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The wide field electromagnetic method [image: image] observation method requires the horizontal electrical field source (AB) to be parallel to the measure station (MN), but the complex terrain conditions make it difficult to meet the AB parallel MN in field construction, and there is always an azimuthal difference [image: image] between them, which will bring a large calculation error and cause distortion of the interpretation parameters if the calculation method [image: image] continues to be used. In order to tackle this problem, we analyse and study the [image: image] method and derive the new calculation method of [image: image] for the wide field electromagnetic method along the MN ([image: image]). The method is based on the intrinsic relationship between the electric field components [image: image], [image: image] and the azimuthal difference [image: image] and derives the expression for the electric field [image: image] along the MN direction, and then uses the [image: image] to calculate the wide field apparent resistivity. In this paper, we design a three-layer geoelectric model and calculate the azimuthal angle difference [image: image] = 0° and [image: image] = 15°wide field apparent resistivity parameters, respectively. The results show that the relative error between the calculated apparent resistivity and the theoretical value is less than 1%, which verifies the correctness and validity of the method. To further verify the accuracy of the method, experimental work on azimuthal difference [image: image] was carried out next to a known well in Sichuan. The results show that: firstly, when [image: image] is 1°, 3°, 5°, 10°, and 15°, respectively, the relative error of each frequency point increases with [image: image] increasing. Secondly, when [image: image] is 1°, 3°, 5°, 10°, and 15°, respectively, the relative error of each frequency point is less than 10% when the [image: image] method is used to calculate the wide field apparent resistivity value; thirdly, taking [image: image] = 15° as an example, single-station inversions are performed with [image: image] and [image: image] apparent resistivity parameters, in which the [image: image] inversion results are more different from the trend of the logging curve, while the [image: image] inversion results are relatively more consistent with the trend of the logging curve. The arbitrary orientation [image: image] calculation method proposed in this paper can effectively reduce the influence of [image: image] on the interpretation parameters and improve the accuracy of interpretation, and also greatly expand the applicability and flexibility of [image: image] wide field electromagnetic method in the observation of complex terrain areas, which has important theoretical research and practical production significance.
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1 INTRODUCTION
The electromagnetic induction method is an important branch of geophysical-electrical exploration, which mainly uses the differences in electrical conductivity, permeability and dielectricity of the subsurface medium and applies the principle of electromagnetic induction to observe and study the distribution patterns (frequency characteristics and temporal characteristics) of artificial or naturally occurring electromagnetic fields and thus solve relevant geological problems (Tikhonov, 1950; Cagniard, 1953; He, 2010a; He, 2019; Chen et al, 2014a). Therefore, studying the frequency response of the earth to electromagnetic fields can obtain the distribution pattern of the resistivity of the subsurface medium at different depths (Zonge, 1991; He, 2019; He, 2020; Liu et al, 2019; Liu et al, 2022; Li et al, 2023). In electrical exploration, the electromagnetic field itself has interference and resonance phenomena, which complicates the characteristics of the field. By introducing an appropriate definition of apparent resistivity, highlighting the useful information and suppressing the interference information can help us make good analysis and judgment of the observation results, which is beneficial to the inverse interpretation, so the study of the definition of apparent resistivity is meaningful (Yin et al, 1991a; Liu et al, 2013; Chen, 2014b).
