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Within the Tan-Lu Fault Zone, the largest active tectonic belt in eastern China, the Anqiu-Juxian Fault exhibits the most recent activity period, evident surface traces, and highest seismic hazard, making it a Holocene active fault. This study utilized the vertical component continuous data observed by 100 short-period temporary stations from August 1–21, 2023, and extracted 1,944 Rayleigh wave group velocity dispersion curves within the period of 0.2–4 s. Using the direct surface wave tomography method, we calculated a high-resolution 3-D shear-wave velocity structure at depths of 0.2–1.25 km within the study area. Our results are summarized as follows: 1) The development of faults F1, F2, and F5 in the Tan-Lu Fault Zone highly correlated with the shear-wave velocity anomalies at depths >0.8 km. Specifically, fault F5 comprised two boundary faults, F5-1 and F5-2, which together controlled a Cenozoic depression covered by a thick, low-velocity sediment layer. 2) The complex velocity structure characteristics in the Suqian area revealed that the influence of faults on the sedimentary layers in the Suqian area was not expressed as an overall uplift or subsidence of the block but rather as differential subsidence. 3) Near Sankeshu, the F5 fault formed a small pull-apart basin. The latest activity in this pull-apart basin has shifted to the fault in the center of the basin, indicating that the pull-apart basin has entered the extinction stage.
Keywords: Tanlu fault zone, Anqiu-Juxian fault, ambient noise tomography, shallow crustal structure, shear-wave velocity
1 INTRODUCTION
The Tan-Lu Fault Zone is the largest active fault zone in eastern China, extending from Luobei in Heilongjiang Province in the north to Guangji in Hubei Province in the south, spanning a length of up to 2,400 km, being an important tectonic boundary. It traverses the eastern part of mainland China, influencing crustal development, tectonic evolution, and seismic activity [1, 2]. Numerous destructive earthquakes have been recorded along the Tan-Lu Fault Zone, such as the Tancheng M8.5 earthquake on 25 July 1668, the Bohai Sea M7.5 earthquake on 13 June 1888, and the Haicheng M7.3 earthquake on 24 February 1975. Based on the tectonic activity characteristics, the Tan-Lu Fault Zone can be divided into four segments from north to south (Figure 1A) 1) the Hegang-Tieling segment, 2) the XiaLiaohe-LaizhouWan segment, 3) the Weifang-Jiashan segment, and 4) the Jiashan-Guangji segment. Among these segments, the Weifang-Jiashan segment is recognized as the most tectonically active [4, 5] and consists of the following five major faults, from east to west: the Shanzuokou-Sihong Fault (F1), the Anqiu-Juxian Fault (F5), the Xinyi-Xindian Fault (F2), the Mohe-Lingcheng Fault (F3), and–the Wangji Fault (F4). Among these faults, fault F5 is the most recently active Holocene fault among the Weifang-Jiashan segment of the Tan-Lu Fault Zone, exhibiting the most evident surface traces and the highest seismic hazard (Figure 1B) [3, 6].
[image: Figure 1]FIGURE 1 | (A) Topographic map. (B) Fault distribution map of the Weifang–Jiashan segment of the Tanlu fault zone. F1: Shanzuokou-Sihong Fault; F2: Xinyi-Xindian Fault; F3: Mohe-Lingcheng Fault; F4: Jiji-Wangji Fault; F5: Anqiu-Juxian Fault. (C) Tectonic distribution of the Suqian segment of Anqiu-Juxian Fault. The blue box indicates our study area. (Adapted from Zhang et al. (2023)) [3].
