[image: image1]3D deep electrical structure and seismogenic environment in the western section of the Zhangjiakou-Bohai fault zone

		ORIGINAL RESEARCH
published: 02 September 2022
doi: 10.3389/feart.2022.966192


[image: image2]
3D deep electrical structure and seismogenic environment in the western section of the Zhangjiakou-Bohai fault zone
Yuanqian Peng1†, Xiangyu Sun2,3†, Yan Zhan2,3*, Lingqiang Zhao4, Quanxing Luo2,5, Xuehua Liu2, Zhijie Ran1 and Lisen Wang1
1Hebei Earthquake Agency, Shijiazhuang, China
2State Key Laboratory of Earthquake Dynamics, Institute of Geology, China Earthquake Administration, Beijing, China
3Shanxi Taiyuan Continental Rift Dynamics National Observation and Research Station, Beijing, China
4The Second Monitoring and Application Center, China Earthquake Administration, Xi’an, China
5Key Laboratory of Earth Surface Processes of Ministry of Education, Peking University, Beijing, China
Edited by:
Wenjun Zheng, Sun Yat-sen University, Zhuhai Campus, China
Reviewed by:
Lanfang He, Institute of Geology and Geophysics (CAS), China
Letian Zhang, China University of Geosciences, China
Wei Shi, Chinese Academy of Geologi-cal Sciences (CAGS), China
* Correspondence: Yan Zhan, zhanyan66@vip.sina.com
†These authors have contributed equally to this work and share first authorship
Specialty section: This article was submitted to Structural Geology and Tectonics, a section of the journal Frontiers in Earth Science
Received: 10 June 2022
Accepted: 26 July 2022
Published: 02 September 2022
Citation: Peng Y, Sun X, Zhan Y, Zhao L, Luo Q, Liu X, Ran Z and Wang L (2022) 3D deep electrical structure and seismogenic environment in the western section of the Zhangjiakou-Bohai fault zone. Front. Earth Sci. 10:966192. doi: 10.3389/feart.2022.966192

The Zhangjiakou-Bohai fault zone (ZBFZ) is an important NW-trending active tectonic zone in North China. The western section of ZBFZ is characterized by frequent moderate and strong earthquakes. This is a typical tectonic area for studying seismic and volcanic activities. The three-dimensional (3D) deep electrical structure of the region was revealed by using 3D electromagnetic inversion of 143 magnetotelluric stations. The results suggest that the deep electrical structure in the western part of the ZBFZ is laterally heterogeneous. To the north of the Shangyi-Chicheng Fault (F4), the upper crust has a high resistivity structure (R), corresponding to the exposed Hanuoba basalts and metamorphic rocks. To the south of F4, high and low resistivity zones alternate, which is attributed to the complex faults and basin-range structures. In the middle crust, the low-resistivity structures (C1 and C2) gradually appear in the northwest and southeast of the study area, showing the characteristics of a high-resistivity structure sandwiched between two low-resistivity structures. In the lower crust, the two low-resistivity structures (C1 and C2) gradually join each other and the whole region becomes characterized by low resistivity. The Shangyi-Chicheng Fault (F4), the northern margin fault of the Huai’an Basin (F7), and the northern margin fault of the Huaizhuo Basin (F11) are definite electrical difference zones, which are connected to a low-resistivity layer in the crust. The results indicate that the focal depth of the 1998 M6.2 Zhangbei earthquake was between 12 km and 15 km and its seismogenic fault was the Dahezhen-Hailiutu Fault (F3), which is concealed beneath the Hanuoba basalt area. It is speculated that owing to the neotectonic activities, the magma originated in the asthenosphere mantle rose and erupted on the surface near Datong, forming the Datong volcanic group. Then the magma continued to migrate and overflow along with the fractures in the NE direction, forming the Hannuoba basalts in the Zhangbei area. The existence of mantle thermal material in this area led to the migration of accompanying fluids to the middle and upper crust, resulting in fault sliding and frequent occurrence of moderate and strong earthquakes in this region.
Keywords: Zhangjiakou-Bohai fault zone, 3D magnetotelluric imaging, electrical structure, 1998 Zhangbei earthquake, seismogenic environment
INTRODUCTION
The Zhangjiakou-Bohai fault zone (ZBFZ) is a vast structural belt with a width of tens of kilometers. It is one of the important NW-trending active tectonic zones in North China. It comprises a series of discontinuous, NW-trending active tectonic belts in the northern part of North China Craton and the northeastern part of Shanxi Graben (Fu et al., 2000; Figure 1A). The ZBFZ is tectonically situated in the central and eastern part of the North China Craton, which experienced destruction during the Phanerozoic (Zhu et al., 2012; Figure 1A). It extends from the west of Zhangjiakou, through the north of Beijing, Sanhe, the south of Tangshan, the south of Tianjin, to Penglai, and finally intersects with the NNE-trending Tan-Lu Fault Zone (TLFZ) in Bohai Bay. From west to southeast, the ZBFZ can be divided into the Zhangjiakou (western), Beijing (central-western), Tangshan (central-eastern) and Penglai (eastern) sections (Gao, 2001; Suo et al., 2013).
