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The formation of magnetic minerals is bound up with the tectonic evolution history, whereupon the distribution of magnetic anomalies has great meanings for regional tectonics. In this study, we use the latest global lithospheric magnetic field model EMAG2-v3, processed by various techniques including reduction to the pole (RTP), upward continuation, derivations, Euler deconvolution, estimation of total magnetization direction, and Curie point depth (CPD), to unveil the tectonics around Longmenshan fault zone (LFZ). LFZ is clearly displayed as a positive and negative anomaly transition zone in RTP anomalies and acts as a magnetic basement boundary. The Sichuan Basin (SB), located to the east of LFZ, is marked by strong magnetic basement and NE-strike banded induced positive anomalies which are associated with the Neoproterozoic magmatic activity. The banded shape, absence of radial pattern of anomalies, and existence of fossil subduction zone supports that the magnetic basement was formed in arc environment. The CPD in SB estimated by radial average power spectral is 30–51 km, which allows magnetic minerals in deep crust or even in lithospheric mantle to exhibit high magnetizations. The Songpan-Ganzi fold belt (SGFB), in contrast, is located to the west of LFZ and covered by thick and low-susceptibility Triassic deposits of flysch, manifests as weak negative anomalies caused by relatively shallow CPD and widespread remanent magnetization. Significant positive anomalies, appearing around the Manai and Rilonguan granitic massifs, indicate a strong magnetic basement beneath SGFB, which is conjectured as westward extension of the Yangtze Block at depth.
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INTRODUCTION
The Longmenshan Fault Zone (LFZ) is one of the most active seismogenic zones in Mainland China, originated from the stress transfer of collision between the Indian and Eurasian plate. The Tibetan Plateau moves eastward and encounters the stable Yangtze Block (YB) at LFZ, resulting in steep topographic relief and strong tectonic activities including the 2008 Ms8.0 Wenchuan earthquake, the 2013 Ms7.0 Lushan earthquake, and a series of imbrication-like thrust structures (Figure 1) (Deng et al., 1994; Zhang et al., 2008a; Zhang, 2013).
[image: Figure 1]FIGURE 1 | Geological sketch around LFZ. The main and secondary faults are drawn by thick and thin black lines, respectively. Types of rock outcrops are given in the legend. The two stars show the location of the 2008 Ms8.0 Wenchuan and the 2013 Ms7.0 Lushan earthquake in the LFZ. The black solid line AA′ marks the profile shown in Figure 10. Abbreviations are as follows: TZF, Tazang Fault; DBF, Diebu Fault; ZQF, Zhouqu Fault; MLF, Mianlue Fault; FTF, Fengtai Fault; LRBF, Longriba Fault; MJF, Mingjiang Fault; HYF, Huya Fault; QCF, Qingchuan Fault; WCMXF, Wenchuan-Maoxian Fault; YXBCF, Yingxiu-Beichuan Fault; DJYJYF, Dujiangyan-Jiangyou Fault; XSHF, Xianshuihe Fault; SSDCF, Suangshi-Dachuan Fault; LQSF, Longquanshan Fault; LTF, Litang Fault; ANHF, Anninghe Fault; DLSF, Daliangshan Fault; BKG, Bikou Group; PGC, Pengguan Complex; BXC, Baoxing Complex; KDC, Kangding Complex; YGG, Yanggon Granite; MGG, Maoergai Granite; MKG, Markam Granite; MNG, Manai Granite; RLGG: Rilongguan Granite. The geological base map is modified from Ren et al. (2013). The faults and granites are named according to Zhang et al. (2008c), Bai et al. (2018), Roger et al. (2004) and Zhang et al. (2006).
The LFZ is a variation zone of many geophysical parameters. For the crustal thickness (TC), Liu et al. (2009) showed that the TC of the Songpan-Ganzi fold belt (SGFB) is 50–58 km, and that of Sichuan Basin (SB) is 46–52 km. Investigation of wide-angle reflection/refraction seismic profiles suggests that the Moho is 43 km beneath SB and up to 62 km beneath SGFB (Chun-Yong Wang et al., 2015a). Seismological studies showed low P and S wave velocities in the upper crust and high velocity anomalies in the middle-lower crust of SB, and high Poisson’s ratio anomalies in the upper-middle and low anomalies in the middle-lower crust, indicating a Precambrian crystalline basement overlain by thick Proterozoic sedimentary rocks and Triassic to Cretaceous sediments (Wang et al., 2010; Wang et al., 2015b; 2017a; Hu and Wang, 2018). By contrast, the SGFB on the west side of LFZ exhibits high velocities in the upper crust but low velocities in the mid-lower crust, which is considered as mid-lower crustal flow channel and is in agreement with low resistivity in magnetotelluric studies (Bai et al., 2010; Wang et al., 2010; Wang et al., 2015b, 2017a; Wang et al., 2018a). Due to the uplift of the Moho, SB has relatively high gravity anomalies, and SGFB show strong negative anomalies surrounded by the gravity gradient belt, suggesting that a density contrast exists cross LFZ (Zhang et al., 2009; Zhang et al., 2010; Zhao et al., 2020).