The Anqiu M7 earthquake in 70 BCE (before common era) and the Tancheng M8.5 earthquake in 1668 were both associated with fault F5 [4, 7]. The Jiangsu segment of fault F5 is located between fault F1 and fault F2. Based on the spatial distribution and activity period, fault F5 consists of three segments in a north-south direction: the Anqiu, Juxian-Tancheng, and Xinyi-Sihong segments (Figure 1B) [8, 9]. The late Quaternary activity characteristics of fault F5 indicate that a major paleoseismic event has occurred since the Holocene [10, 11]. Several fault profiles were found from Nanmaling Mountain to Chonggang Mountain, these profiles suggest significant Holocene activity along the Jiangsu segment of fault F5, with the most recent activity primarily characterized by thrusting movement, with a maximum displacement of 1 m. Overall, the Quaternary activity of fault F5 was characterized by dextral strike-slip combined with thrusting movement, whereas localized regions were characterized by strike-slip with normal faulting. Since the late Pleistocene, fault F5 has experienced multiple activities, showed significant activity during the Holocene, with seismic activity characterized by high intensity and low frequency [12].
Owing to its complex crustal structure and intense tectonic activity, numerous studies have been conducted on fault F5 by previous researchers. For instance, Xu et al. (2016) performed a shallow seismic exploration of fault F5 to determine its precise localization and development characteristics [13]. However, their study was limited to providing evidence of the existence, exact position, and recent activities of fault F5 in Suqian area without further investigation. Cao et al. (2015) have reported major findings in the precise fault localization and activity research of the Suqian segment of fault F5 through shallow seismic exploration and drilling combined profiling [14]. However, the limited coverage of shallow seismic profiles limits our understanding of continuity and variations in large horizontal strata. Meng et al. (2019) utilized ambient noise tomography to obtain a 3-D S-wave (shear-wave) velocity model for the central-southern section of the Tan-Lu Fault Zone [15]. Although the imaging results included our study area, the resolution of the shallow structures was low. Qin et al. (2020) obtained the shallow primary-wave velocity structure of the Tan-Lu Fault Zone using a first-break wave imaging method [16]; however, their study depth was primarily within 0.8 km, and there is a lack of research in deeper regions. Therefore, high-resolution 3-D S-wave velocity structures for the shallow part of the Suqian segment of fault F5 remain warranted. Consequently, ambient noise tomography was used to investigate the shallow crustal structure of the Suqian segment of fault F5 (Figure 1C).
This ambient noise tomography was first implemented in California, United States, in 2005 [17] and has since been widely accepted and extensively applied by seismologists. Using dispersion data within medium- or long-period ranges can invert the upper mantle and crustal velocity structure to investigate geodynamic processes underlying plate motion, earthquake nucleation, and magma transfer [18–21]. Utilizing dispersion data within short-period ranges can be inverted for high-resolution shear-wave velocity structures near the surface or in shallow parts of the crust, detection of hidden faults, geological disaster assessment, and 3D geological modeling [22–26].
This study used ambient noise data from a short-period dense array deployed in the Suqian segment of fault F5. Our study area ranges from 118.2°E to 118.325°E and 33.815°N to 33.92°N (Figure 1C). We inverted the shallow S-wave velocity structure of the area by applying direct surface wave tomography [19]. By combining the velocity model with the regional tectonic background, we clarified the shallow crustal structure of the Suqian segment of fault F5 and its influence on the sedimentary layers of the Suqian area. Our study findings will facilitate future studies on the extension characteristics of the Suqian segment of fault F5 and aid in assessing seismic hazards.
2 METHODS
In this study, we deployed 100 SmartSolo digital seismic stations with a main frequency of 5 Hz across fault F5. The sampling rate was set at 1000 Hz (dt = 1 ms). Data recording was commenced on 1 August 2023 and concluded on 21 August 2023 covering a total duration of 20 days. The average station spacing was approximately 0.7 km. The station distribution is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Station distribution in the Suqian area. The blue triangles represent the stations, the pink triangles represent stations G002, G008 and G048; the green line represents the artificial seismic line QL14 (Figure 11).