There are several resistivity definition methods in the frequency domain EM method, which are mostly based on the uniform half-space model (Spies, 1986; Yin et al, 1991b; Tang et al, 2005). ТИxohob (1950) and Cagniard (1953) separately and independently proposed the Magnetotelluric (MT), which defined the apparent resistivity by a pair of orthogonal component electric field to magnetic field ratios, and established the apparent resistivity as the interpretation parameter. Goldstein (1971) proposed controlled source audio Magnetotelluric method (CSAMT), which replaced natural source with a controlled source. However, there is a complex implicit function relationship between the uniform half-space surface electromagnetic field values and resistivity in the controlled source frequency domain electromagnetic method, and it is difficult to find the explicit inverse function between resistivity and field by analytical methods (He, 2010a; Li et al, 2013), Therefore, the complex high-order function in the field is abandoned, and the MT method is used to define the apparent resistivity parameter. Therefore, the near zone, mid-zone, and wave zone were divided according to the variation properties of the electromagnetic field (Yin et al, 1991a; Liu et al, 2013), and the approximate definition of the apparent resistivity in the wave zone was adopted, resulting in serious distortion of the apparent resistivity in the mid-zone and near zone, which affects the interpretation of the sounding curve (Yin et al, 1991b; Liu et al, 2013; Cheng et al, 2014b; Tang et al, 1994; Tang, 1993).
In order to unify the wave zone, mid-zone and near zone, a full-zone apparent resistivity is defined, which can reflect the vertical electrical variation of the geoelectric section directly and also expand the controlled source observation zone (Cao, 1978; Huang et al, 1992; Tang et al, 1993; Tang et al, 1994). Yin et al (1991a) pointed out that the definition of full-zone apparent resistivity can reflect information of the geoelectric section more realistically than other approximate definitions and is less influenced by the pole distance. Fang et al (1992) compared the exact formula of uniform half-space field with the formula of the wave zone to obtain a correction coefficient K, and multiplied the apparent resistivity defined in the wave zone by the correction coefficient K to obtain the apparent resistivity value defined in the full zone. This method is simple and easy to implement. Mao and Bao (1996) proposed a direct algorithm for the full-zone apparent resistivity, which is a concise and accurate method. Tang and He (2005) analyzed and compared in detail the differences and similarities of apparent resistivity defined by wave zone and full zone. He (2010b) proposed the wide field electromagnetic sounding method based on the analytic expressions of electromagnetic fields of horizontal current sources and vertical magnetic sources at the ground in semi-uniform space, and proposed the use of computers to realize the calculation of wide field apparent resistivity using the iterative method or the inverse interpolation method. The wide field apparent resistivity calculated by the inverse interpolation method and the iterative method both correctly reflect the electrical variation properties of the subsurface medium, whice completely reflects the opposition and unity of the controlled source frequency electromagnetic field, and more intuitively reflect the objective variation of the geoelectric section with depth (Yu, 2010; Wang et al, 2012, 2013; Yuan et al, 2020). The direct integration method proposed by Dai (2020) can be widely applied to the calculation of electromagnetic fields at different frequencies and different transceiver distances, which has a strong universality. Li (2017) pointed out that the distribution and variation pattern of [image: image] and [image: image] wide field apparent resistivity with azimuth was determined by the propagation and distribution characteristics of [image: image] and [image: image] and did not change depending on the definition of apparent resistivity. Yin (1991a) found that the apparent resistivity response was affected by the radial angle, and the effect occured mainly in the mid and near zone, with the mostly serious effect in the near zone, but it was not affected in the wave zone. Liu et al (2013) eliminated the influence of observation orientation by the improved method of [image: image] wide field apparent resistivity definition, which could intuitively and truly reflect the objective variation of geoelectric section with depth. Wang et al (2021) derived the resistivity expression for the ground-well frequency-domain wide field electromagnetic method from the theory of frequency domain electromagnetic method, and the technique was successfully applied in a super-large metal mine. The above literature is based on the assumption that the AB is parallel to the MN, and discusses how to define the apparent resistivity or discuss the radial angle affects the apparent resistivity parameter, but the effect of the azimuth angle difference α between the AB and MN to the observed data is rarely studied. Due to the influence of terrain conditions, it is often difficult to make the current source AB parallel to the observation dipole MN, and there is always a