Due to the thick Triassic flysch in SGFB and Mesozoic sediments in SB, the properties of the basement on both sides of LFZ are hard to determine. Crustal magnetic anomalies are generated by ferromagnetic minerals at temperatures below the Curie point (Thébault et al., 2010), and in general, with the increase of mafic minerals, the magnetism of the igneous rock becomes stronger (Liu et al., 2014; Xiong et al., 2016a), and the magnetic anomaly is thus a practical tool to reveal magnetic sources at depth, and has been widely used to identify buried igneous rocks, dykes, faults and resource exploration (Lou et al., 2008; Khalil, 2016; Zhang et al., 2019). Magnetic anomalies are also used to detect the fluctuation of crystalline basement due to the significant magnetic contrast between sedimentary cover (weak magnetization) and magnetic basement (strong magnetization). Previous studies have shown that the main part of LFZ is covered by negative aeromagnetic anomalies with a NE-SW trend, which is considered to be caused by the reversely magnetized basic rocks with a magnetic inclination of −20° in the crust or compression-induced reversal strata (Zhang et al., 2010). There are significant banded positive anomalies in SB, which is usually interpreted by the existence of a strong magnetic basement (Zhang et al., 2013; Yan et al., 2016). The Precambrian basement with strong magnetism in SB is buried at depths of 8–23 km, and is overlain by a sedimentary metamorphic crystalline basement with weak magnetism (Pan et al., 2020). This strong magnetic basement is conjectured to be generated by craton-scale Neoproterozoic magmatic events rather than Neoarchean crystalline basement (Wang et al., 2020; Xiong et al., 2020). The SGFB shows as an isolated negative magnetic anomaly (Gao et al., 2021). Guo et al. (2014a) analyzed the reduction to the pole (RTP) anomaly and concluded that the anomalies along LFZ and SB have similar features and thus are generated by the same magnetic basement. The strong positive anomalies in SB and the negative anomalies in LFZ, northwestern Sichuan and western Yunnan, was interpreted as the materials beneath the Tibetan Plateau moving eastward and then escaping in northeast and southeast direction after being blocked by SB at LFZ (Bai et al., 2014; Gao et al., 2015).
Despite the large amount of research on magnetic anomalies, there remains some controversy in their tectonic implications. Recent research based on deep seismic reflection and adakitic rocks indicate that the western margin of YB is irregular and its crust may extend to the Longriba fault which is ∼200 km west to LFZ (Guo et al., 2014a; Guo et al., 2014b). Wang et al. (2018a) found a clear low-resistivity abnormal zone existing in the eastern Tibetan Plateau and proposed that it is the western border of YB. Xiong et al. (2020) built a 2D magnetic forward model and concluded that the basement extends to only 33 km west of the Wenchuan-Maoxian fault and decreases to about 17–19 km under the south segment. In addition, to study the geothermal states in this area, the Curie point depth (CPD) has been estimated by many researchers. Zhang et al. (1996) showed that the CPD in SB is 20–28 km, but calculated a deeper CPD of 36–50 km. Gao et al. (2015) suggested that the CPD range from 24–34 km in Southeast Tibet and the faults correspond to the area with shallow CPD. Xiong et al. (2016b) inverted the distribution of CPD in mainland China and concluded that it is 30–40 km in SB and 36–44 km in SGFB. Wang et al. (2018b) showed varied CPD along LFZ and that the south segment is shallow while the north segment is deep, and earthquakes tend to occur in areas with deep CPD and low surface heat flow. Although they all present relatively deep CPD in SB, the estimation of CPD among different studies show varied range. Different distribution patterns of CPD directly effect the role of LFZ in geological tectonics, and thus should be researched. Current studies (e.g. Wang et al., 2020; Xiong et al., 2020) concluded that the basement is generated by Neoproterozoic magmatic activities according to the anomaly distribution and outcrops, which need more magnetic evidences. Meanwhile, the fluctuation of CPD may confuse the results and should be analyzed. Magnetic anomaly patterns are closely related not only to the present distribution of magnetic minerals, but also to the ancient magmatic activities as was shown in Xu et al. (2020). Therefore, the interpretation of magnetic anomalies around LFZ involves the information of tectonic evolution history and is rarely discussed in previous studies.
In this study, to further determine the current characteristics and tectonic origin of magnetic basement in the eastern margin of Tibetan Plateau from the geomagnetic point of view, we analyze the magnetic anomalies around LFZ by RTP, upward continuation, derivations, and Euler deconvolution. Furthermore, we estimate the CPD, and establish a forward model based on CPD and total magnetization direction to learn more about the deep magnetic structures.
TECTONIC SETTINGS AND ROCK MAGNETISM
The area for this study is located at the eastern margin of Tibet Plateau, containing SGFB in the west, and SB in the east. SB is part of YB which is located on the west of South China Block. The boundary between SGFB and YB is LFZ, composed of three main faults, from west to east: the Wenchuan-Maoxian fault, the Yingxiu-Beichuan fault, and the Shuangshi-Dachuan fault (Figure 1). The southern segment of LFZ is connected to the Xianshuihe fault, which is the northeastern boundary of the Sichuan-Yunnan rhombic block. The South China Block was formed through the amalgamation of YB and Cathaysia Block (CB) during the ca. 1.1–0.9 Ga (Li et al., 2002; Wang et al., 2009) or was not completed until 830–810 Ma (Zhou et al., 2002a; Cawood et al., 2018). There is no obvious GPS velocity gradient inside YB, indicating that it is a stable and rigid Precambrian craton (Zhang, 2013). Along its western and northern margins, abundant Neoproterozoic mafic-ultramafic metamorphic complexes, such as Kangding, Pengguan and Baoxing complexes outcropped. Two end-member models have been proposed for the generation of the magmatic activities during the Neoproterozoic: 1) the break-up of Rodinia along the rifts between YB and CB related to the mantle plume activity during 830–740 Ma (Li et al., 1999; Li et al., 2003; Li et al., 2008a; Li et al., 2008b); and 2) subduction-related arc magmatism (Zhou et al., 2002a, b; Zhou et al., 2006a, b; Cawood et al., 2013). The Proterozoic basement of the craton is dated at 0.8–1 Ga by U/Pb on zircons, overlain by Sinian sedimentary rocks and the thick Paleozoic cover is unconformably overlain on the Sinian sediments (Roger et al., 2004).
