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To evaluate the effectiveness of using airguns as seismic sources in inland waters to detect the regional crustal structure, a mobile large-capacity airgun excitation experiment was conducted in October 2015 in the Anhui section of the middle–lower Yangtze metallogenic belt. In this study, we extracted 1,957 first-arrival phases (Pg) and 2,179 Moho reflection phases (PmP) from the airgun seismic signals, and performed joint inversion of the traveltimes. The inversion results reveal the P-wave high-velocity anomalies above 7 km depth in the upper crust beneath the ore clustering areas, suggesting the source of mineralized materials. The crustal velocity structure characteristics substantially differed above and below a depth of 7 km, indicating the existence of a regional basement detachment surface. The velocity structure in the middle–lower crust, especially in the lower crust show lateral uniformity characteristic, which could be related to that the middle–lower Yangtze metallogenic belt had undergone a MASH metallization process. The Moho is 30–36 km deep, and its uplift zone extends from southwest to northeast in a “V” shape, which is consistent with the planar spreading characteristics of the metallogenic belt, indicating that the asthenosphere uplift and crustal thinning have had a controlling effect on the formation of the metallogenic belt. This study suggests the present-day crust in the region along the Yangtze River in Anhui retains the traces of lithosphere delamination-thinning and basaltic magma underplating during the Yanshan period. Our results indicates that airgun source detection in inland waters can effectively determine the continental crustal structure.
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1 INTRODUCTION
Active seismic source detection is an effective method to obtain high-precision crustal structures (Chen et al., 2017a). In marine seismic surveys, airguns are typically used as seismic sources, whereas large-tonnage explosive sources are more widely used on land. However, the high cost and destructiveness of explosive sources limit the application of active source detection on land (Chen et al., 2007). Therefore, researchers have sought alternative terrestrial seismic sources (Chen et al., 2004; Ge et al., 2006; Chang et al., 2008; Tang et al., 2008). In coastal or island areas, airguns can be used in combined land and sea surveys to elucidate the structure of the crust and upper mantle (Okaya et al., 2003; Rawlinson and Urvoy, 2006a; Harm et al., 2016; Kuo et al., 2016). To test whether airguns could be used to detect continental crustal structure in inland waters, a series of fixed-point high-capacity airgun firing experiments were carried out in Chinese inland waters (Chen et al., 2007; Wang et al., 2010). These experiments showed that the dominant frequency of the airgun seismic signal is 2–8 Hz, and multiple groups of seismic waves from the deep crust and Moho discontinuity were observed by superimposing repeated airgun signals, which indicates that the airgun can be used as an effective source for continental wide-angle seismic detection (Lin et al., 2008; Wang et al., 2012; Wang et al., 2015; Wei et al., 2016; Chen et al., 2017a).
In October 2015, a team led by Chen Yong, a member of the Chinese Academy of Sciences, conducted an excitation experiment using a mobile high-capacity airgun in the middle and lower reaches of the Yangtze River in Anhui Province, known as the “Geoscience Yangtze Project”. Airgun excitation was conducted in the Yangtze River waterway, and a mobile array consisting of short-period seismometers was installed along both sides of the Yangtze River to form a 3D active source array together with the surrounding regional seismic stations, covering an area of approximately 40,000 km2 in Anhui Province, China. The middle and lower reaches of the Yangtze River are important polymetallic mineral resource bases in eastern China, where strong tectonic magmatism and mineralization occurred during the Yanshan period, leading to the formation of a north-east-oriented volcanic–magmatic belt and the accumulation of various metallic minerals. To reveal the deep dynamics of mineralization and the mechanism of large-scale magmatic activities, geophysicists have conducted multi-scale integrated geophysical explorations of the deep structure in this region. The crustal structure at the scale of metallogenic belt and ore clustering district was detected by 2D method, including deep seismic reflection profiles (Lü et al., 2003; Lü et al., 2013; Liang et al., 2014; Lü et al., 2015a; Shao et al., 2015), deep seismic sounding profiles (Xü et al., 2014), Magnetotelluric profiles (Tang et al., 2013; Zhang et al., 2014a; Qiang et al., 2014; Xiao et al., 2014), gravity profiles (Zhang et al., 2014b), and broadband seismic profiles (Shi et al., 2012), which have revealed the 2D crust–mantle velocity structure, reflection structure, electrical structure, and density structure of the metallogenic belt and ore clustering district. The research on the crustal structure at the 3D regional-scale included teleseismic tomography (Jiang et al., 2014), background noise imaging (Luo et al., 2019), teleseismic receiver function imaging (Wei et al., 2018), and gravity data inversion and calculation (Yan et al., 2011; Chen et al., 2017b). However, because of inherent characters in research method, these results have insufficient constraints on the crust and need to be improved. The “Geoscience Yangtze Project” provides a possibility to establish a regional-scale 3D high-precision crustal model using active sources.