certain azimuth angle difference α between them. How to define the apparent resistivity expression accurately and effectively so that the interpreted parameters can reflect the geoelectric cross-section information more truly? This paper takes [image: image] wide field electromagnetic method as an example, combining the theoretical model and field measurement data to analyze and study the impact of azimuth angle difference on the observation results, so as to put forward the calculation method of arbitrary azimuth wide field electromagnetic method [image: image]. Firstly, based on the intrinsic relationship between the electric field components [image: image], [image: image] and the azimuthal difference [image: image], we derive the expression of electric field [image: image] along the MN direction. Secondly, a three-layer geoelectric model is designed to compare and analyze the [image: image] and [image: image] apparent resistivity parameters corresponding to the azimuthal difference [image: image], so as to verify the algorithm in this paper; Finally, in order to further analyze and study the influence of [image: image] on the observation data and interpretation results, the field experiments are carried out next to a known well in Sichuan Province, China. The results show that the relative error of the apparent resistivity of [image: image] increases with the increase of [image: image], and when the [image: image] reaches 10° and 15°, the relative error is more than 100%, and the geoelectric information reflected by the same measurement point is seriously distorted, and the inversion results are different from the change trend of the logging curve; the [image: image] method effectively reduces the influence of [image: image] on the apparent resistivity parameters, and more effectively reflects the real geoelectric structure information of the subsurface. The [image: image] calculation method effectively reduces the influence of [image: image] on the apparent resistivity parameter, and more effectively reflects the real geoelectric structure information in the subsurface. Using the method of arbitrary azimuth [image: image] can effectively weaken the influence of azimuth difference [image: image] on the interpreted parameters, which is convenient to reduce the requirement of electric couple source azimuth layout in practical work in the future, and has important theoretical research and practical application significance.
2 BASIC THEORY
2.1 Wide field electromagnetic method [image: image]
Under quasi-static conditions, the receiver MN remains parallel to the current source AB, i.e., the angular difference between AB and MN is [image: image]. Set the harmonic factor [image: image], where [image: image], [image: image] is the angular frequency, and t is time. The analytical expressions for the horizontal components [image: image] and [image: image] in the laminar medium are written as (He, 2010b)
[image: image]
Where I is Current; dL is electric dipole; [image: image] is distance between the receiving point and the center point of the electric dipole; [image: image] and [image: image] are 1st and 0th order Bessel functions respectively; [image: image] is the first layer factor; [image: image] is the second layer factor.
[image: image]
If the number of layers [image: image], then the layer factors [image: image] and [image: image] of Eq. 2 are both equal to 1, and Eq. 1 will be transformed into an expression for the field on the surface of a uniform earth (He, 2010a).
[image: image]
The expressions of [image: image] wide field apparent resistivity [image: image] (He, 2010b; He, 2019) are
[image: image]
Eq. 4, [image: image] is the device coefficient of the observation system; [image: image] is the potential difference between the MN at the measurement end, the unit is V; [image: image] is the distance between the MN at the measurement end, the unit is m; [image: image] is the intensity of the emission current, the unit is A; dL is the dipole moment length, in m; [image: image] is the component of the uniform half-space electric field along the x-axis; k is the wave number; [image: image] is the electromagnetic response function, and the specific expressions are:
[image: image]
In Eq. 5, [image: image] is the angle between x-axis and radial vector r, [image: image] is the magnetic permeability, [image: image] is the model resistivity of uniform half-space, [image: image] is the dielectric constant. When the detection object is a non-uniform half-space, the wide field apparent resistivity at different measurement points and different frequencies can be obtained according to Eq. 4, which reflects the overall resistivity response caused by the entire subsurface medium.
The observation system is designed according to Eq. 4 in the field, and the electrical information of the observation point location is finally obtained. However, the field construction deployment is restricted by the terrain conditions, and it is difficult to keep the current source AB parallel to the receiving dipole MN, and there is always an azimuthal difference [image: image] between them, which will cause the wide field apparent resistivity calculation error and distortion of the geoelectric parameters if we continue to calculate the wide field apparent resistivity along the [image: image] direction.