The SGFB is located on the west of LFZ, formed during the Indosinian (Late Triassic) (Roger et al., 2004; Roger et al., 2008). During the tectonic epoch, the convergence between the North China, South China and Qiangtang block closed the Paleo-Tethys ocean and the Songpan-Ganzi basin, and the sedimentary rocks derived from denudation of the orogenic belt between the North and South China blocks were filled in the Songpan-Ganzi basin, and then formed the folded Triassic flysch with thickness of 5–15 km under intense compression (Nie et al., 1994; Roger et al., 2004; Roger et al., 2008). Within SGFB, the Neoproterozoic basement crops out only in the Danba area, and some Mesozoic syn-tectonic and post-tectonic granitoids such as Rilonguan, Markam, Manai, Yanggon and Maoergai granitoids intruded the upper crust. Geochemical studies suggest that they have different magmatic sources (Roger et al., 2004; Zhang et al., 2006). After a tectonic quiescence during the Jurassic and Cretaceous, the India-Asia collision in the east Tibet reworks the Triassic fold belt and forms the steep topography between 4,000 m in the plateau and 500 m in SB (Roger et al., 2010).
The magnetization of rocks in the study area varies greatly and can be divided into several grades. The susceptibility of most sedimentary rocks in SB is below [image: image], and those in SGFB is between [image: image] (Xiong et al., 2015), with an average of [image: image] (Song and Liu, 1991), which are weak or non-magnetic unless significant mafic rocks are included. The susceptibilities of metamorphic rocks vary in a wide range. In general, high-grade meta-volcanic rocks have stronger magnetization, such as Kangding terrain [image: image], while low-grade meta-sedimentary rocks exhibit low susceptibility of [image: image] (Xiong et al., 2015). The igneous rocks’ magnetization changes with their lithology, and the susceptibility increases from acidic to ultramafic rocks ([image: image] for granites, [image: image] for granodiorites, [image: image] for gabbro and [image: image] for ultramafic rocks) (Xiong et al., 2015). Therefore, the magnetization of ultramafic, mafic, and associated metamorphic rocks contributes most to the observed magnetic anomalies.
MAGNETIC ANOMALIES ANALYSIS
In this section, we utilize several methods to process the magnetic data including RTP, first vertical derivative (FVD), analytical signal amplitude (ASA), upward continuation (UC), Euler deconvolution (ED), estimation of CPD and determination of total magnetization direction (TMD). The aim is to study the distribution patterns and their generation mechanism. To show the procedure more intuitively, we draw a flow chart in Figure 2. RTP, FVD, ASA and UC are used to locate the magnetic complexes, including their position and depth. RTP, UC and ED are used to outline the magnetic boundary of different blocks. CPD and TMD are used to determine the lower magnetic boundary and magnetization direction. The above means are used to build the magnetic structure model.
[image: Figure 2]FIGURE 2 | Flow chart for the magnetic anomaly analysis.
Original and Reduction to the Pole Magnetic Anomalies
The magnetic anomaly we use here is the Earth Magnetic Anomaly Grid EMAG2-v3, which provides the ∆T anomalies of 4 km above the geoid and was compiled from satellite, marine, and aeromagnetic survey data, with a resolution of two arc-minutes. Figure 3 shows the ∆T distribution of the EMAG2v3 map around LFZ. As can be seen, the anomalies have, in general, a NE-SW trend which is subparallel to the strike of LFZ. The middle and northern segment of LFZ is located in a significant negative anomaly region with amplitudes of about −170∼−70 nT. A strong negative anomaly lies between the Wenchuan-Maoxian fault and the Yingxiu-Beichuan fault known as the Pengguan complex. This negative anomaly was previously attributed to the reverse magnetization with a magnetic inclination of −20° due to reverse strata after intense compression or remanent magnetization (Zhang et al., 2010). The southern segment of LFZ connects to the Xianshuihe fault, which delineates the boundary between the positive anomaly (40–100 nT) in the east and the weak negative anomaly (−20∼-5 nT) in the west. SB is characterized by a broad high positive anomaly in the range of 50–350 nT, which is presumed to be generated by the Precambrian crystalline basement due to its high susceptibility (Wang et al., 2020). Most Precambrian shields, cratons, and platforms exhibit positive anomalies globally (Frey, 1982), and are supposed to have a similar origin (Arkani-Hamed and Strangway, 1985). The northern SB has a strong negative anomaly of −240∼−100 nT that extends to LFZ. The anomaly in SGFB is weaker (−100–3 nT) compared to that of SB.
[image: Figure 3]FIGURE 3 | Magnetic anomaly (EMAG2-v3) in Longmenshan region at altitude of 4 km with resolution of two arc-minutes. The geological base map is the same as Figure 1.
In order to align the magnetic anomaly with the source, RTP is routinely used to convert oblique magnetization to vertical magnetization. The latitude of the study area spans six degrees, thus a differential RTP (DRTP) scheme (Blakely, 1995; Arkani-Hamed, 1988, 2007) is adopted here and the result is shown in Figure 4. As can be seen, the anomalies have a tendency to move northward after RTP, which is consistent with previous results (Wang et al., 2020). The RTP map shows better correspondence with the geological structure (compared to Figure 3). LFZ divides the anomalies into western negative and eastern positive parts, revealing the obvious contrast of magnetic properties of the basement across the faults. Exception occurs at the south segment of LFZ, where significant negative anomalies (−11∼−5 nT) appear between the 2008 Wenchuan and 2013 Lushan earthquakes corresponding to the seismic gap. SB shows significant NE-SW banded positive anomalies ranging from 130 nT to 420 nT, extending northwestward to the Pengguan complex along LFZ and southwestward to the Kangding complex, indicating that the magnetic properties in the basement of the Pengguan, Baoxing and Kangding complex are similar, and may have common origins (Guo et al., 2014a). The positive anomalies above the Pengguan and Kangding Precambrian metamorphic complexes are consistent with their high susceptibility (Xiong et al., 2015; Xiong et al., 2020). After the RTP procedure, most of the original negative anomalies caused by oblique magnetization in the northern SB diminish and change to positive anomalies with only a negative band left. Hence, the broad positive anomalies in SB should be dominated by induced magnetization, consistent with an inverted result (Wang et al., 2020). Although SGFB generally shows weak negative anomalies, some Mesozoic and Cenozoic intrusive rocks correspond to small positive RTP anomalies, such as the Manai (up to 74 nT) and the Rilonguan granites (up to 170 nT) (Roger et al., 2004; Guo et al., 2014a).