According to the airgun seismic records obtained from the mobile array, the first-arrival waves (Pg) and Moho-reflected waves (PmP) are clearly visible in most records. Tian et al. (2018) inverted the velocity structure of the upper crust using the Pg traveltimes recorded by the mobile array; Zhang et al. (2020) inverted the 3D crustal velocity structure in and around the Tan–Lu Fault using the Pg traveltimes recorded by the mobile array and a regional seismic network in combination with the P-wave first-arrivals of local earthquakes recorded by the regional network. These results validated the use of mobile airgun seismic data in inland waters for body wave tomography but only used the Pg and did not include the PmP or Moho. As the most active and variable interface in the process of continental geodynamic evolution, the Moho retains the dynamic information on continental evolution. Thus, imaging the Moho can illustrate the deep dynamic history of mineralization. In this study, we analyzed airgun seismic records, identified seismic phases, and then performed joint inversion of the traveltimes of multiple seismic phases (Pg and PmP) to reconstruct 3D images of the crustal velocity structure and the Moho for the middle and lower reaches of the Yangtze River in Anhui Province. We then evaluated the resolution of the solution model using the checkerboard model recovery test. Finally, we compare the inversion results with other geophysical findings in the study area and discuss the characteristics and tectonic implications of the crustal structure revealed by our model.
2 GEOLOGICAL OUTLINE
The study area is located in the middle–lower Yangtze metallogenic belt within Anhui Province, China (Figure 1). The metallogenic belt is part of the northeastern margin of the South China Plate and is wedged between the Tan–Lu and Yangxin–Changzhou faults, with a near northeast strike. It is a V-shaped zone which is narrow in the southwest and wide in the northeast (Chang et al., 1991) and is famous for rich deposits of copper, iron, and other metals.
[image: Figure 1]FIGURE 1 | Map showing the distribution of the airgun array, major faults, and metallic deposit fields in the middle–lower Yangtze in Anhui Province [red ovals on the map indicate the approximate locations of the deposits, derived from Zhou et al. (2008)]. TLF: Tan–Lu Fault; CJF: Yangtze River Fault; YCF: Yangxin–Changzhou Fault; M1: Luzong ore clustering district; M2: Guichi ore clustering district; M3: Tongling ore clustering district; M4: Ningwu ore clustering district.
The basement of the middle–lower Yangtze metallogenic belt is located at the junction of two pre-Sinian period basements, on which a unified cover after Sinian has been developed, forming a pattern of “one cover and two basement” (Chang et al., 1991; Chang et al., 1996). The mineralized zone is dominated by sedimentary cover, with very little metamorphic basement exposed (Chang et al., 2012). From the Nanhua Period through the entire Paleozoic (excluding the period of the Silurian Mao Shan Formation to the Early-Middle Devonian) to the Early and Middle Triassic, this area was in a period of cover deposition dominated by marine sedimentation. Except for the influence of the Caledonian movement, the whole area was relatively stable, and two complete sets of transgression–regression sequences have been deposited, namely, Nanhua–Silurian and Late Devonian–Middle Triassic, forming two sets of platform-type substratigraphic sedimentary cover. The Indosinian movement, which began in the Middle Triassic, changed the original tectonic features of the area. The cover was strongly reformed by folds and faults. At this point, a unified land mass was formed in China, and the area entered a phase of intra-land deformation. From the Jurassic to the Cretaceous period, strong faulting activity led to disruptive cutting and differential vertical movement, resulting in a series of faulted basins of different scales in the area. In addition, intense volcanic and magmatic activities were a major geological event in the area, and intrusive rocks were intermediate-acid rock. During the late Yanshan and early Himalayan movements, the differential vertical movement reached its peak and deposited a very thick red-rock stratum, with a corresponding reduction in magmatic activity (Chang et al., 2019).
Many studies have shown that the formation of the middle–lower Yangtze metallogenic belt is closely related to the tectonic transition and magmatic activity in East Asia continent during the Yanshan period (Zhai et al., 1992; Tang et al., 1998; Dong et al., 2011). Mineralization occurred in the transitional stage that regional tectonic dynamic mechanism changed from compression to extension after the transformation of the Paleo-Tethys tectonic system into the Pacific system (Chang et al., 2012). At the stage, the intra-land extension and large-scale lithospheric thinning associated with the mantle uplift led to strong tectonic magmatism along the aforementioned basement junction zone, forming the present-day north-east-oriented rock-controlling and mineral-controlling tectonic zone, and large-scale metal ore accumulation in several tectonic sites.