[image: Figure 1]FIGURE 1 | (A) Location of the study region. (B) Topographic map of the Western segment of Zhangbo fault zone. Faults are modified from Zhou (2011) and Luo et al. (2021); Moderately and strong earthquakes (BC 231-AD 2018) are from Liu et al. (2017) and Hu et al. (2021); Abbreviations are: ZBFZ, Zhangbo fault zone; TLFZ, Tanlu fault zone; DVG, Datong Volcanoes group; JN, Jining; SY, Shangyi; ZB, Zhangbei; CC, Chicheng; ZJK, Zhangjiakou; TZ, Tianzhen; YQ, Yanqing; DT, Datong; YY, Yangyuan; BJ, Beijing; YCK, Remote reference station; LPF, Langshan Piedmont fault; LHF, Linhe fault; DKF, Dengkou fault; QS, Qingshan; HJHQ, Hangjinhouqi; LH, Linhe; DK, Dengkou; WH, Wuhai; WLTHQ, Wulatehouqi; WY, Wuyuan; WLTQQ, Wulateqianqi; WLTZQ, Wulatezhongqi; HJQ, Hangjinqi.
The ZBFZ is an area of concentrated strong earthquakes and plays a significant role in controlling the distribution of moderate and strong earthquakes in North China. Since the beginning of recorded history, there have been more than 20 moderate and strong earthquakes above M6 in the middle-western and middle-eastern sections of the ZBFZ, such as the 1679 M8 Sanhe-Pinggu earthquake, 1969 M7.4 Bohai earthquake and 1976 M7.8 Tangshan earthquake (Liu et al., 1982; Xiang et al., 1988, Zhang et al., 1995; Wang et al., 2017; Figure 1A). The western section of the ZBFZ has also been seismically active since records are available, with frequent moderate and strong earthquakes above M5, such as the 1720 M6.7 Shacheng earthquake (SCEQ), 1989 M5.6–5.9 Datong-Yanggao earthquake swarm (DT-YGEQ) and 1998 M6.2 Zhangbei earthquake (ZBEQ 1998) (Xu et al., 1998; Feng et al., 2016). In recent years, moderate and small earthquakes have frequently occurred in the ZBFZ. In particular, in 2021, a significant number of moderate and small earthquakes with a magnitude of about 3 were observed near the Zhangbei seismic area, indicating that the western section of the ZBFZ has become more seismically active (Figure 1B).
The western section of the ZBFZ is also characterized by intensive volcanic activities. The Datong volcanic group (DVG) located in this area is the only volcanic group on the Loess Plateau. The basaltic magma originated from melting of the upper mantle (Deng et al., 1987; Li, 1988; Figure 1B). The volcanic activities in Datong were intermittent and lasted for a long time. The latest volcanic activity occurred in the early Late Pleistocene (Zhai et al., 2011). A study of mantle xenoliths indicates that the DVG resulted from destruction of the lithosphere and upwelling of mantle materials (Cen et al., 2015). Zhang (2021) observed that magmatic rocks are rarely found in Tianzhen and Yanggao in the northeast of the Datong volcanic area. It is speculated that magma in this area has not erupted, and there are still magma chambers or high-temperature anomalies at depth. Cenozoic fissures or overflow basalt (Hannoba basalt, HNBB) are distributed along the borders of Shangyi, Zhangbei and Zhangjiakou (Liu et al., 1992; Figure 1B). They are a result of an overflow of mantle-derived magma along the approximately EW-trending Shangyi-Chicheng Fault and the NW-trending ZBFZ. The numerous volcanic activities in the western section of the ZBFZ also strongly suggest that the crust in this area was active in the Cenozoic (Hao, 2010).
Carrying out 3D deep structure exploration of the western segment of ZBFZ and its adjacent area will help to comprehensively understand the seismogenic mechanisms and environment in the seismically active area and is practically very important for the medium and long-term seismic risk analysis in this area. The magnetotelluric method can be used for detection of even small changes in the resistivity of a rock mass. It can be successfully applied to reveal the seismogenic environment and the deep extension of fault zones. It is one of the effective means of studying the structure of moderate and strong earthquake and seismogenic environments (Tan et al., 2004; Unsworth et al., 2004; Becken et al., 2011; Zhao et al., 2012; Zhang et al., 2016; Cai et al., 2017; Yu et al., 2017; Lin et al., 2017; Zhan et al., 2017, 2021; Ye et al., 2018a; Wang et al., 2018; Yang et al., 2019; Li et al., 2021). In the past decade, moderate and strong earthquakes have occurred on the eastern edge of the Qinghai-Tibet Plateau, such as in Wenchuan, Lushan, and Jiuzhaigou. Magnetotelluric exploration has been carried out in these areas and the surrounding Longmenshan, Altyn Tagh, and Qilian-Haiyuan structural belts. It revealed the different deep resistivity structures along different sections of the active faults as well as the deep tectonic environment of a series of moderate and strong earthquakes. Literature suggests that moderate and strong earthquakes and aftershocks are closely associated with the resistivity structure of the underground medium (Zhao et al., 2012; Zhan et al., 2013; Wang et al., 2014; Xiao et al., 2017; Cai et al., 2017; Sun et al., 2019, 2020). The 3D magnetotelluric imaging before the 2021 M7.4 Maduo, 2021 M6.4 Yangbi and 2022 M6.9 Menyuan earthquakes (Ye et al., 2021; Zhan et al., 2021; Zhao et al., 2022) also showed that the seismogenic positions of these earthquakes were near the resistivity change zone in the deep medium. In addition, by using the magnetotelluric 3D electromagnetic imaging technology, Ye et al., 2018b, Ye et al., 2020 identified the 3D resistivity characteristics of the crust beneath the Tengchong volcanic belt and the distribution of magma and revealed multiple seismogenic structures in the area.