[image: Figure 4]FIGURE 4 | The RTP magnetic anomaly calculated from Figure 3.
The First Vertical Derivative
The first vertical derivative (FVD) is used to identify the boundary of shallow magnetic source. It is positive above the source, zero around the edge and negative outside the source (Bhattacharyya, 1965; Hood and McClure, 1965; Hugh and Vijay, 1994). Figure 5A shows FVD of the RTP anomalies. As can be seen, the short-wavelength anomalies are more obvious. Many faults such as FTF, MLF, QCF, WCMXF are distributed along obvious negative FVD belts and roughly parallel to the zero-lines. High gradients can be found along the Xianshuihe-Anninghe fault and the middle and southern segments of LFZ, coinciding with the Precambrian intrusions such as Kangding and Pengguan complexes. The zero-lines delineate their boundaries more clearly. Mesozoic Rilonguan granites also show high FVD. These indicate that the complexes and the granites are strongly magnetized. The FVD in the northwestern margin of SB has a complex pattern and faults there cut the magnetic block into smaller pieces.
[image: Figure 5]FIGURE 5 | (A) The first vertical derivation map of the RTP anomalies. (B) The analytical signal amplitude of the RTP anomalies. Solid white lines mark the zero-values.
Analytical Signal Amplitude
Analytical signal amplitude (ASA) is defined as the square root of the squared sum of the vertical and horizontal derivatives of the anomalies, whose max values are used to determine the outlines of sources (Nabighian, 1984; Roest et al., 1992). Figure 5B shows the ASA map of RTP anomalies. To highlight the potential magnetic sources, only ASA values larger than 6 nT/km are plotted. As we can see, the ASA map is similar to the FVD map, confirming the existence of strong magnetized sources in Precambrian Kangding, Pengguan complexes and Mesozoic Manai, Rilonguan granites.
Upward Continuation
The UC is used to eliminate the effects of noise and anomalies generated by shallow and small-scale magnetic sources. In the UC map of Figure 6, the overall anomaly becomes smaller and smoother with increasing of altitude. The SB shows similar positive anomalies at different altitudes (Figure 6), which confirms that a deep magnetic crystalline basement spreads westward to LFZ. The small-scale anomalies originally distributed over the Pengguan and Kangding complexes are gradually incorporated into the surrounding large-scale anomalies, indicating that Pengguan and Kangding complexes connect with the Precambrian basement of SB at depth. The similar amplitude of RTP anomalies (Figure 4) and strong magnetism between the complexes and SB basement suggest that they were formed in the same situation.
[image: Figure 6]FIGURE 6 | Upward continuation of the magnetic anomaly at (A) 10 km; (B) 25 km calculated from RTP anomalies (Figure 4).
Euler Deconvolution
To quantitatively analyze the depths of the magnetic sources, we use the Euler deconvolution (Thompson, 1982; Reid et al., 1990). The method is based on Euler’s equation:
[image: image]
where (x, y, z) is the estimated location of the source, [image: image] is the observed location of the anomaly T (RTP), N is the structure index, and B is the ambient field. To estimate the location of the source, Eq. 1 is solved using a sliding window and the calculation is done only in the region where the horizontal gradient is larger than a certain value (1.5 times the average). To obtain reliable location of magnetic sources, the structure index should be an integer and carefully chosen (Reid and Thurston, 2014; Reid et al., 2014). Here, we choose structure index of 0, which stands for the magnetic contact with large drop (infinite contact) (Reid et al., 1990; Reid and Thurston, 2014), and window size of [image: image]. An obvious linear feature appears in Figure 7A, which surrounds the region of positive RTP anomalies in Figure 4, indicating that the positive anomalies are generated by a deep and strong magnetic basement, coinciding with pervious inversion studies (e.g. Wang et al., 2020). The northwest boundary of the basement is represented by the linearly distributed dots corresponding to the Yingxiu-Beichuan Fault, and a deep contact (>10 km) appears, indicating that SGFB is covered by a weak magnetic layer compared to the strong magnetic basement beneath SB. The Kangding, Baoxing, Pengguan complexes and Rilonguan granitic massifs all show shallow buried depth within 10 km, consistent with the rapidly attenuating magnitude of anomalies with increasing altitude (Figure 6). The southern boundary of the positive anomalies over SB corresponds to the Longquanshan Fault, showing the contact at depth of ∼14 km, which may stand for the rapid changes of the thickness of sediments, results in a different anomaly pattern in the southern SB. The dots distributed near Bazhong delineate the northern border of positive anomalies and do not correspond to any faults exposed to the surface. It may relate to a magnetic contact with large drop at depth which results in lateral variation of anomalies.
[image: Figure 7]FIGURE 7 | (A) Estimation of the position of magnetic bodies using Euler deconvolution (SI = 0). The solid dots marked by different colors correspond to different buried depths. (B) Distribution of CPD around LFZ. The map is interpolated for better display. The triangles with different colors represent suface heat flow measurements. The heat flow data come from Jiang et al. (2019).
Estimation of the Curie Point Depth
The CPD is a specific temperature interface in the lithosphere, above which temperature rocks will lose their ferromagnetism. It is often assumed to be 580°C, the Curie temperature of magnetite, a major magnetic mineral in the crust (Thébault et al., 2010). Sometimes CPD represents the petrological boundary instead due to the non-magnetic mantle rocks (Langel and Hinze, 1998; Demarco et al., 2020). The CPD is significant to reveal deep thermal structure of the lithosphere.
