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Abstract


Fujian Province is located in the southeast coastal region of Mainland China and belongs to the Cathaysia Block (CB). Since the Neoproterozoic, this region has experienced multi-stage tectonic activities, which have formed extensive metallogenic belts, such as the Wuyishan and Nanling metallogenic belts. To clarify deep geodynamic processes and deep metallogenic mechanisms, we determine a high-resolution three-dimensional (3-D) velocity model of the crust and upper mantle beneath the Fujian region. Two datasets are collected for the tomographic inversion. One dataset includes 70,330 P-wave and 87,057 S-wave arrival times from 6206 local earthquakes. The other dataset includes 13,714 P-wave relative travel-time residuals from 812 teleseismic events. Our tomography reveals significant low-velocity (low-V) anomalies in the upper mantle down to 500 km depth, which may represent hot ad wet upwelling flows from the mantle transition zone. We also find some low-V and high-Vp/Vs anomalies in the crust beneath major faults and the coastal area of Fujian, which are interpreted as magmatic channels. Combining with previous geological, geochemical, and geophysical results, we consider that the subduction of the Paleo-Pacific Plate in the Late Mesozoic played a crucial role in the formation of ore deposits. We propose a geodynamic model of the deep mineralization in Fujian, in which upwelling mantle flow underplated the crust and intruded into the crust along fault zones. This geodynamic model also has certain significance for the deep mineralization mechanisms of the CB and the Lower Yangtze Block.
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1. Introduction


Fujian Province is located in the southeastern part of Mainland China, a tectonically active zone where the Eurasian Plate, the Western Pacific Plate, and the Philippine Sea Plate are interacting with each other. Tectonically, the Fujian region belongs to the South China Folded System and the Southeast Coastal Folded System, and it is one of the most vigorous regions of Mesozoic magmatic activity in the world [1]. Since the Neoproterozoic, the region has undergone multi-stage tectonic evolution [2], with three major NE-striking fault zones developing: the Shaowu-Heyuan, Zhenghe-Dapu and Changle-Zhaoan fault zones (Figure 1).



Fujian is a key component of the Cathaysia Block (CB), which was formed during the Neoproterozoic. Since the Paleozoic, the block has experienced a series of tectonic events, including intracontinental orogenic collapse, westward subduction of the Paleo-Pacific Plate, lithospheric thinning, and extensive magmatism [3,4,5,6]. The tectonic stress regime of the CB transitioned from intraplate compression to extension during the Mesozoic [7], and the extensional setting has persisted into the Cenozoic [8]. These tectonic processes have generated a mosaic of uplift and depression blocks bounded by NE-SW- and NW-SE-striking faults and sutures [9], with the NNE-striking Fujian offshore fault zone being an additional major structure. The Wuyi-Yunkai orogenic belt in western Fujian is bounded by the Shaowu-Heyuan and Zhenghe-Dapu fault zones, while the Cretaceous magmatic belt in eastern Fujian is distributed on either side of the Zhenghe-Dapu and Changle-Zhaoan fault zones. The Mesozoic Pingtan-Dongshan metamorphic belt runs along the Fujian coastline to the east of the Changle-Zhaoan fault zone [10]. Widespread Mesozoic magmatism has produced extensive Triassic and Cretaceous igneous rocks, which are the major geological feature of Fujian [11]. Western Fujian is dominated by outcrops of Triassic and Jurassic granites, whereas eastern Fujian is characterized by the Cretaceous granites and volcanic rocks.



Given its intense magmatic activity, the deep three-dimensional (3-D) seismic velocity structure and geodynamic evolution of Fujian and its adjacent areas have long been a focus of international geoscientific research. Zhuang et al. [12] proposed that a large-scale mantle convection system and many small-to-medium mantle plumes exist beneath Fujian, with thermal materials and plume components likely originating from the D’’ layer at the core-mantle boundary or the mantle transition zone. Based on the geological, geochemical, and isotopic investigations, Zhou [11] and Zhou and Li [13] summarized the distribution of igneous rocks in Southeast China and concluded that their formation is closely linked to the Late Mesozoic subduction of the Paleo-Pacific Plate, driven by deep crustal melting and basaltic magma underplating induced by tectonic extension.