To increase the signal-to-noise ratio (SNR) and reduce computational time, the raw data from each station were decimated to 10 samples per period. Subsequently, the mean value and trend of the data were removed, then bandpass filtered in the period band 0.2–4 s. Besides, we performed the spectral whitening and temporal normalization before the calculation of cross-correlation in order to avoid the effects of earthquakes [27, 28]. Finally, cross-correlation was conducted to obtain the time-domain cross-correlation functions (CFs) between the two stations for each daily data. Figure 3A illustrates the CFs with SNR >4.5 in the period band of 0.2–4 s, revealing prominent Rayleigh surface-wave signals of 1.4 km/s. Figure 3B shows the normalized amplitudes of the CFs for all station pairs. It can be observed that most values of relative amplitude ratios are between 0.5 and 1, which means the differences in amplitude between positive- and negative-time CFs are insignificant. This indicates there will hardly be any significant bias in surface-wave dispersion measurements [29].
[image: Figure 3]FIGURE 3 | (A) Cross-correlation functions (CFs) with signal-to-noise ratio (SNR) > 4.5 in the 0.2–4 s period band obtained using the normalized linear stacking method. (B) Azimuthal dependence of the normalized amplitudes of CFs for all station pairs in the 0.2–4 s period band.
We employed a quick tracing method and an image analysis technique to extract the Rayleigh wave group velocity dispersion curves from the Empirical Green’s functions (EGFs) of all station pairs [18]. Two quality control criteria were followed during selection of the dispersion curves to get reasonable dispersion curves, which will be used to invert the S-wave model. Firstly, considering the far-field approximation, we excluded records where the interstation distance was less than twice the wavelength [22]. Secondly, for the inversion results to closely approximate the real conditions, only the dispersion curves with SNR >4.5 was used in this study.
Figure 4A represents the group velocity dispersion curves in the 0.2–4 s period band after quality control, and the dispersion data reveal significant velocity variations. Figures 4B, C represent examples of interstation (G002-G008 and G008-G048) Rayleigh wave group velocity dispersion curves. Within the period band, the group velocity varied from 0.2 km/s to 2.0 km/s, indicating significant medium heterogeneity.
[image: Figure 4]FIGURE 4 | (A) Group velocity dispersion curves in the 0.2–4s period band. (B) Example of interstation (G002-G008) Rayleigh wave group velocity dispersion curve. (C) Example of interstation (G008-G048) Rayleigh wave group velocity dispersion curve. Red asterisks represent the extracted dispersion points.
This study employed a direct surface-wave tomography method to invert all group velocity dispersion curves for the shear-wave velocity structure [19] without the intermediate inversion step for group or phase velocity maps. This method, widely applied in different regions [30–34], employs the fast-marching method proposed for ray tracing to simulate the actual propagation paths of surface waves [35]. It considers that some ray paths will bend away from great-circle paths in the shallow surface based on the fast-marching method [19]. To obtain an optimal model m, this method minimizes differences between the observed travel-times [image: image] and the predicted travel-times [image: image] calculated from the reference model for all frequencies ω.
[image: image]
where [image: image] is the bilinear interpolation coefficients along the ray path associated with the ith travel-time data and [image: image] is perturbation of group velocity [image: image] at the kth 2-D surface grid point at angular frequency ω. Since this method only inverts for shear-wave velocity, it couples the compressional-wave velocity and density with the shear-wave velocity [36]. Thus, Equation (1) can be further transformed to:
[image: image]
where [image: image] and [image: image] are respectively compressional-wave velocity, mass density, and shear-wave velocity, [image: image] and [image: image] are the group velocity depth sensitivity kernels to them. [image: image] denotes the 1-D layered reference model at the kth surface grid point on the surface. [image: image] and [image: image] are the scaling factors derived from the empirical relationships [19]. [image: image] represents the shear-wave velocity perturbation at the jth depth grid and kth surface grid point. J is the number of grid nodes in the depth direction and M is the total number of grid points in the 3-D model. Equation 2 above gives the final surface wave travel-time perturbation after the discretization of the shear-wave velocity in the depth and horizontal directions.