2.2 Wide field electromagnetic method [image: image]
In order to eliminate the effect caused by the difference [image: image] in azimuth between AB and MN. In this paper, the formula for calculating E_EMN wide field apparent resistivity at any azimuth is derived. Instead of calculating the apparent resistivity along the [image: image] direction, this method calculates the apparent resistivity along the MN direction at the measurement end. The advantage of this method is that the field measurement does not require the current source AB to be strictly parallel to the lateral or tangential direction to obtain the true resistivity parameters.
Let the electromagnetic field excited by the electric dipole source be located in the coordinate system xyz, the electric dipole source AB is parallel to the x-axis, and the angle between the receiving dipole MN and AB is [image: image] (Figure 1).
[image: Figure 1]FIGURE 1 | Schematic diagram of the arbitrary observation direction MN.
The relationship between [image: image] and [image: image], [image: image] is obtained as follows.
[image: image]
According to Eq. 6, the expression for the electric field of [image: image] is as follows.
[image: image]
The [image: image] electric field expression is defined by Eq. 7.
If the number of layers N = 1, both [image: image] and [image: image] are equal to 1. The above equations will be transformed into the expressions for the field on a uniform earth obtained in the previous section.
[image: image]
Substituting Eq. 8 into Eq. 4, the accurate expression of the wide field apparent resistivity at the measurement of MN can be obtained
[image: image]
In Eq. 9: when [image: image], [image: image], the correct geoelectric parameters under the observation station can be obtained either by using Eq. 9 or Eq. 4; when [image: image], [image: image], the correct geoelectric parameters under the MN at the measurement end can be obtained by iterative calculation of Eq. 9. The wide field apparent resistivity parameters along the MN direction of the receiving dipole can be obtained by iteration or inverse spline difference.
2.3 Evaluation basis
When discussing the evaluation of the error caused by the azimuthal angle difference [image: image] between the current source dipole AB and the receiving dipole MN, the degree of separation between the observed change value caused by [image: image] and the background must be determined as a criterion, and the relative error between the apparent resistivity value of [image: image], and the apparent resistance value of [image: image], under the condition of the same frequency point is taken as a criterion in the paper.
[image: image]
In Eq. 10: j is the frequency number, n is the number of frequencies, [image: image] is the wide field apparent resistivity value corresponding to the jth frequency at [image: image], and [image: image] is the wide field apparent resistivity value corresponding to the jth frequency at [image: image].
3 METHOD VERIFICATION
In order to verify the correctness of the calculation of the arbitrary directional wide field electromagnetic method [image: image] proposed in this paper, a three-layer geoelectric model is designed: the first layer has a conductivity of [image: image] and a thickness of 100 m; the second layer has a conductivity of [image: image] and a thickness of 100 m; the third layer has a conductivity of [image: image] ; the horizontal long wire source is laid along the x-direction with a length of 200 m and the coordinates of the center point are (0, 0, 0); the transmitting frequency range is 0.01∼10,000 Hz, the current amplitude is 1 A; the measurement line offset distance is 5 km, and the observation position (MN) laid along the x-direction (Figure 2).
[image: Figure 2]FIGURE 2 | Three-layer ground power model and layout scheme.
Option 1: Assuming that the measurement end MN is parallel to transmit source1, i.e., [image: image], the wide field apparent resistivity is calculated by using the wide field electromagnetic method [image: image] theoretical Eq. 4.
Option 2: The observation end MN is not parallel to transmit source2, and the angle between MN and dL is designed [image: image], and the wide field apparent resistivity is calculated using Eq. 4 and Eq. 9, respectively, and the relative mean square error is analyzed based on Eq. 10.
Analysis of Figure 3 shows that: ① when [image: image] , the black curve in the figure relatively accurately reflects the H-type geoelectric information, in which the high-frequency resistivity value varies at 100 Ω·m and the wide field apparent resistivity value of 100∼10 Hz is 23 Ω·m; the low-frequency wide field apparent resistivity value fluctuates around 90 Ω·m.
[image: Figure 3]FIGURE 3 | Curve diagram of different calculation methods. (A): Frequency-visual resistance sounding graph; (B): Relative error of [image: image] method and [image: image] method.