Seismic tomography has emerged as a powerful tool for investigating the 3-D velocity structure of the interior of Earth (e.g., [14]). A 1-D crustal velocity model for Fujian was derived from 12,095 P-wave travel-time data recorded along eight seismic survey lines during 2010 to 2012 [15]. Cai et al. [16] further performed a joint inversion of passive and active seismic data to determine 3-D models of P-wave velocity (Vp), S-wave velocity (Vs), and Vp/Vs ratio for the Fujian crust, revealing that inland areas have lower Vp/Vs ratios than coastal areas, and the coastal areas exhibit high Vp, thin crust, high geothermal gradient, and high Bouguer gravity anomaly, which are attributed to back-arc extension associated with the South China Sea. Huang et al. [17] used teleseismic tomography to investigate the 3-D Vp structure of the upper mantle beneath Southeast China, identifying significant low-V anomalies that reflect residual magma chambers and magmatic channels of Late Mesozoic igneous rocks, reactivated by mantle upwelling from the lower mantle. Similar low-V anomalies have been reported by subsequent studies [18,19]. Goyal and Hung [20] investigated the crustal thickness and velocity structure of Fujian via receiver function analysis, showing that the crustal thickness decreases from ~35 km in the northwest to 27–30 km in the southeastern coastal zone.
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Figure 1. (a) Surface topography of Fujian Province. The red box in the sub-figure indicates the location of the study area; (b) Distribution of Mesozoic granitic and volcanic rocks in the major Mesozoic mineral deposits (after [21]). (c,d) Distribution of seismic stations (c) and local earthquakes (d) used in this study. The blue lines denote active faults (F1–F6). F1: the Shaowu-Heyuan fault; F2: the Zhenghe-Dapu fault; F3: the Changle-Zhaoan fault; F4: the Shaxian-Nanri Island fault; F5: the Nanping-Ninghua fault; F6: the Yongan-Jinjiang fault; WYT: the Wuyishan terrane; ECB: the East Cathaysia block. The red and black boxes in figure (b) represent WYT and ECB, respectively. 
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Collectively, these previous studies have suggested that the Late Mesozoic magmatism caused lithospheric delamination beneath Fujian, and subsequent underplating of hot asthenospheric material led to crustal thinning. However, the mechanisms of heat exchange between the crust and the upper mantle, and the deep mineralization process, remain unclear. In this study, we conduct a joint inversion of local earthquake travel-time data and teleseismic relative travel-time residuals to determine a high-resolution 3-D Vp model of the crust and upper mantle beneath Fujian. Our Vp tomography provides new seismological constraints on the deep geodynamic processes and metallogenic mechanisms of the region, and offers insights into material exchange between different Earth spheres in Southeast China.




2. Data


To constrain the 3-D velocity structure of the crust and upper mantle beneath Fujian, we adopt a two-step tomographic approach. In the first step, we apply local earthquake tomography [22] to invert P- and S-wave arrival times of local earthquakes for Vp and Vs tomography of the crust. In the second step, we conduct a joint inversion [23] of local and teleseismic P-wave travel-time data for the 3-D Vp structure of the crust and upper mantle beneath the study region. Therefore, we collect two types of seismic data. (1) Local seismic phase data were recorded at 130 permanent seismic stations in Fujian from August 2010 to January 2020 (Figure 1b). This dataset is provided by the Second Monitoring Center of the China Earthquake Administration and includes high-quality P-wave and S-wave arrival times of local earthquakes. To ensure the reliability of hypocenter locations, only local events recorded at six or more seismic stations are selected. As shown in Figure 2a, both P- and S-wave travel times exhibit highly consistent linear relationships with minimal scatter, even for the events with M < 2. Based on these distributions, outliers are effectively identified and removed, ensuring that only reliable phase data are included in the final tomographic inversion. As a result, 70,330 P-wave and 87,057 S-wave travel-time data from 6206 local events are obtained. (2) Teleseismic waveform data are compiled from three sources. The first is continuous waveforms recorded at 36 permanent seismic stations in Fujian, which are provided by the China Earthquake Network Center. The second is continuous waveforms recorded at 38 portable seismic stations with an interval of 5 km deployed in southern Fujian from July 2016 to August 2018 by our team. The third is continuous waveforms recorded at 21 portable seismic stations deployed across Fujian from August 2019 to July 2021 by our team. Figure 1c shows the distribution of all the seismic stations used in this work.