Moderate and strong earthquakes and volcanoes abound in the western section of the ZBFZ and its adjacent areas. The 3D magnetotelluric imaging technology enables determining the 3D structure of the resistivity in the deep medium in the western section of the ZBFZ, which can provide a reference for studying the material state and deep seismogenic environment in this area. Using a 3D electromagnetic inversion of 143 magnetotelluric stations, this study reveals the 3D deep electrical structure of the region, clarifies the seismogenic structure of the M6.2 Zhangbei earthquake, interprets the Zhangbei earthquake area and the deep breeding environment of the recent frequent small and medium-sized earthquakes, and provides deep data for seismic risk assessment in this area.
REGIONAL GEOLOGICAL STRUCTURE AND MAGNETOTELLURIC PROFILE
The study area is located at the intersection of the EW-trending Yanshan Orogen, the northeastern section of the NE-trending Shanxi fault depression belt and the NW-trending ZBFZ (Figure 1B). The geological structure and the distribution of magnetotelluric survey points in the western section of the ZBFZ are shown in Figure 2. Bounded by the approximately EW-trending Shangyi-Chicheng Fault (F4), the Yanshan Orogen is located in the north, while the complex basin-range structural area is located in the south, including the Zhangjiakou Fault (F5), Huai’an Basin (HAB), Yanggao-Tianzhen Basin (YTB), Xuanhua Basin (XHB), and Huaizhuo Basin (HZB) (Xu et al., 2002; Zhou, 2011; Peng et al., 2017; Figure 2).
[image: Figure 2]FIGURE 2 | Geological setting [modified from Peng et al. (2017), Zhou (2011); Luo et al. (2021)] and MT stations in studied region. Black Squares denote MT stations; Green square denote typical MT stations in Figure 2; Abbreviations are: HAB, Huaian basin; YTB, Yanggao-Tianzhen basin; XHB, Xuanhua basin; HZB, Huaizhuo basin; F1, Daman-Qianheishatu fault; F2, Miaodongying-Dayingtan fault; F3, Dahezhen-Hailiutu fault; F4, Shangyi-Chicheng fault; F5, Zhangjiakou fault; F6, Ximalin-shuiquan fault; F7, Northern margin fault of the Huaian basin; F8, Northern margin fault of the Yanggao-Tianzhen basin; F9, Southern margin fault of the Huaian basin; F10, Southern margin fault of the Xuanhua basin; F11, Northern margin fault of the Huaizhuo basin; DQG, Daqinggou; GH, Gonghui; DHL, Dahulun; HLT, Hailiutu; DJH, Danjinghe; MJ, Manjing; DH, Dahe; SY, Shangyi; CL, Chongli; HTL, Hongtuliang; GJY, Gaojiaying; WQ, Wanquan; XML, Ximalin; ZJK, Zhangjiakou; HA, Huaian; ZW, Zuowei; TJY, Tianjiayao; LJW, LuJiawan; HAC, Huaiancheng; GC, Guocun; XHY, Xiahuayuan; TZ, Tianzhen; ZL, Zhuolu; HL, Huialai.
The 150-km long Shangyi-Chicheng Fault (F4) is the largest fault in this region. The fault plane is steep and dips to north or south in different places, exhibiting features of high-angle compression and shear (Zhou et al., 2019). In the northern part of F4, three hidden faults are located near the Zhangbei earthquake area, namely the Daman-Qianheishatu (F1), Miaodongying-Dayingtan (F2), and Dahezhen- Hailiutu (F3) Fault (Xu et al., 1998; Cai et al., 2003). In the southern part of F4, three groups of NW-, NE- and approximately EW-trending faults are found. The NW-trending faults, including the Zhangjiakou (F5) and Xialin-Shuiquan (F6) Fault, are situated in the middle of the study area. The NE-trending faults are distributed in the southwest of the study area and include mainly the northern margin fault of Huai’an Basin (F7) and the northern margin fault of Yanggao-Tianzhen Basin (F8), which are characterized by large scale and long extensions. The approximately EW-trending faults are developed in the south of the study area. Most of them are concealed, discontinuous, and arranged as an echelon. These EW-trending faults are represented by the southern margin fault of Huai’an Basin (F9), the southern margin fault of Xuanhua Basin (F10), and the northern margin fault of Huaizhuo Basin (F11) (Ran et al., 2001; Zhou, 2011; Qi, 2017; Luo et al., 2021).