② When [image: image], the theoretical wide field apparent resistivity Eq. 4 is still used to obtain the frequency-wide field apparent resistivity graph (see Figure 3A). (b) Comparing with the theoretical curve of [image: image] curve [image: image], the two curves separate clearly, and the error curve in Figure 3B reveals that the observation error caused by the azimuthal angle difference [image: image] is >10%.
③ When the azimuth angle [image: image], the wide area apparent resistivity is calculated by using the Formula 10 proposed in this paper for any orientation, and the frequency-wide field apparent resistivity curve is obtained (see Figure 3A). Comparing the theoretical curve in Figure 3A with the 3a [image: image] curve line, the two curves almost overlap together, and the error curve in Figure 3B reflects that the error at each frequency point is <1%.
By designing the 3-layer theoretical model, the validity of the [image: image] calculation formula of the arbitrary azimuthal wide area [image: image] method is verified. The use of the arbitrary azimuthal wide field [image: image] method to calculate the wide field apparent resistivity parameters can effectively reduce the influence of the observed parameters by the azimuthal angle difference and make the observed apparent resistivity parameter values closer to the theoretical calculated values. In order to further illustrate the effectiveness and correctness of the proposed method, experimental work was carried out next to a known well in Sichuan.
4 EXPERIMENTAL ANALYSIS
4.1 Field construction layout
In order to analyze the effect of [image: image] on the observed parameters and further verify the correctness of [image: image] method in this paper. Different experimental work were carried out without obvious electromagnetic humanistic interference, in which [image: image] was 0°, 1°, 3°, 5°, 10°, and 15° respectively. The field experiment scheme is shown in Figure 4: only the position of pole B is changed, while other experimental parameters remain unchanged. When [image: image], it indicates that the parallel observation position of the transmitting source AB is parallel to that of the receiving end MN, and there is no azimuth Angle difference.
[image: Figure 4]FIGURE 4 | Schematic diagram of field test construction.
This field using pseudo-random 7-frequency wave signal, that is, a simultaneous transmission and reception from the underground 7 frequency signals. The parameters of this experiment: current transmitting source AB = 1 km, receiving end MN = 100 m, transmitting current I = 80 A, keeping the intensity of transmitting current constant, transmitting frequency range 8,192∼0.01 Hz, total 54 frequency points.
To eliminate the effect of current, the observed potential difference data were normalized by current and the “frequency-electric field” curves were plotted along the MN direction for different [image: image] conditions (Figure 5). From the analysis of Figure 5, the difference of electric field caused by different [image: image] is small, and it is difficult to discern the influence of [image: image] on the observation results intuitively. In the later analysis, the influence of [image: image] on the observation results is analyzed from the apparent resistivity parameter, and the validity and correctness of the calculation formula proposed in this paper are verified.
[image: Figure 5]FIGURE 5 | Normalized “frequency-field” curves for different [image: image] currents.
4.2 Analysis of [image: image] experimental results
Figure 5 shows the “frequency-apparent resistivity” graph and “frequency-relative error” graph for different azimuthal differences without considering the effect of azimuthal difference [image: image], but directly calculated by inverse spline numerically from Eq. 4. The analysis of the “frequency-apparent resistivity” graph and the relative error graph in Figure 6 is shown as follows.
(1) When [image: image], the corresponding “frequency-apparent resistivity” curve is the same as the “frequency-apparent resistivity” curve with [image: image], and there is no obvious separation, and the relative error of the corresponding apparent resistivity is ≤5%, while the relative error of the apparent resistivity of individual frequency points is >5%. The relative error of the apparent resistivity at individual frequency points is >5%. It means that the azimuthal difference between the current source AB and the receiver MN [image: image] has a small effect on the wide field apparent resistivity.
(2) When [image: image], the “frequency-apparent resistivity” curve of Figure 6 and the “frequency-apparent resistivity” curve of [image: image] have no obvious separation in the frequency band (8,192∼10 Hz), and the relative error of each frequency point is ≤10%; in the middle and low There is a weak separation in the frequency band (10∼0.011 Hz), and the relative error at each frequency point varies from 10% to 25%.