The average group velocity dispersion curves were used to identify the most reasonable 1D model. We considered it as the initial model to invert the near-surface shear velocity structures. For the inversion grid, the grid interval was 0.0073° along the latitude and 0.0067° along the longitude (which amounts to 18 × 18 grid points). In addition, from 0.2 km to 1.25 km we also placed nine grid points along the depth direction.
Rayleigh wave group velocity values at different periods reflect the characteristics of shear-wave velocity changes within a specific depth range, with the penetration depth increasing as the period lengthens. Therefore, it is necessary to provide sensitivity kernel functions for the group velocities at various depth periods when correlating surface-wave group velocities with S-wave velocities. Figure 5 shows the depth sensitivity kernels for Rayleigh wave group velocities at five periods (0.2, 1.0, 2.0, 3.0, and 4.0 s) and indicates that in the period range of 0.2–4 seconds, our dispersion data can be resolved well down to depths >1.4 km.
[image: Figure 5]FIGURE 5 | Depth sensitivity kernels for group velocity at 0.2, 1.0, 2.0, 3.0, and 4.0 s.
Figure 6 presents the path coverage of group velocity measurements at four selected periods based on the final 3D velocity model. It can be clearly seen that the path number decreases with the increase of the period. And generally speaking, the ray coverage at these periods is relatively good except for some marginal area, indicating that in the most of the study area, this dataset has the capability to resolve the structure of our study area.
[image: Figure 6]FIGURE 6 | Ray-path coverage for six selected periods (A) 0.5 s, (B) 1.0 s, (C) 2.0 s, (D) 3.0 s, (E) 3.5 s, and (F) 4.0 s. Triangles represent stations, and black lines represent ray paths.
Then a checkerboard resolution test was typically used to evaluate the resolution and errors of data at different depths to test the impact of ray paths and station distribution. This study employed this method to test the reliability of dispersion data, the maximum strength of the shear-wave velocity anomaly was ±50%. With increasing inversion depth, the model resolution gradually decreases (Figure 7). Moreover, Checkerboard models in the middle part of the study area recovered better than the models of the marginal part (Figure 8). Considering that the ray-paths covered more densely in the middle part than in the marginal part of the study area, the checkerboard resolution is generally combined with the ray-path coverage. Owing to the relatively dense data coverage, the velocity anomalies in most of the inversion region can be resolved well.
[image: Figure 7]FIGURE 7 | Checkerboard resolution tests in the vertical direction beneath profile AA’ (Figure 2). (A) Initial model, (B) Recovered model.
[image: Figure 8]FIGURE 8 | Checkerboard resolution tests of the inversion at depth of (A) 0.20 (B) 0.35, (C) 0.50, (D) 0.65, (E) 0.80, (F) 0.95, (G) 1.1, and (H) 1.25 km.
Finally, we used the group dispersion data in the inversion. Regularization parameters were carefully selected through a trade-off analysis for the inversion [37]. After inversion, the root-mean-square (RMS) residual value decreased from 2.0 s to 1.27 s and remained stable (Figure 9). In the first two iterations, the RMS rapidly reduced. Then it decreased slowly and converged after the 10th iteration, showing that after multiple iterations, the inversion results converged to a stable state.
[image: Figure 9]FIGURE 9 | Variation of the RMS value of surface-wave travel-time residuals through the iterations.
3 RESULTS
The S-wave model at different depths is shown in Figure 10. The velocity structure exhibited significant lateral heterogeneity in the study area, with variations in velocity structure at various depths. At a depth of 0.2 km (Figure 10A), the S-wave velocity was generally low, with a spatial distribution showing lower velocities in the eastern area and higher velocities in the western area. In the study area, the depth to the bedrock was approximately 0.28 km, thus the velocity structure at this depth reflected variations in the medium structure of the bottom strata in the Neogene. At 0.35 km depth, velocity anomalies appeared in the study area (Figure 10B), with relatively higher velocities on the west and east sides and a predominance of low velocity anomalies in the middle. Since the depth of 0.2 km is located in the upper part of the bedrock region, the low-velocity anomaly zone in the middle might reflect the development of a fractured zone. At depths >0.65 km (Figures 10D–H), the S-wave velocities showed band-like features, with a west-to-east velocity structure characterized by low-high-low-high-velocity distributions. Based on the development characteristics in the study area, at depths >0.65 km, the high-velocity anomaly in the Daluo region was related to the metamorphic rocks of the Archean-Proterozoic Jiaodong Group (Ar-Pt2), and the band-like high-velocity anomaly in the Heiyuwang-Nancai area was associated with the Mesozoic Wangshi Formation sandstone (K2w).