Many methods have been used in the estimation of CPD, among which, the power density spectrum (PDS) for aeromagnetic data is widely used. Spector and Grant (1970) first proposed that the radial average power spectrum is related to the thickness and depth to the upper boundary of the magnetic layer. Then, Tanaka et al. (1999) further developed the method and made it the mainstream. Here, we use PDS to study the thermal state and magnetic structure beneath the study area.
Tanaka et al. (1999)’s method assumes that 1) the magnetic layer extends infinitely in horizontal directions; 2) the thickness of the layer is smaller than the horizontal scale and 3) the magnetization M (x, y) is a random function of x and y. The depth to the top [image: image] and centroid [image: image] of magnetic layer are estimated by fitting the slope of power spectrum at different wavenumber range. Then, the CPD can be calculated by:
[image: image]
During calculation, the total anomaly map needs to be divided into several smaller zones (windows), and the depth can be obtained for each window using the power spectrum, corresponding to the averaged CPD within the window.
Due to the assumption of smaller thickness of magnetic layer compared to horizontal scale, the window should be large enough to obtain signals of deep source. Some studies argued that the window should be at least 3 or 4 times the depth of the magnetic layer (Hussein et al., 2013), while others suggested that this ratio should be 2π or even larger (Ravat et al., 2007; Manea and Manea, 2011). To date, there is no consensus for the selection of window size. To ensure the response of the deepest magnetic layer, a larger window size should be selected (Demarco et al., 2020). Here, we use the window size of [image: image], equivalent to the 220 × 220 km at the equator, and it meets the requirements of most studies. To better display the final result, the windows are overlapped by 75%.
In addition, the selection of fitting wavenumber range is also an important factor that affects the estimation as inappropriate fitting may skew the result. In Tanaka et al. (1999)’s research, the wavenumber range for determining the [image: image] is 0.06–0.18 rad/km, and that for [image: image] is 0.3–0.6 rad/km (visual estimation on the Figure 1 in their paper). In a study of CPD on the eastern margin of the Tibetan Plateau (Gao et al., 2015), the estimation of [image: image] and [image: image] are in the range of 0.042–0.47 and 0.23–0.5 rad/km, respectively. However, a recent study (Demarco et al., 2020) has shown that the fitting of slope should be carried out in bands above 0.05 rad/km for [image: image], and [image: image] should be obtained in the range of 0–0.05 rad/km. For shallower sources, the range for estimating [image: image] should extend to a higher wavenumber and that for calculating [image: image] should shrink to a low wavenumber. The anomaly map contains the components of noise and shallow magnetic body, so that the fitting of a high wave number segment cannot reflect the actual depth at the top of magnetic layer. Constrained by the limited window size, the low wave number range often lacks fitting points, which significantly affects the result. Therefore, we determine the [image: image] in the range of 0.034–0.204 rad/km, and [image: image] in the range of 0.238–0.477 rad/km, which can effectively avoid contaminations of shallow magnetic sources and noise.
Data processing, such as filter or truncation, will also influence the result. Okubo et al. (1985) argued that since the main magnetic field is not completely removed in the crustal anomaly, the component at low wave number domain will increase and result in a deeper CPD. To remove the influence of long-wavelength anomalies, they conducted high-pass filtering. However, Ravat et al. (2007) argued that the anomalies should not be filtered, because they will significantly change the shape of the power spectrum, especially the low-wavenumber signals associated with the bottom of the magnetic layer. Therefore, in this paper, the original anomaly grids of EMAG2-v3 are used without filtering, but a 12-point Hanning cut-off window is applied on the edges of each window to prevent spectrum leakage.
The final result of CPD is exhibit in Figure 7B. On the whole, it is relatively shallow in SGFB and deep in SB. In SB, there are two large obvious CPD depressions in the west and in the east. The western CPD depression (46–51 km) extends westward to LFZ, while the eastern CPD depression is located in Nanchong-Bazhong area with a depth of ∼48 km. There are also two distinct CPD uplifts in the south of SB. The western one is located near Yibin with a depth of 30–36 km, while the eastern one roughly starts from Chongqing and extends to the northeast with a depth of 34–40 km. Another relatively small CPD depression is located in the eastern edge of SB with a depth of 51 km. The CPD of SGFB is relatively shallow. It drops from 49 km in SB on the east side of the Shuangshi-Dachuan fault to 38 km in SGFB on the northwest side of the Wenchuan-Maoxian fault. Different CPD results were obtained around the LFZ. The differences between them are associated with the data source, processing, and algorithm. The result of Zhang et al. (1996) is based on the assumption of magnetic dipole and 3D inversion algorithm. They show a shallow CPD area (∼24.5 km) located in the center of SB. With the development of magnetic satellite and aeromagnetic survey, accurate geomagnetic data and models are available. Xiong et al. (2016b), Wang et al. (2018b), Gao et al. (2015) used magnetic data derived from the aeromagnetic survey, EMAG2 grid model, and NGDC-720 model to investigate the CPD. Although they all showed depression area of CPD in SB corresponding to the stable Yangtze Block, the range and distribution pattern are different. Xiong et al. (2016b) concluded that the CPD in Sichuan is between 30–40 km, and that in SGFB is 36–44 km. Wang et al. (2018b) proposed that the CPD extends to a great depth (up to 40 km) in SB and SGFB, and the LFZ exhibit shallow CPD of ∼30 km. Gao et al. (2015) suggested that the CPD around SB and SGFB range from 24–34 km, the depression area of CPD is located in northern SB, and the CPD in SGFB is shallow, which means that the LFZ is the gradient belt of CPD. Different distribution patterns of CPD directly concern the role of LFZ in geological tectonics. Our results show that LFZ is roughly the gradient belt of CPD, which leads to different characteristic of magnetic anomalies on both sides.
The surface heat flow is closely related to the CPD, so we mark it by triangles with different colors in Figure 7B. It can be seen that low heat flows (blue and purple triangles) appear in the northern SB with deep CPD, and higher values (green triangles) are distributed in the southern SB with relative shallow CPD, or in areas as CPD gradient belts, such as the two green triangles in middle LFZ.
