generated by dipole radiation in the seismogenic area. The anomaly produced by low-frequency electromagnetic radiation before earthquakes are characterized by a sharp increase of the apparent resistivity in the near-field zone, the phase approaching zero, and strong amplification of the anomaly by the presence of vertical source dipole components.
The influence of electromagnetic radiation before earthquakes included in magnetotelluric data on apparent resistivity depends on the proportion of each component of the radiation field in the spectral intensity of each component of the corresponding magnetotelluric field and will show different frequency and spatial characteristics from the response of a pure dipole source. For example, the response of a simple dipole source can be simply divided into a far-field zone and a near-filed zone according to frequency or offset, while the response of a dipole source radiation field contained in magnetotelluric data to apparent resistivity shows frequency selectivity, that is, anomalous amplitudes in the high-frequency and low-frequency bands are small, and the abnormal amplitude in the medium frequency band (0.1–50 Hz in this example) is largely due to the weak energy window of magnetotelluric field. In space, the response of the pure dipole source shows a small amplitude oscillation in the far-field area, which is difficult to identify in the magnetotelluric data. The manifestation of electromagnetic radiation in magnetotelluric response before earthquakes are mainly from the apparent resistivity enhancement anomaly with strong amplitude, and the anomaly amplitude decreases with the distance from the radiation source, but the apparent resistivity reduction anomaly with large amplitude may also appear for the data of different observation sites and different frequencies. The magnitude and spatial range of the influence of electromagnetic radiation on apparent resistivity before earthquakes are related to the intensity of the radiation sources. The stronger the radiation field intensity is, the larger the amplitude of apparent resistivity anomaly, and the wider the distribution range of anomaly. The calculation result of the source moment 1011A [image: image] m is given in this paper. The actual earthquake case may have even stronger electromagnetic radiation, for example, the Wenchuan earthquake reached 1013A [image: image] m (Li et al., 2018), and so the station farther from the seismogenic center can also detect the electromagnetic radiation anomaly.
The algorithm for 3D magnetotelluric modeling has adopted the strategy of magnetic field normalization for field component calculation, and the calculated strength for each field component may be different from the actual spectral intensity of each component measured at the station. However, the basic characteristics of electromagnetic radiation before earthquakes simulated by an electric dipole source in magnetotelluric response are valid.
In summary, electromagnetic impedance responses of a 3D low-resistance anomalous body which is used to simulate the resistivity change of strata in the seismogenic region, and an electric dipole which is used to simulate the seismogenic radiation source in horizontally layered earth model have been calculated, and the characteristics of electromagnetic impedance response with frequency and space over a large area have been analyzed quantitatively. The simulation results show that: 1) Visual resistivity anomalies of the 3D resistivity anomalous body appear in the frequency band below 5 Hz, with negative anomalies dominating in the frequency band below 1 Hz. The amplitude of the negative anomaly decreases with the increase of the offset distance, and the anomaly can be identified over 200 km. The measured data show that the resistivity often presents an abnormal decline feature before the earthquake, and the numerical simulation in this paper provides a theoretical basis for this phenomenon. 2) The vector electric dipole radiation source is equivalent to the electromagnetic radiation in the seismogenic region, and calculating and analyzing the electromagnetic impedance response. It is found that the component of tilted electromagnetic radiation in the y-direction will greatly enhance the detectability of electromagnetic anomalies. 3) Considering the electromagnetic radiation and the change of resistivity in the seismogenic area comprehensively, it is found that the medium frequency band (0.1–50 Hz) is the dominant frequency band for seismic electromagnetic anomalies. Around 1 Hz, the anomaly is more obvious and can be detected at a large spatial range.
The obtained results are of great significance for the observation of seismic electromagnetic anomalies, data processing, and analysis of the identification of electromagnetic anomalies in different seismogenic processes. In the future, we can analyze and compare data changes during earthquakes by combining measurement data from 30 ELF stations in the metropolitan area and the North-South seismic zone in China.
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