[image: Figure 10]FIGURE 10 | Map view of the shear-wave velocity model at depth of (A) 0.20, (B) 0.35, (C) 0.50, (D) 0.65, (E) 0.80, (F) 0.95, (G) 1.1, and (H) 1.25 km.
4 DISCUSSION
4.1 Spatial distribution and structural characteristics of fault F5
Using ambient noise tomography, recent studies investigating shallow velocity structures have shown that shallow crustal velocity structures typically correlate well with structural units. For instance, in 3-D S-wave velocity structures, the orientation and location of the significant high- and low-velocity anomalies often match faults passing through the study area [38]. Owing to the evident lateral heterogeneity of S-wave velocities within the study area, we inferred that the distribution of velocity anomalies, combined with previous research on fault distribution characteristics in the Suqian area, can be used to determine the orientation and location of faults within the study area. Based on the S-wave velocity distribution characteristics (Figure 10), it can be inferred that fault F1 is distributed along the western boundary of the high-velocity anomaly located in the Longmenkou-Nancai area, and fault F2 is distributed along the eastern boundary of the low-velocity anomaly located in the Laozhuyu area.
A north-south trending low-velocity anomaly zone developed in the Sankeshu area; the eastern and western boundaries of this low-velocity anomaly zone were inferred to be faults F5-1 and F5-2, respectively. This low-velocity anomaly is associated with the fractured zone between the two faults. Overall, at least four faults were identified within the study area, namely F1, F5 (F5-1, F5-2), and F2, generating a series of NNE trends (Figure 10).
To validate the reasonableness of the inferred fault locations, we compared the results of this study with those of previous studies on fault F5. Xu et al. (2016) conducted a shallow seismic exploration along the reflection seismic profile QL14 (Figure 11C) [13]. Fault F5 is composed of multiple-branch faults: fault F5-1 develops at trace number 4150, fault F5-2 develops at trace number 6700, and fault F5-3 develops at trace number 5700. The locations of trace numbers 4150 and 6700 are shown in Figure 10A. By comparing the interpreted locations of faults F5-1 and F5-2 from reflection seismic profile QL14 with the fault locations inferred from the map view of the S-wave velocity model, it was observed that the interpretations of faults F5-1 and F5-2 from these two profiles were consistent. Therefore, we will subsequently conduct a joint discussion of the results from the QL14 profile and the imaging results presented in this paper. As shown in Figure 11C, the F5-1 and F5-2 faults dip towards each other, while the F5-3 fault is nearly vertical. There are evident fault diffraction waves at the interface of the bedrock and overlying strata along the F5-3 fault, which is a clear indicator of active faults on the seismic profile. Additionally, the arcuate characteristics of the reflectors within the fault also strongly indicate significant bending and deformation of the strata due to tectonic activity, further confirming the more intense activity of the F5-3 fault compared to F5-1 and F5-2.
[image: Figure 11]FIGURE 11 | Cross-section of the shear-wave velocity model along (A) AA’ and (B) BB’ and (C) the reflection seismic profile QL14. The red lines represent faults F2, F5-1, F5-2 and F5-3 shown in the reflection seismic profile QL14, the green dotted lines represent faults F2, F5-1 and F5-2 shown in Figure 11, the blue dotted lines represent faults F2, F5-1 and F5-2 shown in Figure 11.