3 DATA ACQUISITION AND PROCESSING
The large-capacity airgun experimental observation layout of the “Geoscience Yangtze Project” includes 20 fixed airgun source points and six surveying lines consisting of mobile stations (Figure 1). A Ship with airgun firing devices sailed from Ma’anshan to Anqing (a distance of approximately 330 km), with the airgun source comprising a combination of four airguns with a capacity of 2,000 in3 each. The airgun source spacing is approximately 10 km, and 100–150 times of continuous firing are conducted at each source. Among the six surveying lines, Lx0 was placed on the bank of Yangtze River, with Lx1, Lx2, Lx3, and Lx4 on both sides of Lx0 and parallel to it; the distance between adjacent lines was approximately 40 km, and line Ly0 intersected the above five lines. The interval between receiving points on each line was approximately 3–4 km. A total of 350 sets of three-component portable seismometers with a dominant frequency of 2.5–80 Hz were used, and the seismometers recorded continuously the airgun seismic signal with a sampling interval of 5 ms. The observation layout covered an area of approximately 40,000 km2, and there were 12 regional seismic stations in the area (Figure 1).
We intercepted the seismic records of the P wave with a duration of 60 s from the time of airgun firing, and then performed linear superposition (Zheng et al., 2017). After 100–150 superimpositions and 2–8 Hz filtering, Pg and PmP were visible in the seismic records (Figure 2). Seismic phase identification and traveltime picking were performed on the reduced time–distance graph. The formula for calculating the reduced traveltime is as follows:
[image: image]
where t is the observed traveltime; x is offset; and Vred is reduced velocity, typically taken at 6 km/s.
[image: Figure 2]FIGURE 2 | Seismic records of airgun signals acquired by mobile arrays. Positive distance indicates that the receivers are located to the northeast of the sources; negative distance indicates that the receivers are located to the southwest of the sources. (A)Location of airgun sources and seismometer stations; (B)signals generated by Sp04 recorded along the Lx0 line; (C)signals generated by Sp17 recorded along the Lx0 line; (D)signals generated by Sp08 recorded along the Lx4 line; (E)signals generated by Sp03 recorded along the Ly0 line; (F)signals generated by Sp13 recorded along the Lx3 line.
The Pg, also known as refraction waves in the upper crust, generally appear as the first break within 100 km from shotpoint and are characterized by strong energy, clear phase, and easy identification. In the positive velocity gradient layer, the apparent velocity of Pg gradually increases with the penetration depth, and the time–distance curve gradually bends toward the horizontal axis (distance axis). When the apparent velocity is approximately 6 km/s, the time–distance curve is nearly parallel to the horizontal axis (distance axis). Unlike near-vertical reflections, the reflections in the deep seismic sounding records appear at the wide-angle end, and their energy reaches the maximum at the critical distance. Especially for the Moho reflection PmP, it’s amplitude is even more than that of the first break because of the large velocity difference between crust and mantle; thus, PmP can be easily identified in the seismic records. The seismic phase identification and traveltime picking of in-lines were verified by the “traveltimes reciprocity” principle, whereas the seismic phase identification and traveltime picking of broadside-lines should conform to the rule that the traveltime at the intersection of different lines of the same gun is consistent. In addition, we superimposed the airgun signals recorded at 12 regional stations and picked the Pg traveltimes for the seismic records with higher signal-to-noise ratios (Figure 3). The uncertainties of the picked traveltimes were estimated by the signal-to-noise ratios (Zelt and Forsyth, 1994). Finally, we obtained a total of 1,947 Pg and 2,179 PmP traveltimes. The uncertainties of the Pg and PmP traveltimes were 100 ms and 150 ms, respectively. Plotting all the Pg and PmP traveltimes on the same time–distance graph showed that the morphological characteristics of the Pg and PmP time–distance curves are close to that of theoretical time–distance curves of the 1D crustal model (Figure 4), indicating that the phase identification and traveltime picking are reliable.
[image: Figure 3]FIGURE 3 | (A)Airgun waveform data recorded by permanent seismic stations; (B)Location of airgun sources and seismic stations.
[image: Figure 4]FIGURE 4 | Picked traveltimes plotted with reduced velocity of 6.0 km/s. Black crosses represent Pg and red crosses represent PmP.