The strata, lithology, and magmatic activities in the western section of the ZBFZ are obviously controlled by fault structures (Qi, 2017). Precambrian, Mesozoic, and Cenozoic strata are exposed to the north of F4. The Cenozoic Hanuoba basalts are distributed in the Shangyi and Zhangbei regions (Liu et al., 1992), Precambrian strata are mainly found to the south of F4, Paleozoic strata occur sporadically around Shangyi. Mesozoic strata are mainly distributed between Shangyi and Zhangjiakou, and Cenozoic strata in the Huai’an (HAB), Yanggao-Tianzhen (YTB), Xuanhua (XHB), and Huaizhuo (HZB) Basins as well as their margins. Ultramafic, mafic, diorite, and granite are also sporadically exposed in the study area. The Precambrian strata are dominated by metamorphic rocks, the Paleozoic strata are mainly composed of carbonate rocks and the Mesozoic strata consist mostly of volcanic sedimentary rocks in continental basins. The Cenozoic strata are exposed in the mountains and comprised plagioclase granulite and gneiss. The Cenozoic strata in the basin are mainly loess, sandy clay and glutenite (Wang et al., 1996; Peng et al., 2017; Figure 2).
In view of the complex fault system and distribution characteristics of the main faults in the study area, an magnetotelluric detection array was adopted, which had Zhangjiakou as its center and extended from it, forming seven survey lines along the SN direction (numbered L1, L2, L3, L4, L5, L6 and L7 from west to east) as seen in Figure 2. The spacing of adjacent lines was about 20 km. Survey line L6 was the longest, with a length of 125 km, and survey line L1 was the shortest, with a length of 103 km. The measurement points were evenly distributed and relatively dense along the survey lines, with most of them less than 5 km apart. In order to reveal the deep seismogenic structure of the Zhangbei earthquake area, 15 additional measurement points were arranged, bringing the total number of magnetotelluric measurement points to 143.
FIELD OBSERVATIONS AND DATA ANALYSIS
Data collection, processing and apparent resistivity and phase curve characteristics
The magnetotelluric field survey was carried out between July and September 2020. The MTU-5A magnetotelluric observation system manufactured by Phoenix Geophysics Ltd. of Canada was used for data acquisition. The electric field components in the SN and EW directions and the magnetic field components in the SN, EW, and vertical directions were observed at each measurement point. Transport and electrical power infrastructure, such as electrified railways and wind power stations, are densely distributed over the entire study area. During field data collection, remote-reference was used to process the data for enhanced quality (Gamble et al., 1979). A remote reference station (YCK) is located near the Maowusu Desert in Otog Front Banner, Inner Mongolia, about 700 km away from the study area (Figure 1A). The data recording period at each measurement point was more than 40 h, and at some it reached 50 h. The quality of data was significantly improved after the remote reference processing. The apparent resistivity and phase curves of 12 measurement points before and after remote reference processing are shown in Supplementary Figure S1 as examples.
The apparent resistivity and impedance phase curves of 28 typical measurement points from north to south along the seven survey lines are shown in Figure 3 (the locations of measurement points are shown as green squares in Figure 2). As can be seen in Figure 3, the apparent resistivity curves at all measurement points in the Yanshan Orogen to the north of F4 are essentially the same, i.e., they first have low values, then increase, to fall again with increasing period. The apparent resistivity at the intermediate frequencies is close to tens of thousands of Ωm, indicating the presence of high resistivity anomalies in the middle and upper crust. The decrease in low-frequency apparent resistivity implies the existence of deep low-resistivity structures. Moreover, the apparent resistivity is low in the west and high in the east. To the south of F4, the shapes of apparent resistivity curves in medium-high frequency band at each measurement point are distinct, corresponding to the complex Jin-Ji-Meng Basin and Range Province. The apparent resistivity values at lower frequencies are generally low, indicating the presence of low-resistivity structures in the middle and lower crust in this region.
[image: Figure 3]FIGURE 3 | Apparent resistivity and impedance phase curve of typical MT stations (Red dots denote XY mode, blue dots denote YX mode).
Regional dimension analysis
The phase tensor decomposition technique (Caldwell et al., 2004; Bibby et al., 2005) is usually used to qualitatively analyze the dimensional features of underground media. Considering that the actual observation data contain uncertainty, it is generally believed that when two-dimensional deviation degree of the phase tensor, |β|, is larger than 5, the 3D property of an underground structure is strong (Booker, 2014; Cai et al., 2017). Figure 4 shows the values of |β| of all measurement points in four periods, as well as the periodic changes along survey lines L2 and L6, where it can be seen that in the moderate and high frequency bands, the values of |β| are below 5. With increasing period, especially to the south of F4, the values of |β| markedly increase. A large number of measurement points exhibit |β| values exceeding 5, indicating that the shallow structure of the survey area is relatively simple. The middle and deep structures, especially those to the south of F4, are relatively complex. The deep electrical structure is 3D, which is related to the distribution of complex fault systems in the south of the study area. In order to reveal the deep electrical structure of such complex areas, it is necessary to apply the 3D electromagnetic inversion technology.
[image: Figure 4]FIGURE 4 | Mapview of phase tensor ellipses filled with the absolute value of skew angle β for periods 0.012 s, 0.33 s, 113 s, and 909 s (upper). Profiole of phase tensor ellipses filled with the absolute value of skew angle β for profiles L2 and L6 (bottom).