(3) When [image: image], the “frequency-apparent resistivity” curve of Figure 6 and the “frequency-apparent resistivity” curve of [image: image] do not show significant separation in the frequency band (8,192∼10 Hz), and the relative error of each frequency point is ≤10%; in the middle and low frequency band (10∼0.011 Hz), the separation is more obvious, and the relative error of each frequency point is ≤15%. (10∼0.011 Hz), with relative error ≤15% at each frequency point.
(4) When [image: image], the “frequency-apparent resistivity” curves of Figure 6 and [image: image] both show a clear separation, and even the shape of the curves changes in the low and middle frequency bands (30∼0.01 Hz). In the high-mid frequency band (8,192∼10 Hz), the relative error of apparent resistivity at each frequency point varies from 20% to 40%; in the low-mid frequency band (10∼0.01 Hz), the relative error ranges from 100% to 170%. It indicates that the azimuthal difference between the current source AB and the MN at the receiver has a large effect on the wide field apparent resistivity of the full frequency band, even causing distortion of the apparent resistivity parameters.
(5) When [image: image], the “frequency-apparent resistivity” curve of Figure 7 and the “frequency-apparent resistivity” curve of [image: image] both show significant separation, and the shape of the curves in the high-middle frequency band (8,192∼10 Hz) and the low-middle frequency band (30∼0.01 Hz The curves in the high-mid frequency band (8,192∼10 Hz) and the low-mid frequency band (30∼0.01 Hz) have changed or even become distorted. The relative error range of the apparent resistivity at each frequency point in the high-mid frequency band (8,192∼10 Hz) varies from 40% to 255%; the relative error range in the mid-low frequency band (10∼0.01 Hz) is greater than 100%. This indicates that the azimuthal difference between the current source AB and the receiver MN has a large effect on the wide field apparent resistivity in the full frequency band, causing distortion of the apparent resistivity parameters.
[image: Figure 6]FIGURE 6 | Apparent resistivity and error graphs (A): Apparent resistivity graph; (B): Relative error graph.
[image: Figure 7]FIGURE 7 | Apparent resistivity and error” graphs (A): Apparent resistivity graph; (B): Relative error graph.
From the above analysis, it can be concluded that: in the range of [image: image], the azimuthal difference [image: image] has a small effect on the apparent resistivity parameters; when [image: image], the azimuthal difference aa mainly affects the apparent resistivity parameters in the middle and low frequency bands; when [image: image], the azimuthal difference aa has a large effect on the apparent resistivity parameters in the whole frequency band, and the more serious the distortion of the high-middle frequency data, the more obvious the false anomaly caused, and even causes the interpretation of the parameter distortion. If the relative error of the apparent resistivity value ≤10% is considered reasonable, it must be ensured that [image: image], but the field construction conditions are restricted by the terrain, and it is often difficult to achieve the azimuthal difference [image: image] between the current source AB and the receiver MN, so the angle correction must be made to the observed data to eliminate the influence brought by [image: image] and improve the interpretation accuracy of the apparent resistivity parameters.
4.3 Analysis of [image: image] experimental results
Figure 7 shows the “frequency-apparent resistivity” curve and the relative error curve calculated and plotted according to the arbitrary orientation [image: image] of Eq. 9. The analysis of the “frequency-apparent resistivity” curve and the relative error graph in Figure 7 is shown as follows.
(1) When [image: image], the “frequency-apparent resistivity” curve of Figure 7 and the “frequency-apparent resistivity” curve of [image: image] do not show significant separation and approximately coincide, and the relative error of the apparent resistivity at each frequency point is ≤1%, which is reduced from 8% to 1% compared with the calculation of Figure 6.