4 TOMOGRAPHIC INVERSION SCHEME
In this study, we adopted a tomographic inversion scheme designed for the integration of multiple classes of body wave datasets. The central innovation of the scheme is its use of a multi-stage fast marching method (FMM) based eikonal solver to solve the forward problem of traveltime prediction in 3D heterogeneous layered media (Rawlinson and Sambridge, 2004a; Rawlinson and Sambridge, 2004b; de Kool et al., 2006). Unlike the standard FMM (Sethian, 1996), which only identifies first arrivals, this multi-stage approach can track those later-arriving phases explicitly caused by the presence of discontinuities. We treated each layer in which the wavefront enters as an independent computational domain. Thus, a wavefront propagates through a layer until it impinges on all points of an interface. At this stage, FMM is halted, and we are left with a narrow band of traveltime values defined along the interface. From here, a refracted branch can be tracked by reinitializing FMM from the narrow band into the adjacent layer, and a reflected branch can be obtained by reinitializing FMM in the incident layer (Rawlinson and Sambridge, 2004b). As the multi-stage FMM allows phases comprising refraction and reflection branches, or a combination of these, to be tracked, the velocity and interface depth can be obtained simultaneously using these phases for joint inversion.
The first step in performing tomographic inversion is to specify how the model structure is to be represented (i.e., model parameterization). In this inversion scheme, the velocity field within each layer was independently described by a regular grid of nodes in spherical coordinates, which means that the grid spacing of each layer can be different from that of other layers. These nodes were used as the control vertices of a mosaic of cubic B-spline volume elements, which define the continuum. Layer interfaces were described by a regular mesh in latitude and longitude, with a mosaic of cubic B-spline surface patches to describe the complete interface (Rawlinson et al., 2006b).
The inverse problem can be solved by specifying an objective function S(m), where m represents the model parameters. Here, we use an objective function of the following form (Rawlinson et al., 2006c):
[image: image]
The first term on the RHS of the above equation is the data residual term, and the last two terms are regularization terms, where g(m) is the predicted traveltime, dobs is the observed traveltime, Cd is the a priori data covariance matrix, m0 is the starting model, Cm is the a priori model covariance matrix, and D is a second derivative smoothing operator. ε and η are the damping factor and smoothing factor, respectively, which govern the trade-off between how well the solution satisfies the data, the proximity of the solution model to the starting model, and the smoothness of the solution model. In our case, the unknowns comprise the grid of vertices that control the patterns of the B-spline velocity field and the Moho discontinuity.
We used an iterative nonlinear approach to minimize the objective function S(m), which applies a subspace inversion method (Kennett et al., 1988; Rawlinson and Sambridge, 2003) to solve the linearized inverse problem. The subspace inversion method is a gradient-based technique, which works by projecting the quadratic approximation of S(m) onto an n-dimensional subspace of model space. S(m) minimization is simultaneously conducted along several search directions that together span a subspace of the model space. The subspace method provides a natural way of dealing with multiple parameter classes, such as velocity parameters and interface depth parameters, that are to be inverted for simultaneously (Rawlinson and Sambridge, 2003).
5 RESULTS
We defined a two-layer model in spherical coordinates. Both layers were independently defined using velocity grids with a node separation of 1 km in depth and 0.1° in both latitude and longitude. However, as the ray coverage in this study was limited within the crust containing the Moho, the second layer under the Moho was not inverted. The interface grid, which describes the spatial variations of the Moho, was defined with a node separation of 0.1° in latitude and longitude. The initial velocity model was derived from six 1D velocity–depth curves obtained from the Yixing–Lixin DSS profile (Xü et al., 2014). According to the Moho depth results of this profile, we set the initial Moho as a horizontal interface with a depth of 32.5 km.
In total, 1,957 Pg and 2,179 PmP traveltimes were used as input data for the inversion. Error estimates of Pg and PmP were used in the diagonal elements of Cd to weight the relative importance of each traveltime in the inversion. The a priori model uncertainty associated with each node in the model, which was used to form the diagonal elements of Cm, was set to 0.3 km/s for velocities and 3 km for the Moho.
The complete inversion procedure was performed using six iterations of a 20-dimensional subspace inversion routine with ε = 1 and η = 0.5. The forward problem was solved between each iteration to obtain new traveltimes, ray paths, and Fréchet derivatives.
The damping factor ε and smoothing factor η govern the trade-off between fitting the data and satisfying the regularization constraints. If ε and η are too small, the solution model may overfit the observation data, so that the error in the observation data will be introduced into the final model; if ε and η are too large, the solution model may be too dependent on the reference model and too smooth. The appropriate trade-off between the data residual term and the model regularization terms was obtained by running the complete inversion process several times with different values of ε and η. In our case, we first set the damping factor to ε = 2 and varied η. Figure 5A shows a plot of the resultant trade-off between the data variance and roughness of the solution model for different values of η in each parameter class (velocity and interface). From this curve, η = 0.5 provides the best trade-off between minimizing the data misfit and producing the smoothest solution model. In the next step, the smoothing factor was set to η = 0.5 and ε was varied. The trade-off curve generated from this process (Figure 5B) suggests that ε = 1 provides the best trade-off between minimizing the data misfit and minimizing model perturbation. Finally, as ε and η both affect model variance and roughness, the first step was repeated with ε = 1. The resulting trade-off curve (Figure 5C) shows that η = 0.5 is still a good choice of smoothing parameter, making further iterations of this process unnecessary.