Regional electrical difference analysis
In the qualitative analysis of regional electrical differences, the phase tensor invariant, φ2 (Heise et al., 2008), is adopted, which only contains the resistivity gradient and variation information. Although it cannot be used to determine the specific resistivity value of an underground structure, it can reflect its trend. A large value of φ2 indicates that the resistivity decreases with depth, otherwise it indicates that it increases with depth. Figure 5 shows the distribution map of phase invariants at all measurement points over four periods as well as the periodic changes along survey lines L2 and L6. The φ2 values increase with the period in the moderate and high frequency bands to the west of survey line L4 and to the south of F4. The φ2 values are clearly smaller than those in the to the east of survey line L4. This shows that the decreasing trend in the west and south of the study area is more obvious. With the period increasing in the low-frequency band below tens of seconds, the φ2 values become much larger and more uniform, indicating that the deep strata of the study area generally has a decreasing trend.
[image: Figure 5]FIGURE 5 | Mapview of phase tensor ellipses filled with the phase tensor invariant for periods 0.012 s, 0.33 s, 113 s, and 909 s (upper). Profiole of phase tensor ellipses filled with the phase tensor invariant for profiles L2 and L6 (bottom).
3D INVERSION
The 3D inversion was carried out using the ModEM software (Egbert and Kelbert, 2012; Kelbert et al., 2014). The full impedance data at 35 frequency points from all 143 measurement points between 320 Hz—0.000137 Hz (periods 0.0031 s–7,300 s) were utilized for inversion, including nine frequency points above 1 s and 28 frequency points below 1 s. Among the 143 measurement points, 132 points provided valid data with a period of more than 1,000 s.
The horizontal grid generation for the 3D inversion model covers the core of each measurement point and its boundary. The horizontal grid covering the core of each measurement point was evenly divided. A 48 (SN direction) × 48 (EW direction) grid (3.0 km × 3.0 km in the centre of the study area) was adopted. There were 10 extended grids for each horizontal boundary, and, therefore, 68 × 68 grid lines in total. The vertical grids were denser closer to the surface but became gradually coarser with the increasing depth. The thickness of the uppermost layer was 10 m and increased at different rates with depth. These rates were 1.2, 1.1, 1.2, 1.3, and 1.4 within 2 km, 2–60 km, 60–80 km, 80–150 km, and 150–800 km, respectively. The vertical grid had a total of 69 layers (Figure 6).
[image: Figure 6]FIGURE 6 | Grid used for the 3D inversion (A) Horizontal grid; (B) Horizontal grid of central part; (C) Vertical grid; The red dotes denote MT stations.
During the 3D inversion, the error floor of the diagonal elements and the off-diagonal elements were set to 10% and 5%, respectively. The errors of a few frequency points obviously disturbed by noise were enlarged to reduce their weight in inversion. The smoothing factors used in the three directions for the 3D inversion equalled 0.3. A 100 Ωm uniform half-space was utilized as the initial model with an automatically updated regularization factor of an initial value of 5,000. When the inversion no longer converged, the regularization factor was reset to one tenth of the original value and inversion continued. After 79 iterations, the inversion was completed, and the root mean square (RMS) error of the model was 2.22. The 3D inversion results at the measurement points agreed well with the measured main diagonal elements and sub diagonal elements (Figure 7). The lines fitted to the 3D inversion model response at all the measurement points are shown in Supplementary Figure S2. Regarding the robustness of the major model features, sensitivity tests of C1 and C2 have been carried out, as shown in Supplementary Figures S3, S4.
[image: Figure 7]FIGURE 7 | The four component RMS misfit at each station.
RESULTS AND DISCUSSIONS
The 3D electromagnetic inversion reveled the 3D deep electrical structure of the western section of the ZBFZ. The deep electrical structures of seven sections along the SN direction are shown in Figure 8. The planar sections at nine depths are displayed in Figure 9, while two vertical sections across the Zhangbei seismic area are presented in Figure 10. The positions of these faults from surface geological data were compared with the positions of magnetotelluric measurement points. The deep extension of each fault is illustrated in Figure 8. Three concealed faults in the northern part of F4 and the seismic structure in Zhangbei area are detailed in Figure 10. From the electrical structure characteristics shown in these figures, the main faults in the study area are situated in obvious electrical interface or electrical gradient zones and the electrical structures of the survey area are strongly horizontally heterogeneous.
[image: Figure 8]FIGURE 8 | Cross sections of seven profiles (L1, L2, L3, L4, L5, L6, and L7) extracted from the 3D inversion model.
[image: Figure 9]FIGURE 9 | Map view of the 3D inversion model.
[image: Figure 10]FIGURE 10 | Electrical structure beneath the Zhangbei earthquake. (A) Map view of the 3D inversion model in the Western section of ZBFZ at depth of 12.5 km; (B) Map view of the 3D inversion model near the Zhangbei earthquake at depth of 12.5 km; (C) and (D) Cross sections of 3D inversion model along profiles LA and LB.
Deep extension features of faults
The approximately EW-trending F4 is one of the largest faults in the study area. The fault dips to north or south, exhibiting high-angle compression and shear characteristics (Zhou et al., 2019). Along survey lines L1 to L7, F4 is consistent with the electrical difference zone (Figure 8). The deep extension of the electrical difference from west to east is segmented. In the western survey lines L1 to L4, there is an obvious electrical difference zone. The part to the north of F4 is characterized by high resistivity structure, while the part to the south of it has markedly low resistivity. From west to east, the downward extension angle of the electrical difference zone gradually becomes steeper from dipping south. The extension depth this zone can reach is below 15 km and it is connected with the deep low-resistivity structure C2. To the east of survey line L4, F4 is developed inside the high-resistivity structure R, with little electrical difference. This difference along the EW direction may be related to the fact that the western segment of F4 is highly active and relatively new, while the eastern segment of F4 is relatively stable. We speculate that the fault may be concealed in the high-resistivity body in the eastern section, which is also consistent with the conclusions of the geological survey (Cai et al., 2002; Zhou et al., 2019).