The teleseismic events are selected based on two criteria to ensure data quality: (1) their epicentral distances are in the range of 30–90°, and (2) the event magnitudes are larger than M5.5 to guarantee a high signal-to-noise ratio. As a result, 812 teleseismic events are selected (Figure 2c). To improve the picking accuracy and efficiency of the teleseismic data, we apply an improved multi-channel cross-correlation method [24] to calculate P-wave relative travel-time residuals directly from the teleseismic waveforms. As a result, a total of 13,714 P-wave relative travel-time residuals from the 812 teleseismic events are obtained, which have a time range of ±2.0 s (Figure 2b).




3. Method and Analysis


We perform a joint inversion of local earthquake travel-time residuals and teleseismic relative travel-time residuals to study the 3-D velocity structure using the TOMOG3D method [22,23], which has been well-validated for 3-D seismic velocity imaging of the crust and upper mantle. The core of the TOMOG3D method is an advanced 3-D ray-tracing technique that combines the pseudo-bending technique for ray propagation in continuous media with Snell’s law for ray refraction and reflection across velocity discontinuities (e.g., the Conrad and the Moho). After determining theoretical travel times and ray paths via the 3-D ray tracing technique, a large sparse system of observational equations is constructed, which is then solved using the LSQR algorithm [25,26]. LSQR is a robust iterative method for resolving sparse linear least-squares problems with damping regularization to avoid data overfitting and ensure the stability of the inversion result.



For conducting the tomographic inversion, 3-D grid nodes are arranged in the study volume. Velocity perturbations at the grid nodes are taken as unknown model parameters, and the velocity perturbation at any point in the study volume is obtained via linear interpolation of the perturbations at the eight grid nodes surrounding that point [23]. The initial velocity model is crucial to the imaging results. In this study, the 1-D velocity model proposed by Cai et al. [15] is adopted for the crust, which contains two layers. The upper layer is at depths of 0–18 km with a Vp of 6.0 km/s and a Vs of 3.46 km/s. The lower layer is at depths of 18–30 km, in which Vp is 6.39 km/s, and Vs is 3.69 km/s. The IASP91 model [27] is adopted for the upper mantle. Note that the two steps of tomography, as mentioned above, are conducted separately, both utilizing the same 1-D initial velocity model.



To reduce the influence of local earthquake mislocation on imaging results, we separate earthquake relocation from the 3-D velocity inversion. We accurately relocated the 6206 local earthquakes using the hypoDD method [28] for the 1-D velocity model [15]. To improve the relocation accuracy, we further relocate the local earthquakes using the inverted 3-D velocity model and the absolute location method [22].




4. Checkerboard Resolution Tests


The checkerboard resolution test (CRT) is generally performed to evaluate the resolution and reliability of a tomographic model. The CRT procedure contains five primary steps. (1) The study area is discretized into a 3-D grid with a lateral grid interval of 0.5°. (2) A synthetic checkerboard velocity model is constructed by assigning alternating positive and negative velocity perturbations (e.g., ±5%) to adjacent grid nodes based on the initial velocity model. (3) Theoretical travel times for local and teleseismic events are calculated for the synthetic model with the 3-D ray tracing method [22]. (4) Random Gaussian noise (−0.3 to +0.3 s) with a variance of 0.1 s is added to the theoretical travel times to simulate real observational errors, generating synthetic travel-time data. (5) The TOMOG3D method is applied to invert the synthetic travel times to get a recovered velocity model. The resolution of the tomography is assessed by comparing the recovered model with the input synthetic checkerboard model. If the recovery rate is high, it indicates that the grid interval is appropriate and the tomography resolution is high.



Figure 3 shows the CRT results for Vp and Vs tomography in the crust. Figure 4 presents the CRT result for Vp tomography of the crust and upper mantle, which indicates that a horizontal grid interval of 0.5° is optimal. In the crust, the CRT results for both Vp and Vs tomography are excellent (Figure 3). From Figure 3 and Figure 4, it is easy to see that the resolution is good in most parts of the study region, except at 500 km depth. Additionally, the resolution in the southeastern part of the region is slightly better than that in the northwest, because more teleseismic events used are located in the southeast quadrant (Figure 2c).




5. Results


The tomographic results are presented as map views of Vp, Vs, and Vp/Vs ratios in the crust (Figure 5) obtained by local earthquake tomography, and Vp in the crust and upper mantle (Figure 6) obtained by the joint inversion of local and teleseismic data. Furthermore, the corresponding vertical cross-sections are displayed in Figure 7 and Figure 8 for the crustal structures, and in Figure 9 for the crust and upper mantle.