[image: Figure 5]FIGURE 5 | Scheme used to estimate optimum damping and smoothing parameters for joint inversion of velocity (dashed line) and the Moho (dotted line). (A)Smoothing parameter is varied while fixing the damping parameter at ε = 2. In this case, η = 0.5 is chosen from the curve; (B) Damping parameter is varied while fixing the smoothing parameter at η = 0.5. ε = 1 is chosen as the optimum; (C) η is varied while fixing the damping parameter at the new value of ε = 1. The value η = 0.5 still appears to be an acceptable choice.
The final solution model reduces the data misfit variance by 75.4%, from 0.09807s2 to 0.0241s2, which corresponds to an RMS reduction of 313.12 ms–155.23 ms.
5.1 Model recovery test
According to the observation layout (Figure 1), the airgun source is linearly distributed along the Yangtze River channel. The Lx0-Lx4 lines are parallel to each other with a distance of approximately 40 km (∼0.4°) between adjacent lines, and the Ly0 lines intersect with Lx0-Lx4. The minimum distance between stations on the broadside lines and the airgun source is approximately 40 km (except for a few stations on the Ly0 line). According to the seismic ray distribution (Figure 6), the Pg rays are primarily distributed at depths above 10 km and very sparse below this depth, with the distribution dominated by PmP rays.
[image: Figure 6]FIGURE 6 | Seismic ray distribution charts. (A) and (C) 3D distribution of Pg rays and their projection on 117.5°E, respectively; (B) and (D) 3D distribution of PmP rays and their projection on 117.5°E, respectively.
To investigate the robustness of our solution model and assess its resolution, a model recovery test was performed using synthetic checkerboard. The synthetic models were defined by alternating regions of high and low velocity (between ± 0.4 km/s) and deep and shallow Moho (between 29 and 36 km depth). The traveltime residuals for the given structure were predicted using identical sources, receivers, and phase types to the observational dataset. Gaussian noise with a standard deviation of 100 ms was added to the synthetic datasets to simulate the noise content of the observed data. Inversion was then performed using the tomographic inversion method outlined above, the initial model and constraint parameters are the same as those used in the inversion of the observed data. The difference between the synthetic and recovered models gives an indication of which regions of the model are well or weakly constrained by the data. Regions in which the checkerboard patterns are clearly recovered can be considered well resolved.
According to the source–receiver geometry, we set the lateral scales of both the velocity checkerboard and the Moho checkerboard to 0.4° × 0.4°; based on this, we selected the velocity checkerboard vertical scales from large to small and conducted several model recovery tests. The results show that the velocity anomaly of 0.4° × 0.4° × 4 km in size can be recovered in most regions above 10 km depth (Figures 7A–C). Under 10 km depth, recovery of the velocity anomaly of 0.4° × 0.4° × 4 km was unsuccessful (Figure 7C); however, the velocity anomaly of 0.4° × 0.4° × 10 km can be recovered (Figure 7D). The Moho checkerboard model of 0.4° × 0.4° can be well recovered (Figure 7E).
[image: Figure 7]FIGURE 7 | Model recovery test results. (A) and (B) Horizontal velocity slices at 3 and 7 km depth at a resolution of 0.4° × 0.4° × 4 km; (C) vertical velocity slice along 31°N at a resolution of 0.4° × 0.4° × 4 km; (D) vertical velocity slice along 31°N at a resolution of 0.4° × 0.4° × 10 km; (E) Moho recovery result at a resolution of 0.4° × 0.4°.
The model recovery test results show that the resolution scale of the velocity structure was basically up to 0.4° × 0.4° × 4 km above a depth of 10 km and 0.4° × 0.4° × 10 km below this depth. The resolution scale of the Moho discontinuity was 0.4° × 0.4°.
The checkerboard results are influenced by various factors, such as simplification of the forward problem, the noise level of data, model parameterization, the size of anomalies in the checkerboard, and coupling style between velocity checkerboard patterns and interface patterns (Rawlinson and Urvoy, 2006a; Rawlinson and Spakman, 2016). Thus, the results of the checkerboard test are a reference for evaluating the reliability of the solution model, but do not fully represent the real resolution of the model. An explicit geological interpretation of the solution model can also assist in verifying the reliability of the inversion results.