The Zhangjiakou (F5) and Ximalin-Shuiquan (F6) Faults are two NW-trending faults in the middle of the study area and are the southern and northern boundaries of the Xuanhua basin (XHB). Along survey lines L4 and L5, F5 is an electrical difference zone with a slight southward dip. The electrical difference tends to decrease from west to east, which may be related to the intense activity of the western section and the relatively weak activity of the eastern section (Zhou and You, 2010). Along survey lines L3 and L4, F6 is an electrical boundary zone with a slight dip to the north. These two faults extend to a depth of about 3 km and are small in scale.
F7 is mainly observed in survey lines L1 and L2 and has a southward sloping electrical boundary below it. It extends below 15 km and merges with the moderate-low resistivity structure (C2). F8 is the northern boundary of Yanggao-Tianzhen Basin (YTB) and is present as an electrical differential gradient zone in survey lines L1 and L2, with a depth of 2–3 km. In the southwest of the study area, the fault in the southern margin of Huai’an Basin (F9) shows as an upright and slightly northward dipping electrical difference zone in survey line L2, with an extended depth of about 10 km. The fault in the southern margin of Xuanhua Basin (F10) manifests as a gently northward dipping electrical difference zone in survey lines L4 and L5, extending for about 5 km. The fault in the northern margin of Huaizhuo Basin (F11) is evident as a southward dipping electrical difference zone in survey lines L6 and L7, with an extension depth of about 10 km. In the deep part, it may merge with the low resistivity layer (C2). The distribution of faults indicated by the deep electrical structure image reveal a clear electrical anomaly difference zone with a deep extension under the Shangyi-Chicheng Fault (F4), the northern margin fault of Huai’an Basin (F7) and the northern margin fault of Huaizhuo Basin (F11). It is connected with the low-resistivity layer in the middle and lower crust, indicating that these three faults may be large faults.
Lateral characteristics of deep electrical structure
The horizontal slices of the resistivity structure at nine depths are shown in Figure 9. As can be seen from the figure, the electrical structures in the shallow and deep parts of the study area are clearly distinct. From the shallow surface to the depth of 7.5 km, the electrical structures to the north and south of F4 are significantly different. To the north of F4, the deep electrical structure of the surrounding area centered on Zhangbei is generally characterized by high resistivity (R) reaching up to thousands of Ωm and corresponding to the Cenozoic Hannuoba basalts and metamorphic rocks exposed in Zhangbei and its adjacent areas (Liu et al., 1992). To the south of F4, zones of high and low resistivities are liberally distributed, consistent with the shallow faults and complex basin-range structural areas comprising the Huai’an (HAB), Yanggao-Tianzhen (YTB), Xuanhua (XHB), and Huaizhuo (HZB) Basins (Xu et al., 2002; Zhou, 2011; Peng et al., 2017). At depths of 7.5–15 km, in the northwest and southeast regions low resistivity structures C1 and C2 exist, respectively. The deep electrical structure shows a zone of high resistivity sandwiched between two zones of low resistivity. At depths of 20–30 km, with the increase in depth, C1 extends to the southwest and C2 extends to the northwest. The high-resistivity structure R becomes an elliptic band spreading from southwest to northeast. Below 40 km, the resistivity of the whole region is generally low (Figure 8).
The sections shown in Figure 8 enable further elaboration on the spatial distribution characteristics of the low resistivity structures C1, C2, and the high-resistivity structure R. Across the seven survey lines, the high-resistivity structure R is narrow in the west and wide in the east, and deep in the west and shallow in the east. Along the western survey line L1, R is the narrowest, with a depth of about 40 km. Moving across survey lines L2, L3 and, L4, its width gradually increases, while its depth gradually decreases. Along survey lines L5 and L6, it is the widest, but its depth is reduced to about 30 km. Along the easternmost survey line L7, the range of R is reduced. The low-resistivity structure C1 in the northwest part of the survey area is generally deep in the south and shallow in the north. The low-resistivity structure C2 developed in the southeast region is shallow in the south and deep in the north, with a depth of about 30 km in the northern part. Along survey line L1, C2 changes from deep in the south to shallow in the north. The depth of the southern section of C2 exceeds 20 km, while in the northern section it is shallower, about 10 km. It joins F7 in the upper crust. Along survey line L7, C2 is about several kilometers below the northern margin fault of Huaizhuo Basin (F11). On the whole, the deep electrical structure in the study area varies greatly in the horizontal direction. The areas with the greatest variation are consistent with the locations of major faults. At a depth of 20 km, the shallow part of the basin-range structural area to the south of F4 is characterized by a low-resistivity structure, while the overlying area covered by Hannuoba basalts and metamorphic rocks has a high-resistivity structure. At depths 20–40 km, the high-resistivity structure R is sandwiched between the low-resistivity bodies C1 and C2. Further down, the medium is characterized by uniform low resistivity.