5.1. Map Views of Tomography


Figure 5a–c show map views of Vp tomography in the Fujian crust at depths of 5 km, 15 km, and 30 km, respectively. Figure 5d–f show the corresponding Vs tomography, and Figure 5g–i show the Vp/Vs ratio images. At 5 km depth (Figure 5a), prominent high Vp anomalies exist in the Changle-Zhao’an fault zone and its adjacent coastal areas, consistent with the findings of Cai et al. [16]. In contrast, large-scale high Vs anomalies and low Vp/Vs ratios are observed across almost the entire study area at 5 km depth (Figure 5d,g). Beneath the Zhenghe-Dapu fault zone, the Vp structure at shallow depths shows alternating high and low anomalies from the north to south. The Vs structure exhibits alternating high- and low-anomalies at both 15 km and 30 km depths (Figure 5e,f). With increasing depths, the Vp structure at 30 km depth is dominated by low-V anomalies (Figure 5c). The Vp/Vs ratio remains low across the entire study area at 15 km depth (Figure 5h), and transitions to a predominantly low Vp/Vs pattern with localized high Vp/Vs anomalies at 30 km depth (Figure 5i), which is highly consistent with the results of Cai et al. [16].



Figure 6 shows the Vp tomography of the crust and upper mantle at depths of 5 to 500 km, obtained by joint inversion of local and teleseismic data. The Vp anomalies in the crust (Figure 6a–c) are similar to those obtained by local tomography (Figure 5a–c). At 100 km depth, inland areas are dominated by low-V anomalies, while offshore areas exhibit high-velocity (high-V) anomalies (Figure 6d). At 200 km depth, a prominent low-V anomaly appears in the central part of the study area, whereas high-V anomalies exist in the north and southeast (Figure 6e). At 300 km depth, the boundary between high-V and low-V anomalies aligns roughly with the Zhenghe-Dapu fault zone, with low-V anomalies to the east and high-V anomalies to the west (Figure 5f). At 400 km depth (close to the bottom of the upper mantle), low-V anomalies are pervasive across the study area, with localized high-V anomalies embedded within them. At 500 km depth (in the mantle transition zone), the Vp structure is characterized by alternating high-V and low-V anomalies.




5.2. Vertical Cross Sections of Tomography


To further investigate the 3-D velocity structure of the crust and upper mantle beneath the Fujian region, we present six vertical cross-sections (Figure 6i) traversing major fault zones and tectonic units. Profiles AA’, BB’, and CC’ are oriented in the SW-NE direction, while profiles DD’, EE’, and FF’ are oriented in the NW-SE direction. Figure 7 shows Vp, Vs, and Vp/Vs ratio anomalies in the crust along Profiles AA’-CC’, which extend in a SW-NE direction and are almost parallel to the Zhenghe-Dapu fault. Among the three profiles, Profile BB’ right passes through the Zhenghe-Dapu fault, while Profiles AA’ and CC’ represent the western and eastern parts of the fault, respectively. Beneath the Zhenghe-Dapu fault and its eastern part, there exist obvious low-V and high-Vp/Vs anomalies in the lower crust (Figure 7d–i), where earthquakes occur actively. However, the velocity structure is dominated by low-V and low-Vp/Vs in the western part of the Zhenghe-Dapu fault (Figure 7a–c).



Figure 8 shows Vp, Vs, and Vp/Vs ratio images in the crust along Profiles DD’-FF’, which extend in a NW-SE direction and are almost perpendicular to the Zhenghe-Dapu fault. There exist clear low-Vs and high-Vp/Vs anomalies in the lower crust beneath the southern segment of the Zhenghe-Dapu fault (Figure 8a–f). However, beneath the northern Zhenghe-Dapu fault, the whole crust exhibits a high Vp/Vs ratio (Figure 8i).



Figure 9 shows the Vp tomography of the crust and upper mantle along Profiles AA’-FF’. The most prominent feature is the abundance of low-Vp anomalies in the upper mantle. In particular, along profiles BB’ and CC’, the low-Vp anomalies in the upper mantle beneath the Zhenghe-Dapu fault and its eastern region extend continuously from the mantle transition zone up to the Moho, which are labeled as L2 and L3 in Figure 9b,c.