5.2 3D crustal velocity structure and moho morphology
Cross sections through the solution model obtained by the inversion of the airgun array dataset, which are shown in Figure 7, reveal a number of significant structural features. The horizontal slice at a depth of 1 km (Figure 8A) indicates that high velocity is present at four ore clustering districts in Luzong (M1), Guichi (M2), Tongling (M3), and Ningwu (M4). The Yangtze River waterway in the southwest of Tongling (M3) shows a NE–SW low-velocity strip, whereas the waterway in the northeast of Tongling (M3) shows high-velocity in some parts, which may be influenced by the ore clustering districts. At 3 km depth, the high-velocity area enlarges significantly, the high-velocity feature of the ore clustering districts is more obvious, and the low-velocity area and amplitude of the Yangtze River waterway decreases significantly (Figure 8B). At a depth of 5 km, the high-velocity area starts to reduce, but the ore clustering districts still show obvious high-velocity. The Yangtze River waterway still corresponds to the NE–SW low-velocity strip (Figure 8C). At a depth of 7 km, the high-velocity area further reduces, and the high-velocity areas in Tongling (M3) and Guichi (M2) ore clustering districts reduce obviously, thus, the velocity structure in the study area is on the whole characterized by sheet-like low-velocity distribution with a velocity value of approximately 5.8–6.0 km/s (Figure 8D). At a depth of 11 km, the velocity characteristic with sheet-like low-velocity disappears in the study area (Figure 8E). As the depth deepens, the velocity structure overall exhibits a relative high-velocity distribution and gradually tends to be lateral uniform. (Figures 8F–H).
[image: Figure 8]FIGURE 8 | (A–H) are the horizontal cross sections of crustal velocities at different depths of 1 km,3 km, 5 km, 7 km, 11 km, 15 km, 20 km and 25 km. TLF: Tan-Lu Fault; CJF: Yangtze River Fault; YCF: Yangxin-Changzhou Fault. M1: Luzong ore clustering district; M2: Guichi ore clustering district; M3: Tongling ore clustering district; M4: Ningwu ore clustering district.
To sum up, the velocity structure above a depth of 7 km is characterized by high-velocity in the ore clustering districts and a low-velocity strip in the Yangtze River waterway; below a depth of 7 km, the velocity structure gradually tends to be lateral uniform as the depth increasing, and is more pronounced below a depth of 20 km. The difference in velocity structure above and below 7 km depth suggests that there may be a crustal deformation decoupling surface near this depth. Furthermore, the ray distribution (Figures 6C) indicates that most of Pg waves were refracted above a depth of 7–8 km, and the dense refraction of Pg waves at 7–8 km depth indicates the existence of velocity discontinuity near this depth.
The depth of the Moho discontinuity varies between 30 km and 36 km (Figure 9). Among the four ore clustering districts, Guichi (M2) has the deepest Moho discontinuity at 33–36 km, which is also the location of Jiuhua Mountain. The Moho discontinuity in Luzong (M1) and Tongling (M3) is 31–33 km deep. At the northeastern end of the study area, Ningwu (M4) has too few PmP samples for a reliable analysis. Roughly along the Yangxin–Changzhou Fault, the depths of the Moho on both sides of the fault are different.
[image: Figure 9]FIGURE 9 | Moho structure. TLF: Tan–Lu Fault; CJF: Yangtze River Fault; YCF: Yangxin–Changzhou Fault. M1: Luzong ore clustering district; M2: Guichi ore clustering district; M3: Tongling ore clustering district; M4: Ningwu ore clustering district.
6 DISCUSSION
6.1 Comparison with existing studies
This study shows that above 7 km depth, the general characteristics of the velocity structure are that the ore clustering districts exhibit high-velocity anomalies and the Yangtze River waterway exhibits a strip-shaped low-velocity distribution. Some scholars have also used the sounding data from this air gun experiment to study the crustal velocity structure. For example, She et al. (2018) used airgun surface-wave data recorded by the mobile array to invert the S-wave velocity structure at a depth above 1 km in the study area. Tian et al. (2018) used the Pg traveltimes to invert the 3D P-wave velocity structure of the upper crust. Furthermore, Zhang et al. (2020) inferred the 3D crustal velocity structure of the middle–lower Yangtze metallogenic belt and adjacent areas using airgun Pg traveltimes recorded by mobile and regional stations combined with local earthquake first-arrivals in the region. These study results all show that the upper crust of the metallic ore clustering districts exhibits high velocities. At a depth of 0–1 km, the P-wave velocity values obtained in this study are the same as those obtained by Zhang et al. (2020), i.e., approximately 5.3 km/s. At a depth of 5–10 km, the velocity values obtained by this study are about 5.7–6.0 km/s in the low-velocity area, and about 6.2–6.3 km/s in the high-velocity area beneath the ore clustering districts, which are similar to the results of Zhang et al. (2020) and Tian et al. (2018). This study shows that the low-velocity strip corresponding to the Yangtze River waterway extends downwards to a depth of 7 km. Zhang et al. (2020) also observed a low-velocity anomaly zone corresponding to the Yangtze River waterway that extended to approximately 9 km in depth and interpreted it as a junctional zone of the metallic ore clustering districts.