Seismic wave studies showed that the crustal thickness of this region is 50–58 km, thus the CPD is located in the middle and lower crust. Studies showed that the middle crustal temperature of SGFB reaches 700–800°C, the lower crust reaches 1,000°C (Wang et al., 2015b, 2017a), and the surface heat flow is greater than that of SB, which also supports that the CPD in SGFB is relatively shallow. The relatively high temperature may result in partial melting of the middle and lower crust. Magnetotoluric and seismological studies indicated that there is a channel flow in the middle and lower crust of SGFB (Royden et al., 1997; Bai et al., 2010; Wang et al., 2015b, 2017a), where the Tibetan Plateau material moves, but is blocked by the cold YB, and then shifts to southeast and northeast corresponding to the shallow CPD of Qinling orogenic belt on northern SB (27–38 km) and the western part of Xianshuihe fault (30–36 km). Fault systems distributed in these two areas may promote the upwelling of deep thermal materials, resulting in the uplift of CPD (Zhang, 2013).
Determination of Total Magnetization Direction
The total magnetization is the vector sum of the induced and remanent magnetization, and the relative contribution between the two is defined by the Koenigsherg ratio Q:
[image: image]
where [image: image], and [image: image] are the scalar remanent and induced magnetization, respectively.
Previous studies have shown that, in most cases, the TMD in continents is parallel to the current direction of the geomagnetic field (Q << 1) (Thébault et al., 2010). Since continental rocks cooled and formed over long geological periods and may have undergone multiple reversals of the geomagnetic field, the minerals in the continental crust host multiple directions of remanent magnetization which may cancel each other out (Shive, 1989), with only the induced component left. Meanwhile, previous studies indicate that the susceptibility of magnetic minerals above the CPD in the lower crust increases with temperature and reaches a maximum value called the Hopkinson peak, while the remanent magnetization attenuates rapidly (Kiss et al., 2005; Dunlop et al., 2010). In addition, a study showed that multi-domain (MD) magnetite in the lower crust is dominated by induced magnetization, but rapidly cooled magnetite is dominated by remanent magnetization as seen in mid-ocean ridges and volcanic regions (Lanza and Meloni, 2006). Therefore, most magnetic studies in the continents are based on the assumption of induced magnetization, including the RTP operation mentioned above. If the actual direction deviates from the assumption of induced magnetization, the RTP anomalies may not align to the magnetic sources exactly (Blakely, 1995; Dannemiller and Li, 2006).
Some studies have challenged the assumption of continental induction. McEnroe et al. (2004) pointed out that the hemo-ilmenite or ilmeno-hematite could be retained at middle and lower crustal temperature and thus may have a remanent component. Meanwhile, high Q values were found in many regions (McEnroe et al., 2002), which suggests the existence of remanent component. In our RTP map, strong negative anomalies appear in the SGFB, Bikou continental flood basalt, and northern margin of SB, which cannot be interpreted by induced magnetization. Therefore, the TMD need to be estimated.
To determine the direction of magnetization, we use the method proposed by Dannemiller and Li (2006). It was based on the correlation between the vertical and total gradient of the RTP field and the cross-correlation coefficient can be evaluated by the following formula:
[image: image]
where [image: image] and [image: image] are the vertical and total gradients, respectively, j denotes the index of each data point, [image: image] and [image: image] can be expressed as:
[image: image]
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where R denotes the observed total magnetic anomaly, and [image: image] and [image: image] are magnetic inclination and declination, respectively. Both vertical and total gradients can be quickly calculated in the Fourier domain (Blakely, 1995).
To avoid the unstable RTP process in areas with small magnetic inclination, we introduce the suppression filter (Yao et al., 2003) into the RTP process, and the results are checked to ensure the stability of the RTP operation. To suppress the noise in the magnetic data, the anomaly at an altitude of 25 km is used. We select three areas with negative RTP anomalies and one with positive anomaly to determine the TMD, as shown in Figure 8A. The results are listed in Figures 8B–E, in which the red “+” marks the most possible declination and inclination. These indicate that remanent magnetization really exists and the TMD deviates from the induced component. Whether the basement beneath SB is dominated by induced magnetization can be inferred from the direction determining process for the positive anomalies (block 4 in Figure 8A). The result (Figure 8E) shows that the inclination and declination of the Precambrian basement is 49° and −26° respectively, close to the direction of the main geomagnetic field (49° and −2° in average). Therefore, the stable magnetic basement of SB is largely dominated by induced magnetization.
[image: Figure 8]FIGURE 8 | (A) Regional magnetic anomaly used to determine the total magnetization directions are marked by four black boxes. (B–E) show the contour maps of correlation coefficient between analytic signal and vertical derivative in the block 1–4. The most possible magnetize directions are marked by the red crosses, and the inclination and declination are shown by red text.
DISCUSSION
Rock Magnetization
The observed anomalies are generated by rocks with varied magnetization. To determine the properties of magnetic rocks underground, we construct a simple forward model. The study area is divided into 9 blocks according to the faults distribution, RTP anomaly, and result of Euler deconvolution, as shown in Figure 9A. The magnetic property of each block is set to be uniform. Based on the CPD estimated in section 3.6, we assign the lower magnetic boundaries to the 9 magnetic blocks. The magnetic parameters of the blocks are list in Table 1. The TMD are based on the results in Section 3.7 and the magnetization directions are parallel to the main geomagnetic field.
[image: Figure 9]FIGURE 9 | (A) Magnetic anomalies (EMAG2v3) and (B) the forward calculated anomalies at altitude of 25 km. The black lines divide the study area into nine blocks according to the faults distribution, RTP anomalies and Euler deconvolution result.
TABLE 1 | Parameters of the magnetic blocks for anomaly calculation.