To better study the fault zone and its velocity structure characteristics, we showed the vertical resolution beneath two profiles traversing the region from west to east, AA’ and BB’ (Figures 11A, B). The locations of these profiles are shown in Figure 10B. Figure 11A shows that fault F5 is a fault zone composed of two faults, with F5-1 marked as the western boundary and F5-2 marked as the eastern boundary. The fractured zone between F5-1 and F5-2 exhibited a significant low-velocity anomaly. Faults F5-1 and F5-2 likely controlled the Cenozoic depression, which was covered by a thick low-velocity sediment layer. Fault F5 in the study area comprises two faults that dip in opposite directions, with a deep depression in the middle, consistent with a previous understanding of the distribution characteristics of fault F5 in the area [10]. Figure 11C shows that a near-vertical fault F5-3 developed between faults F5-1 and F5-2. However, fault F5-3 is not clearly shown in the AA’ and BB’ profiles, possibly owing to the poor integrity of the rocks within the fractured zone where fault F5-3 is located and the relatively low transverse velocity heterogeneity. In contrast, the lithological and velocity differences on either side of faults F5-1 and F5-2 were more significant, exacerbating the differences in the transverse velocity in the AA’ and BB’ profiles. Hence, the imaging results and the inferred spatial distribution of faults in this study showed a relatively good consistency with those of previous studies. Therefore, subsequent discussions combine the reflection seismic profile QL14 with the imaging results of this study.
The imaging results in this study revealed the development characteristics and spatial distribution of fracture structures within the Neogene (N) and its underlying bedrock (K₂w, Ar). Based on comprehensive shallow seismic exploration results and S-wave velocity imaging, it is found that faults F1, F2, and F5 extended downward to the depth of 1.25 km and below. Faults F5-1 and F5-2 collectively controlled a Cenozoic depression with a thick, low-velocity sediment layer. These two boundary faults may merge into a single fracture at greater depths.
4.2 The control of fault F5 on sediment in the Suqian area
The AA’ profile (Figure 11A) traverses the low-velocity anomaly bodies controlled by faults F2 and F5. The boundary characteristics of these low-velocity anomalies were distinct. The orientations of faults F2, F5-1, and F5-2 are highly consistent with the dip directions of the boundaries, each forming a separate low-velocity anomaly center. Among these, the low-velocity anomaly between faults F5-1 and F5-2 was more pronounced, extending to depths >1.2 km in the crust, whereas the anomalous body near fault F2 extended only to approximately 1 km, indicating relatively shallower burial and a smaller extent. Therefore, local sedimentary centers might develop on either side of fault F2, with a more extensive sedimentary area associated with fault F5, reflecting the significant control of fault F5 on the sedimentary thickness of the strata.
The velocity structure along the profiles AA’ and BB’ is consistent with the horizontal velocity structures, revealing a velocity structure which showed low-high-low-high velocity distributions in west-east direction. This suggests that the control of faults on sedimentary layers in the Suqian area does not manifest as an overall uplift or subsidence of the block but rather as differential subsidence. The alternating activity of faults in the Suqian area has formed a tectonic structure characterized by alternating horsts and grabens. Within fault-controlled zones, the sediment in the shallow layers is highly uneven, which could pose challenges for construction projects, necessitating a more detailed geological survey.