(2) When [image: image], the “frequency-apparent resistivity” curve of Figure 7 and the “frequency-apparent resistivity” curve of [image: image] do not show significant separation and almost coincide, and the relative error of the apparent resistivity at each frequency point corresponds to a range of (−2% ∼ 2%), which is reduced from 15% to 2% compared with the calculation of Figure 6 [image: image].
(3) When [image: image], the “frequency-apparent resistivity” curve of Figure 7 and the “frequency-apparent resistivity” curve of [image: image] do not show any obvious separation, and the shape of the curve changes similarly, and the relative error of the corresponding apparent resistivity at each frequency point changes in the range of (−4% ∼ 4%), compared with the relative error of Figure 6 [image: image] calculation method from 25% to 4%.
(4) When [image: image], the “frequency-apparent resistivity” curve of Figure 7 is not significantly separated from the “frequency-apparent resistivity” curve with [image: image]. The curve shape changes similarly, and the relative error of the apparent resistivity at each frequency point is (−4% ∼ 5%), which is reduced from 150% to 5% compared with the relative error of Figure 6 [image: image] calculation.
(5) When [image: image], there is no obvious separation between the “frequency-apparent resistivity” curve in Figure 7 and the “frequency-apparent resistivity” curve with [image: image]. The shape of the curve changes similarly, and the relative error of the apparent resistivity at each frequency point varies in the range of (−7% ∼ 10%), which is reduced from 300% to 10% compared with the relative error of the [image: image] calculation in Figure 6.
The analysis results of Figures 6, 7 show that: firstly, the maximum relative error of the wide area apparent resistivity obtained by the arbitrary azimuthal wide area electromagnetic method [image: image] is reduced from 25% to 4% when [image: image], which makes the apparent resistivity parameter closer to the real underground geoelectric information; secondly, the relative error of the wide area apparent resistivity obtained by the arbitrary azimuthal wide area electromagnetic method [image: image] is reduced from 270% to less than 10% when [image: image] and [image: image]. Thirdly, if the azimuth angle difference [image: image] is larger, the effect of using [image: image] method of arbitrary azimuth wide field electromagnetic method on eliminating [image: image] is more obvious, which reflects the real resistivity value of the subsurface and improves the accuracy of the wide field apparent resistivity effectively.
4.4 Analysis of inversion effect
In this section, we take [image: image] as an example, and perform single-point inversions of [image: image] and [image: image] apparent resistivity respectively, and further analyze the effect of azimuthal difference [image: image] on the interpretation parameters by combining the electric logging data of Ning 227 borehole. One-dimensional continuum imaging was performed on the processed data, and the relevant parameters of inversion were as follows: inversion depth was 4.5 km; The number of iterations in the inversion process was 20; The horizontal and depth resolution were 1; The regularization parameter was 5; The fitting error was 0.02. Figure 8 shows the bathymetric curves of “frequency-apparent resistivity” obtained from different calculation methods of [image: image] and [image: image], and the single-point inversion curves are shown in Figure 9.
(1) From Figure 8 [image: image] and [image: image] “frequency-apparent resistivity” curve analysis, it can be seen that when the azimuth angle difference is 15°, the corresponding “frequency-apparent resistivity” sounding curves of different calculation methods of the same measurement point are different, and the two curves are completely separated, and the curve change pattern is also different, which means that the azimuth angle difference α has a greater influence on the apparent resistivity parameter.
(2) From the comparative analysis of the single-point inversion curve and the drilling electric logging curve in Figure 9, it can be obtained that: Firstly, above elevation 0 km, both [image: image] and [image: image] have less variability and are in basic agreement with the trend of the logging resistivity curve, and the electrical stratification of the single-point inversion curve is obvious. Secondly, the variation patterns of depth-resistivity curves of [image: image] and [image: image] after single-point inversion in the middle and deep parts (0∼−3 km) differ greatly, in which the variation trends of [image: image] mode curves are generally more consistent with the variation trends of electric logging curves and the resistivity stratification is also obvious, while the variation trends of [image: image] curves are more consistent with the variation trends of electric logging curves and the electrical stratification is weaker. Thirdly, from the analysis of the inversion iteration error curve in Figure 9, it can be seen that the number of iterations of [image: image] apparent resistivity inversion is 6, and the error decreases from 33% to about 2%, and the error almost no longer changes with the increase of the number of iterations; on the contrary, the number of iterations of [image: image] apparent resistivity inversion is 10, and the error decreases from 34% to 3.8%, and the inversion fitting error no longer changes with the increase of the number of iterations. Therefore, the inversion of the [image: image] apparent resistivity parameter can achieve a more satisfactory fitting error with fewer iterations.