Deep seismogenic environment of M6.2 Zhangbei earthquake
In 1998, an earthquake with a magnitude of 6.2 occurred near Zhangbei at the northwest end of the ZBFZ. Since 2021, medium and small earthquakes have frequently been reoccurring in the Zhangbei seismic area, several of them with magnitudes of about 3. The occurrences of these earthquakes suggests that the region may have become seismically active. Figure 10 shows the electrical structure planar section (a and b) at the depth of 12.5 km and two deep electrical sections (LA and LB) across the Zhangbei seismic area. The fine 3D deep electrical structure characteristics of Zhangbei can reveal the seismogenic structure and the possible location of the source of the Zhangbei earthquake and help to understand the deep seismogenic environment of the region.
Existing seismological research literature preposes two estimates of the focal depth of the M6.2 Zhangbei earthquake; one is 8–10 km (Zheng et al., 1998; Gao et al., 2002), and the other is 12–15 km (Yang et al., 2002; Yang and Chen, 2004). There are also controversies with regard to the seismogenic faults (Xu et al., 1998; Cai et al., 2001, 2002; Gao, 2001; Zhou et al., 2019). The deep electrical structure diagrams (LA and LB) across two sections of the Zhangbei seismic area shown in Figure 10 demonstrate that there is a high-low resistivity electrical interface in the crust at the depth of about 15 km in the focal area, which is consistent with the estimation that the focal depth of the Zhangbei earthquake was 12–15 km (Yang et al., 2002; Yang and Chen, 2004). The depths of multiple M3 earthquakes that occurred near Zhangbei in 2021 are projected on the sections LA and LB in Figure 10, where it can be seen that they are located near the Dahezhen-Hailiutu Fault (F3). Ekstrom et al. (2012) suggested that the 1998 M6.2 Zhangbei earthquake resulted from thrust and dextral tectonic activities. Chen et al. (2020) argued that the main compressive stress in Zhangbei was in the NEE-SWW direction, which is almost consistent with the trend of F3. In addition, the east side of F3 is blocked by relatively high resistivity structures and should be characterized by thrust movement, which is in accordance with the focal mechanism solution of the Zhangbei earthquake (Ma et al., 1998). Therefore, the seismogenic fault of the 1988 M6.2 Zhangbei earthquake was the Dahezhen-Hailiutu Fault (F3). The fine structure of seismic region revealed by the magnetotelluric method can be used to constrain the focal depth as well as the seismogenic fault of the earthquake.
Ye et al. (2021) concluded that the M6.4 Yunnan Yangbi earthquake occurred near the high and low resistivity transition zone, on the high resistivity side. He described this phenomenon as “strong earthquake gestation and occurrence in the rigid and flexible transition zone”. This is consistent with the analyses of the 2021 M7.4 Qinghai Maduo earthquake (Zhan et al., 2021). The high-resistivity structure in the upper crust of Zhangbei may represent the Hanuoba basalts, which are very rigid. The faults developed in the Hanuoba basalts can gradually accumulate enough stress to induce moderate to strong earthquakes. The low-resistivity structure beneath the Hanuoba basalts may comprise mantle magmatic materials (Zhao, 2009; Zhang et al., 2016; Wu et al., 2021). The continuous intrusion and upwelling of these materials may have weaken the stability of the Dahezhen-Hailiutu Fault (F3) in the Hanuoba basalt region, leading to heterogeneous stress accumulation and deformation as well as weakening of the fault, finally resulting in the occurrence of the Zhangbei earthquake. This analysis suggests that the focal depth of Zhangbei earthquake was between 12 and 15 km and its seismogenic fault was F3. The deep seismogenic environment of the earthquake was associated with the magmatic activities in the middle and lower crust and mantle.
3D crust-mantle structure model and seismic risk in western part of Zhangjiakou-Bohai fault zone
Numerous studies have suggested that the occurrence of moderate and strong earthquakes is induced by the sliding of faults due to instability. In the process of fault sliding, layer decoupling is often required to provide conditions for fault dislocation (Unsworth et al., 1997; Becken et al., 2011). According to the magnetotelluric detection results of the 2008 M8.0 Wenchuan earthquake, 2013 M7.0 Lushan earthquake, 2016 M6.9 Menyuan earthquake, 2021 M7.4 Maduo earthquake and 2021 M6.4 Yunnan Yangbi earthquake (Zhao et al., 2012; Zhan et al., 2013, 2021; Zhao et al., 2015, 2019; Ye et al., 2021), the focal areas were near the transition zone of high and low resistivity, on the side of high resistivity. Similar results have been reported for velocity structures, i.e., strong earthquakes occurred in the transition zone between high and low seismic waves velocities, close to the side of high velocity (Zhang et al., 2005; Yang et al., 2011). The 3D deep structure of the western section of the ZBFZ has the clear electrical anomaly zone beneath the Shangyi-Chicheng Fault (F4), the northern margin fault of Huai’an Basin (F7), and the northern margin fault of Huaizhuo Basin (F11). It extends deep and connects with the low resistivity layer in the middle and lower crust. These observations suggest that the three faults are transcrust faults that have the electrical structural characteristics of faults that host moderate and strong earthquakes.