[image: Table 1]Figure 9B shows the calculated anomalies at 25 km. As can be seen, the forward calculated anomaly (Figure 9B) is roughly consistent with the observed anomaly (Figure 9A). The cross-correlation and root mean square between them are 0.946 and 16.5 nT, respectively. The forward model suggests that the NE-strike banded Precambrian basement with great CPD provide abundant magnetic sources with high magnetization (0.75 A/m equivalent to 0.0189 SI in the west and 1.55 A/m equivalent to 0.039 SI in the east), which generate the NE-strike positive anomalies and associated negative anomalies in the north due to the induced oblique magnetization. The susceptibility is consistent with the 2D forward model in Xiong et al. (2020) (0.01885–0.04398 SI in SB). The board weak negative anomalies distributed in SGFB and north Yunnan block result from the relatively weak remanent magnetization of 0.19 A/m and 0.1 A/m.
The Kangding and Pengguan complexes show positive RTP anomalies and high values in FVD map and ASA map (Figures 5A,B), indicating magnetic sources with high susceptibility exist in the complexes. Meanwhile, Proterozoic quartz diorite with high susceptibility ([image: image] in average) and Proterozoic granites with relatively low susceptibility [image: image] are found in these areas (Xiong et al., 2020), consistent with the susceptibility of 0.0189–0.039 SI beneath SB calculated in our model. The formation of these complexes is related to the Neoproterozoic magmatic events at 825-760 Ma (Zhang et al., 2008b; Kang et al., 2017; Wang et al., 2020) in South China due to mantle plume activities (Li et al., 1999; Li et al., 2003; Li et al., 2008a, Li et al., 2008b) or the subduction-related arc magmatism (Zhou et al., 2002a, 2002b; Zhou et al., 2006a, b; Cawood et al., 2013). The magmatic events brought the mafic-ultramafic minerals into the bottom of continental lithosphere and may uplift through weak and thin orogens (Wang et al., 2009), forming the complexes with high susceptibility and thus produce high positive anomalies. The SB shows similar positive magnetic anomalies at different altitudes (Figure 6), which confirms that a deep magnetic crystalline basement spreads westward to LFZ. Recent U-Pb dating studies show that the basement of SB was also formed during the Neoproterozoic magmatic events (Gu and Wang, 2014; He et al., 2017), the same as the complexes around the basin, which means that the complexes and basement of SB have experienced similar magmatic events (Wang et al., 2020). Therefore, during the magmatic events, the upwelling mafic-ultramafic melts may facilitate the formation of the magnetite in MD size dominated by induced magnetization (Lanza and Meloni, 2006). That should be the reason why the NE-strike positive anomalies and associated negative anomalies in the original map are produced by induced magnetization.
Unlike the Kangding and Pengguan complexes with positive anomalies, the Neoproterozoic Bikou Group located on the northwest margin of SB contains basic volcanic rocks which should have high susceptibility but shows negative anomalies (Figure 4). There may be two reasons. Firstly, the volcanic rocks in the Bikou Group are generally bimodal in composition, consisting of basaltic rocks and subordinate felsic rocks (Xu et al., 2002; Wang, et al., 2008), and lack intermediate rocks. Therefore, the magnetic susceptibility varies by several orders of magnitude, and may not generate observable anomalies. Secondly, the Bikou Group consists of large amounts of effusive volcanic rocks (Xu et al., 2002), which cool rapidly with small dimensions of the crystals of Fe-Ti oxides, therefore, cannot carry enough induced magnetization but only remanent magnetization (Lanza and Meloni, 2006) which may have reversed direction and thus shown as negative anomalies in the RTP map.
West Margin of the YB
LFZ is used as the boundary between YB and SGFB due to the different physical properties between the two blocks. However, recent studies indicate that the western margin of YB may extend to the Longriba fault which is about 200 km northwest and subparallel to LFZ (Guo et al., 2014a, b). Xiong et al. (2020) showed that the basement extends to only 33 km west of Wenchuan-Maoxian fault and decreases to about 17–19 km under the south segment. Wang et al. (2018a) also found a clear low-resistivity abnormal zone exists between Longriba and Minjiang Fault, the abnormal zone runs through the lithosphere and may be the deep boundary of YB. In our RTP anomalies map (Figure 4), LFZ delineates the western border of the positive anomalies, and the anomalies calculated by NE banded magnetic basement also match well with the observed anomalies around LFZ. The result of Euler deconvolution shows a potential magnetic contact beneath LFZ (Figure 7A), which suggest that the west margin of magnetic basement of YB does not spread much to the west. To simulate the anomalies generated by westward extension, we set a strong magnetic basement whose west boundary spreads to the west (marked by the white line in Figures 10A–D), and have the same magnetic property with the magnetic basement of SB (induced magnetization of 1.55 A/m). The results show that the westward extending basement generates positive anomalies and cancels out the original negative anomalies, so that the positive anomalies will significantly spread westward (Figures 10A–D). With the increasing distance to the Yingxiu-Beichuan Fault, which is the central fault of LFZ, the root mean square between the calculated anomalies and observed anomalies increases from 16.5 to 27.87 nT, and the cross-correlation coefficient decreases from 0.946 to 0.85, indicating a worse fitting. Therefore, the west margin of strong magnetic basement is more likely to lie beneath LFZ.
[image: Figure 10]FIGURE 10 | Calculated anomalies generated by models with different west margin corresponding to (A) 53 km; (B) 106 km; (C) 158 km; (D) 211 km from the YXBCF. Black lines are the same boundaries of magnetic blocks as Figure 9. White lines mark the west margin of block 5 and 6. (F) Varied standard deviation (blue) and cross-correlation coefficient (red) with different boundary marked by white lines.