This study found that the depth of the Moho in the study area varies between 30 and 36 km. The Moho depth in both Luzong and Tongling ore clustering districts is 31–33 km, and the Moho depth of Guichi ore clustering districts is 33–36 km. Wei et al. (2018) used the teleseismic receiver function recorded by the airgun mobile array and regional seismic network to infer a Moho depth of approximately 30–35 km in an area overlapping our study area, which is approximately consistent with the results of this study. Deep seismic reflection profiles yielded crustal thicknesses of 30–32 km in the Luzong ore clustering districts (Lü et al., 2013), 33–36 km in Guichi (Shao et al., 2015), and 30–32 km in Tongling (Lü et al., 2003). The Moho depths of each ore clustering district obtained in this study are basically consistent with the reflection seismic results. The Moho is depressed in Guichi ore clustering district, which may indicate the effect of crustal equilibrium in the Jiuhua Mountain area.
6.2 Tectonic implications of the crustal structure
The upper crust beneath the ore clustering districts exhibit high-velocity anomalies, which has been confirmed by numerous deep exploration studies (Shi et al., 2004; Liu et al., 2012; Lü et al., 2014; She et al., 2018; Tian et al., 2018; Zhang et al., 2020). The middle–lower Yangtze metallogenic belt is located within the Yangtze plate and is the product of volcanic activity under the regime of intracontinental orogeny (compression) and subsequent extensional tectonics during Yanshanian. A large amount of hydrothermal fluid carried by large-scale magmatic intrusion gradually cooled and mineralized in the Cretaceous, Jurassic, and Triassic strata of the upper crust, with weak metamorphism. This environment is conducive to the migration and metasomatism of various metal ions (Qiang et al., 2014). Liu et al. (2012) compared five shallow crustal velocity profiles in Luzong with the results of gravity, aeromagnetic surveys, and geochemical profiles, which showed that the development zone of intrusive body generally presents high anomaly of the metal contents and high elastic wave velocity. Numerous studies have also confirmed that the occurrence location of metallic deposits in the study area is related to the location of hidden intrusive rock bodies (Tang et al., 2010; Du and Chang, 2011). Therefore, the high-velocity anomalies in the upper crust beneath the ore clustering districts may suggest the source of mineralized materials.
The several results of deep seismic reflection profiles show that the upper crust of the middle–lower Yangtze metallogenic belt has been subjected to intense compression and deformation, and the deformation at different scales was generally developed above the basement detachment surface, which was located at a two-way traveltime of 2.0–4.0 s, with a depth of 6–12 km (Liang et al., 2014; Lü et al., 2015b; Shao et al., 2015). According to the velocity structure obtained in this study, the velocity characteristics above and below 7 km depth are obviously different, which indicates that the crustal deformation above and below 7 km is decoupled. Therefore, this study infers that there might have been a basement detachment surface determined by deep reflection near a depth of 7 km.
The basement detachment surface may be important for the migration and retention of magma-hydrothermal fluid and their eventual emplacement and mineralization in the upper crust. In the brittle upper crust, regional tectonic deformation and faults control magma separation, migration, and emplacement (Vigneresse, 1995). The research results of the mineralization system in the middle–lower Yangtze metallogenic belt indicates that, during the Yanshan period intracontinental orogeny, the basement detachment surface and other tectonics in the upper crust might have also become “the channels” of the metallogenic system. Meanwhile, as a sedimentary surface or interlayer detachment surface in the upper crust, the basement detachment surface, like many other sedimentary surfaces in the overburden, might rupture and slip during tectonic movement because of a difference in physical properties. Together with fault zones, these surfaces formed complex spatial networks that became the sites of mineralizing fluids and mineral precipitation (Lü et al., 2019).
The velocity structure in the middle–lower crust obtained in this study shows high-velocity and lateral uniformity characteristics, with a resolution scale of 0.4° × 0.4° × 10 km. Luo et al. (2019) obtained the 3D crustal S-wave velocity structure with a resolution of 0.5° × 0.5° × (15–20 km) in the middle–lower Yangtze metallogenic belt and its surrounding areas using the background noise data recorded by the regional network. From velocity vertical slices, the S-wave velocity of the middle–lower crust in the Anhui section of the middle–lower Yangtze metallogenic belt are higher than those of its surrounding area, with smaller internal lateral variation.