Since the Cenozoic, the collision between the Indian and Eurasian Plates has resulted in the eastward expansion of the asthenosphere (Li et al., 2010). The weak materials in the middle and lower crust of the western section of the ZBFZ were also squeezed eastward. Inhomogeneous bodies exist in the crust and the deep parts of the western segment of Shangyi-Chicheng Fault (F4) and the north margin fault of the Huai’an Basin (F7) are connected with the low resistivity structure (C2) in the crust, which becomes gradually shallower to the northeast along F7. These deep faults provided channels for upwelling of mantle-derived basaltic magma (Xu et al., 1998). In particular, the deep materials near F7 have a stronger effect on the shallow crust. This deep tectonic and geodynamic environment indicate that this region may be the main area of moderate and strong earthquakes in the future and deserves special attention.
The resistivity structure characteristics of the medium revealed by magnetotelluric imaging combined with previous geological surveys, geophysical exploration and deformation field analysis (Xu et al., 2002; Jia et al., 2009; Zhao, 2009; Li et al., 2010; Guo et al., 2016; Zhang et al., 2016; Shen et al., 2019; Chen et al., 2020; Wang and Shen, 2020; Wu et al., 2021) enabled formulating a model of the deep seismogenic environment and volcanic formation mechanism in the western ZBFZ (Figure 11). In the northwest part of the Zhangbei seismic area in the western ZBFZ, there is an obvious low-resistivity structure (C1), which extends from the depth upward to the depth of 15 km and then gradually disappears (Figure 9). Structure C1 is connected with the low-resistivity structure (C2) under the DVG (Zhou, 2021) in the southwest (Zhang et al., 2016), indicating that C1 may extend to the Datong region in the southwest. Combined with the results obtained by Zhao, 2009, it is speculated that the low-resistivity structure in the middle and lower crust beneath the Zhangbei-Datong region may have originated from partial melting of upper mantle materials. Moreover, there is an obvious electrical boundary zone between C1 and the southeastern high-resistivity structure (R) in the middle and lower crust, which may be a manifestation of the Dahezhen-Hailiutu Fault (F3) beneath the Hanuoba basalt area.
[image: Figure 11]FIGURE 11 | Schematic model of the seismogenic environments and formation mechanism for volcanism in the ZBFZ.
CONCLUSION
The ZBFZ is an important NW-trending active tectonic zone in North China. It is one of the well-known moderate and strong seismic tectonic zones of the mainland China. Zhangjiakou and other regions in the west section of the ZBFZ are not only characterized by frequent moderate and strong earthquakes, but also contain the DVG and widely exposed basalts. This area provides a good opportunity for studying earthquake and volcanic activity. In order to reveal the deep electrical structure and seismogenic environment of the western section of the ZBFZ leading to the 1998 M6.2 Zhangbei earthquake, magnetotellerite array exploration was carried out in an area extending for about 113 km from north to south and 125 km from east to west with Zhangjiakou as the center. The 3D deep electrical structure of the area was obtained by 3D electromagnetic inversion imaging. The results show that:
1) The deep electrical structure in the western section of the ZBFZ is characterized by significant lateral heterogeneity. To the north of the Shangyi-Chicheng Fault (F4), the upper crust has a high resistivity structure (R), corresponding to the exposed Hanuoba basalts and metamorphic rocks. To the south of F4, zones of high and low resistivities alternate, which is attributed to the complex faults and basin-range structures. In the middle crust, low-resistivity structures (C1 and C2) gradually appear in the northwest and southeast of the study area, showing the characteristics of a high-resistivity structure sandwiched between two low-resistivity structures. In the lower crust, two low-resistivity structures (C1 and C2) gradually join each other and the whole region becomes characterized by low resistivity. The Shangyi-Chicheng Fault (F4), the northern margin fault of Huai’an Basin (F7) and the northern margin fault of Huaizhuo Basin (F11) are definite electrical difference zones, which are connected with the low-resistivity structure in the crust.
2) The electrical structure of the upper crust in the 1998 M6.2 Zhangbei earthquake area is dominated by high resistivity. In the distribution area of some fault zones, high and low resistivities alternate. The middle and lower crust mainly consists of large-scale and laterally discontinuous low-resistivity layers. The results of magnetotelluric exploration indicate that the focal depth of the Zhangbei earthquake was between 12 and 15 km and its seismogenic fault was the Dahezhen-Hailiutu Fault (F3), concealed beneath the Hanuoba basalt area. The northern margin fault of the Huai’an Basin (F7) is a transcrust fault with a deep extension, and it connects with the low resistivity structure in the middle and lower crust. The Zhangbei seismic area and the distribution region of F7 are potential seismic areas requiring further attention.
3) Based on the comprehensive analysis of geological surveys, geophysical exploration and deformation field, it is speculated that owing to the neotectonic activities, the magma originated from asthenosphere mantle rose and erupted on the surface near Datong, forming the DVG. The magma continued to migrate and overflow along the fractures in the NE direction, forming the Hannuoba basalts in the Zhangbei area. The existence of mantle thermal material in this area led to the formation of the Hannuoba basalt area and the accompanied fluids migrated to the middle and upper crust, resulting in fault sliding and frequent occurrence of moderate and strong earthquakes in this region. The continuous upwelling of mantle thermal materials weakened the stability of the fault in the Hannuoba basalts and gave rise to a heterogeneous stress accumulation and deformation. Thus, the fault was weakened and finally the Zhangbei earthquake occurred in 1998.
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