4.3 Discussion on the pull-apart basin centered around Sankeshu
Findings from previous research near the Sankeshu area have indicated that three right-stepping faults compose fault F5, these three faults formed a pull-apart basin which controls the deposition of Neogene and Quaternary strata [13]. Our imaging results indicated that at depths 0.8–1.25 km, the band-like low-velocity anomaly located at Sankeshu diminished with increasing depth. At a depth of 1.25 km, only a portion of the low-velocity anomaly centered around Sankeshu remained (Figure 10H). Combined with our previous conclusion that faults F5-1 and F5-2 control a Cenozoic depression with a thick low-velocity sediment layer, this supports the presence of a pull-apart basin and suggests that the basement of the basin lies below 1.25 km. Furthermore, utilizing the map view of the S-wave model (Figure 10) and the reflection seismic profile (Figure 11C), the scale of the pull-apart basin can be roughly determined, as indicated in Figure 10H. The boundary faults of the pull-apart basin are faults F5-1 and F5-2, which delineate the western and eastern boundaries of the basin, respectively. In contrast, its northern and southern boundaries correspond to the northern and southern extents of the low-velocity anomaly. Since the reflection seismic profile indicated the presence of reflection wave groups below fault F5-1, Fault F5-1 might exert a stronger control over the pull-apart basin, making it the main fault on the eastern edge of the basin. In the early stages, this fault controlled the development of other faults, as well as the formation and evolution of the pull-apart basin.
Fault F5-3 exhibits the highest activity from the reflection seismic profile, whereas faults F5-1 and F5-2 were relatively less active. Based on the positions of these faults within the pull-apart basin and the understanding of similar basins from previous studies [39], we hypothesized that faults F5-1 and F5-2 represent early basin-controlling boundary faults and currently show less activity. In contrast, fault F5-3, located in the central part of the basin, represents a newly developed strike-slip fault, indicating that the recent activity of the pull-apart basin was mainly expressed on this fault, which serves as the main throughgoing fault of this basin.
Given that the extinction of a pull-apart basin commonly manifests as the development of a new strike-slip fault diagonally across the basin [40], we hypothesized that this basin’s latest activity has shifted to the central fault F5-3. This fault, being an extensional-shear strike-slip, effectively diminishes normal faulting activity along the basin boundary faults as well as within the basin, signalling the basin’s late-stage evolution towards extinction. This transition implies a higher seismic hazard potential for central fault F5-3. Structurally, the formation and increased activity of the new fault exacerbate seismic risks. Therefore, it is essential to monitor the activity of fault F5-3 and evaluate its seismic risk. Detailed studies of the geometric characteristics, historical activity, and current stress state of the fault are crucial for developing earthquake disaster prevention and mitigation strategies in the Suqian area.
5 CONCLUSION
This study utilized continuous vertical component ambient noise waveforms recorded by 100 short-period temporary stations to investigate the shallow crustal structure of the upper crust of fault F5 in the Suqian area, China. We obtained a 3-D S-wave velocity model for the 0.2–1.25 km depth range in this region. The following results were obtained:
The velocity structure exhibited strong lateral heterogeneity. The development of faults F1, F2, and F5 shows a high degree of consistency with S-wave velocity anomalies. Fault F5 was composed of two boundary faults F5-1 and F5-2, which together controlled a Cenozoic depression covered by a thick low-velocity sediment layer. These two faults might gradually merge into a single fault in the deeper crust.
On either side of fault F2, localized sedimentary centers have developed. Notably, the sedimentary extent at fault F5 was relatively larger, which reflected the significant control that fault F5 exerts over the sedimentary thickness of the strata. The velocity structures along the profiles AA’ and BB’ displayed a low-high-low-high velocity distribution from west to east across the study area. This pattern indicated that the control exerted by the faults over the sedimentary layers in the Suqian region was not manifesting as an overall uplift or subsidence of the block, but rather as differential subsidence. The alternating activity of faults in the Suqian area has formed a tectonic structure characterized by alternating horsts and grabens.
The boundary faults of the pull-apart basin formed by fault F5 are F5-1 and F5-2. Among these two faults, fault F5-1 served as the primary fault zone on the eastern edge of the basin and has played a dominant role in the development of other faults as well as in the formation and evolution of the entire basin during its early stages, while fault F5-3 exhibited the highest activity and is a newly developing strike-slip fault within the center of the basin. The latest activity of the pull-apart basin has shifted to fault F5-3. We hypothesized that its dextral strike-slip movement has decomposed the normal fault activity of the boundary faults, leading to the basin entering a stage of extinction.
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