However, we cannot rule out the possibility of the western extension of weak magnetic or non-magnetic basement, which cannot produce obvious measurable anomalies. That means the magnetic boundary beneath LFZ may not represent the true basement in the petrological sense, since the uplift of CPD may eliminate most rock magnetism. As we can see in Figure 7B, the CPD decreases from 49 km in SB to 34–44 km in SGFB, thus large amounts of strong magnetic basement loses their magnetism, leaving only the upper part of the basement with weak magnetism remains and generates weak anomalies. Two clear isolated positive anomalies in the east exhibit high vertical gradients and positive anomalies at different altitudes (Figure 5A, Figure 6), corresponding well to the Manai and Rilonguan granitic massifs. Geochemical studies showed that the Mesozoic Manai and Rilonguan granites are syn-kinematic granites resulting from partial melting of the basement of SGFB or South China block based on the relatively young TDM (672 and 896 Ma) and the moderately negative εNd values (Roger et al., 2004). The young TDM suggests that the granites incorporate the Neoproterozoic basement, which means these granites inherit the high susceptibility from the Precambrian basement beneath YB, and thus exhibit strong positive anomalies. By contrast, the Markam granitic massif on the north does not show any positive anomalies, and the geochemical evidence showed that the Markam granites are with older TDM (1,612–1793 Ma) and negative εNd, suggesting that they came from the melts of Middle Triassic sediments (Roger et al., 2004), which have low susceptibility. Therefore, the two strong positive anomalies corresponding to the granite massifs are ascribed to the addition of Precambrian basement with high susceptibility during the Mesozoic, proving the existence of the Precambrian basement beneath SGFB, which may be the westward extending basement of YB but loses its magnetism due to the relatively shallow CPD. Zhang et al. (2006) also argued that the adakites distributed in SGFB was generated at depth >50 km and proved the existence of mafic continental crust similar to the basement of YB, which can be used to identify the western boundary of YB (Guo et al., 2014a).
In short, as shown in Figure 11, we proposed that the west margin of the magnetic basement of YB (marked by red block) is more likely to stay beneath LFZ, and the weak or non-magnetic basement extends westward beneath SGFB (marked by blue block), supported by magnetotelluric study (Li et al., 2017; Wang et al., 2018a). However, the question of how far the basement spreads needs further study.
[image: Figure 11]FIGURE 11 | Sketch of magnetic structure along the profile AA’. Different colors represent different magnetic layers. Black and green dotted line marks the CPD and Moho boundary. F1: Wenchuan-Maoxian Fault, F2: Yingxiu-Beichuan Fault, F3: Shuangshi-Dachuan Fault.
Formation of the Neoproterozoic Magnetic Basement
As shown in Figure 9, the magnetic pattern in the study area is dominated by NE banded magnetic basement. The magnetic basement is postulated to be formed by the Neoproterozoic magmatic events (Wang et al., 2020; Xiong et al., 2020). Two models have been proposed to explain these magmatic events, mantle plume model (Li et al., 1999; Li et al., 2003; Li et al., 2008a; Li et al., 2008b) or the subduction-related arc model (Zhou et al., 2002a, b; Zhou et al., 2006a, b; Cawood et al., 2013).
A recent study has shown that the Permian plume beneath the Tarim Basin has a radial pattern of linear anomalies emanating from a central region (Xu et al., 2020), indicating that the anomalies are related to the plume-induced mafic intrusions. If the anomalies in the study area are produced by the Neoproterozoic magnetic basement, the pattern of the anomalies may also relate to the interaction of the crust and mantle during Neoproterozoic. For the plume model, Li et al. (2003) proposed that the widespread granitoids were formed within a short time interval of ∼5 Ma at ca. 825−820 Ma, and coeval intrusion of granitoids and mafic-ultramafic rocks over an area of >1000 km [image: image] 700 km were caused by conductive heating above a mantle plume. If these mafic-ultramafic rocks exist and were related to mantle plume, the anomaly pattern shown in the Tarim Basin should also be seen in SB. However, the RTP anomaly, FVD and ASA map show no characteristics of radial pattern, but banded anomalies instead. For the arc model, a 1000-km long Panxi-Hannan arc existed for over 100 My, suggesting that the western margin of YB was an active arc above an oceanic subduction (Zhou et al., 2002a, b; Zhou et al., 2006a, b). In the subduction zones, the continental mantle may be hydrated by release of water from the underlying oceanic plate and generate the magnetite which have strong magnetism and contribute to the magnetic anomalies (Blakely, 1995; Lanza and Meloni, 2006). The linear or banded anomalies produced by the magnetized mantle wedge where subduction has been ongoing for a long period of geological time are common globally (William and Gubbins, 2019). When the subduction ceases, the remnant magnetized mantle wedge and ocean slab at temperature below the Curie temperature will generate magnetic anomalies. Magnetic anomalies of subduction with no seismicity reveal existence of fossil slab and subduction zone (William and Gubbins, 2019). In the study area, a deep seismic reflection profiling has been set across SB to probe crustal structure and an ancient subduction zone was found which support the view of arc model (Gao et al., 2016; Wang et al., 2017b). In this case, the banded magnetic anomalies around the west margin of YB are the reflection of fossil subduction zone with strong magnetism.
CONCLUSION
In this study, we established connections between magnetic anomalies and tectonic structure around LFZ. Good correspondence exists between the RTP anomalies and tectonic structure, in that the positive anomalies delineate the shape of magnetic basement beneath SB. The CPD of SB estimated by PDS shows that the depth to the bottom of the magnetic basement is 30–51 km, which allows strong magnetized rocks to be preserved and exhibit strong anomalies. The west margin of the magnetic basement of YB lies beneath LFZ and does not extend westward. However, the basement in the petrological sense may spread westward to SGFB and generate positive anomalies over the Manai and Rilonguan granites by melts of basement. The magnetic basement is associated with the Neoproterozoic magmatic events. The banded shape and absence of radial pattern of the positive anomalies as well as the existence of fossil subduction zone all support that the magnetic basement is generated by the subducted oceanic crust or serpentine mantle wedge.
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