Previous studies have pointed out that the present-day lower crust of the middle–lower Yangtze metallogenic belt may be a part of the multi-level magma chamber system that underwent metallogenesis in the Mesozoic (chang et al., 1991), that the ore-forming rock bodies in the middle–lower Yangtze metallogenic belt are similar to Adakite, and it is inferred that the lower crust of the metallogenic belt had undergone a process similar to MASH mineralization (melting-assimilation-storage- homogenisation) (Wang et al., 2001; Xü et al., 2001; Xü et al., 2002). The results of P-wave receiver function suggest that large-scale magma melting and flow might have occurred in the lower crust of the middle–lower Yangtze metallogenic belt during Yanshanian, and the metallogenic belt may be the product of the MASH metallization process (Shi et al., 2012). Therefore, the velocity structure in the middle–lower crust, especially in the lower crust observed by this study show lateral uniformity characteristics, which could be related to that the middle–lower Yangtze metallogenic belt had undergone a MASH metallization process. On the surface, the middle–lower Yangtze metallogenic belt is wedged between the Tan–Lu Fault and the Yangxin–Changzhou Fault and is in a “V” shaped narrow in the southwest and wide in the northeast (Chang et al., 1991). Some studies have suggested that a mantle uplift zone with a trumpet shape is observed beneath the regions along the Yangtze River in Anhui Province (Chang et al., 1991; Tang et al., 1998). The research from regional gravity data has shown that the Moho beneath the middle–lower Yangtze metallogenic belt has shown a “V” shaped uplift belt along the SW-NE strike, with a depth of about 30–33 km (Figure 10A) (Yan et al., 2011). In this airgun experiment, because the offset of PmP waves in NW–SE direction is not enough, this study is insufficient to conclude that the Moho beneath the metallogenic belt is uplifted. However, our results indicate that the Moho within the area overlapped with Yan et al.’s image (2011) is about 30–33 km depth, and the area with relatively shallow Moho also shows a “V” shape extending from southwest to northeast (Figure 10B). Altogether, the Moho beneath the metallogenic belt along Yangtze River in Anhui is uplifted than those of its surrounding area, and its planeform corresponds to the “V” shape of the metallogenic belt, indicating that the region along Yangtze River in Anhui might have experienced a more intense crustal thinning process, that the mantle uplift zone is the dominant factor controlling the formation of the diagenetic and metallogenic belt in this area (Wu et al., 1999).
[image: Figure 10]FIGURE 10 | Moho comparison chart. (A) Moho image obtained by regional gravity data (Yan et al., 2011); (B) Moho image from our research. M1: Luzong ore clustering district; M2: Guichi ore clustering district; M3: Tongling ore clustering district; M4: Ningwu ore clustering district.
In conclusion, the high-velocity anomalies in the upper crust beneath the ore clustering districts in the area along the Yangtze River in Anhui result from hidden intrusive rocks; the basement detachment surface near a depth of 7 km may be channel and site for the migration and retention of crust-mantle magma; The Moho uplift zone, which is distributed in a “V” shaped pattern from southwest to northeast, controlled the formation of the metallogenic belt; the lateral uniform velocity structure in the middle–lower crust could be related to that the metallogenic belt had experienced a MASH metallization process.
Numerous studies have shown that the middle–lower Yangtze metallogenic belt underwent the process of lithosphere thickening, delamination thinning, and basaltic magma underplating during the Yanshan period (Yan et al., 2011; Shi et al., 2012; Lü et al.,2013; Jiang et al., 2014; Xü et al., 2014; Xü et al., 2015). Our study results support this opinion. The regional extension in the late Yanshan period led to the delamination of the thickened lithospheric mantle and lower crust, and the uplift of the asthenosphere, which resulted in large-scale magmatic intrusion. The mantle-derived magma underplated the lower crust, caused uplifted Moho; the hot materials from the asthenosphere led to large-scale magma melting in the lower crust, and the crust–mantle magma experienced the process of mixing, assimilation, and homogenization, resulted in the lateral uniform velocity structure in the lower crust; the crust-mantle magma migrated upwards through tectonic weak sites such as faults and basement detachment surfaces, and ultimately formed metal ore accumulation in several tectonic sites in the upper crust above the mantle uplift zone.
7 CONCLUSION
In this study, the upper crustal refraction wave (Pg) and Moho reflection wave (PmP) were identified from airgun seismic records of the “Geoscience Yangtze Project”. Joint inversion of the Pg and PmP traveltimes was conducted to reconstruct the 3D crustal velocity structure and Moho discontinuity for the middle–lower Yangtze metallogenic belt in Anhui Province. The characteristics of the solution model are consistent with existing geophysical results. The present-day crust in the study area retains the traces of lithosphere delamination-thinning and basaltic magma underplating during the Yanshan period. This study suggest that airgun excitation in inland waters is an effective method for detecting continental crustal structure to obtain the velocity and velocity discontinuity.
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