(3) The use of arbitrary azimuthal wide area electromagnetic method [image: image] observation method for field observation data can effectively reduce the observation error caused by azimuthal angle difference, improve the validity and accuracy of the interpretation parameters, and also greatly reduce the construction requirements of [image: image] wide area electromagnetic method field current source AB parallel receiving dipole MN, improve the field production efficiency and save economic costs, which has important research significance and practical production significance.
[image: Figure 8]FIGURE 8 | [image: image] and [image: image] “frequency-apparent resistivity” curves.
[image: Figure 9]FIGURE 9 | [image: image] and [image: image] inversion curves and fitting error curves (A): Black line: electric logging curve of well Ning 227; Blue line: [image: image] inversion curve; Red line: [image: image] inversion curve (B): Blue line: [image: image] error curve; Red line: [image: image] error curve.
5 CONCLUSION
In order to eliminate the influence of azimuthal angle difference α to the observation parameters and improve the validity and accuracy of the interpretation parameters, we proposed an arbitrary observation orientation wide field electromag-netic [image: image] method in this paper, i.e., calculating the wide field apparent resistivity parameters along the MN direction of any measurement end. Based on the results of theoretical model orthorectification and field measurement data, the following conclusions are obtained:
(1) The three-layer geoelectric model and two observation schemes are designed, and by comparing with the theoretical method E_Ex, the method [image: image] calculation method is adopted, which effectively eliminates the influence of azimuthal angle difference α to the apparent resistivity parameters and verifies the effectiveness and correctness of the arbitrary azimuthal wide field electromagnetic method E_EMN.
(2) The experimental work of different azimuth angle difference α was carried out beside the well, and the calculation parameters of wide field electromagnetic method E_Ex and arbitrary azimuth wide field electromagnetic method E_EMN were compared and analyzed. The results show that: Firstly, when α ≤ 5°, at the same frequency of the same measuring station, the maximum relative error of the wide field apparent resistivity value using any azimuth E_EMN method decreases from 30% to 4% compared with the E_Ex method, which effectively improves the accuracy of the apparent resistivity value and makes the qualitative analysis more accurate; Secondly, when α = 10° and 15°, the relative error of the whole band apparent resistivity value of E_Ex calculation method is not less than 50%, the maximum is 300%, and the apparent resistivity parameter is seriously distorted. Using any azimuth E_EMN calculation method, the maximum relative error of the all-band apparent resistivity decreases from 300% to less than 10%; Thirdly, the single station inversion results of different methods show that the arbitrary azimuth E_EMN calculation method can achieve a relatively ideal fitting error with fewer iterations, and the interpretation parameters are closer to the actual formation electrical information, improving the accuracy of resistivity parameter. Arbitrary azimuth wide field electromagnetic method E_EMN can effectively reduce the observation error caused by azimuth angle difference α, and can directly and truly reflect the objective change of geoelectric section with depth, which makes the electrical analysis more accurate, and further verifies the validity and reliability of the calculation method in this paper.
(3) The wide field apparent resistivity parameters obtained by the arbitrary orientation [image: image] method can effectively eliminate the observation error caused by α between the current source dipole AB and the receiving dipole MN, which greatly improves the accuracy of the wide field apparent resistivity parameters, and also better expands the applicability and flexibility of the current source [image: image] wide field electromagnetic method in complex terrain areas, with important theoretical research and practical production significance.
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