5.3. Restoring Resolution Test


A restoring resolution test (RRT) is performed to further validate the reliability of our tomographic results (Figure 10 and Figure 11). The RRT is similar to the CRT, but the input synthetic 3-D velocity model is different. In the RRT, the input 3-D model is derived from the inverted velocity model as shown in Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9. The RRT results for the local and joint tomography are shown in Figure 10 and Figure 11, respectively. The majority of the velocity anomalies, including the major low-V and high-V features in the crust and upper mantle, are well recovered by the RRT. Only minor local details of the velocity structure exhibit relatively poor recovery, for example, the low-V in southwestern Fujian at 30 km depth. The resolution tests confirm that our tomographic model reliably represents the primary features of the deep-velocity heterogeneities beneath Fujian.





6. Discussion


6.1. Geodynamic Controls on Mineralization: Insights from Upper-Mantle Tomography


As shown in Figure 9, several prominent low-V anomalies (L1–L5) exist in the upper mantle beneath the Fujian region, extending down to ~400 km depth, which are consistent with the result of Xi et al. [29]. These low-V anomalies in the upper mantle are interpreted as major conduits for the upwelling mantle-derived hot materials, which might be associated with the Late Mesozoic slab tearing and subsequent eastward rollback of the Paleo-Pacific Plate driven by eclogite-facies metamorphism of the subducted slab [30]. The hot mantle flow indicated by these low-V anomalies likely ascended through the slab window formed by slab tearing, reached the base of the lithosphere, and thermally eroded the overlying lithospheric mantle. Mixtures of partial melts and hot mantle materials then migrated upward along the magmatic conduits and fault zones into the crust [31], triggering large-scale magmatism in Southeast China and extensive Au-Cu mineralization (110–90 Ma) in the WYT (e.g., the Zijinshan deposit; [32]).



Since the Late Mesozoic, the Paleo-Pacific Plate has subducted beneath the Eurasian Plate at a shallow angle, followed by slab rollback and tearing that triggered a regional tectonic transition from compression to extensive extension. The prominent low-Vp anomalies in the upper mantle beneath Southeast China are considered to be closely associated with the widespread Late Mesozoic magmatism [17]. During the Cenozoic, ongoing plate subduction transported the slab material into the lower mantle, driving upwelling of lower-mantle material into the upper mantle through reactivated Mesozoic magma chambers and channels. The large-scale low-V anomalies beneath the CB may indicate the presence of hot mantle materials associated with Mesozoic-Cenozoic large igneous provinces, with partial melting being the primary mechanism responsible for the low-V anomalies [33].



During the Late Jurassic, a major Au-Cu metallogenic belt (~2000 km in length) formed in the eastern CB [32,34]. The Au-Cu deposits in this belt are associated with volcanic-subvolcanic rocks and exhibit significant enrichment in large-ion lithophile elements and light rare earth elements. In contrast, the W-Sn mineralization-related granites in western Cathaysia are classified as A-type granites [35], indicating an extensional metallogenic setting induced by far-field effects of the Paleo-Pacific Plate subduction [36], which is considered as the primary control on the W-Sn mineralization in western Fujian. Similarly, an important metallogenic belt that contains rich polymetallic deposits exists in the Lower Yangtze block, and its deep dynamic mechanism of mineralization mainly originated from the subduction of the Paleo-Pacific plate [37]. Thus, we deem that the deep geodynamic mechanism related to the Paleo-Pacific plate subduction is applicable to discuss the deep mineralization mechanism of the entire eastern part of South China.



Notably, a distinct high-V anomaly (H2) overlies the low-V anomaly (L4) as shown in Figure 9, with a thickness exceeding the average lithospheric thickness of the CB (<100 km; [38]). Yang et al. [39] revealed the lithospheric thickness of the South China Block decreasing dramatically eastward from ~170 km in the west to ~60 km in the east. Integrating the seismic images with high-resistivity features identified by magnetotelluric sounding in this region [40], we infer that the high-V anomaly (H2 in Figure 8) represents a dry, refractory remnant of Proterozoic mantle lithosphere that has been relatively unmodified by subsequent mantle upwelling and magmatism. High-V anomalies (H1 and H3) are revealed at ~150 km depth beneath northeastern Fujian, with the most prominent expressions in the northeastern coastal zone (Figure 9c,f). Huang et al. [17] initially interpreted these anomalies as cooled igneous rocks in the uppermost mantle, given the extensive Late Mesozoic igneous rocks and intense volcanism along the Fujian coast. Huang et al. [41] further suggested that the anomalies represent the depleted mantle with high forsterite content formed by melt extraction.



The subduction of the Paleo-Pacific Plate during the Early Cretaceous triggered partial melting of hydrous peridotite in the mantle wedge, which ascended and underplated the overlying lithosphere. Then the lithosphere had undergone delamination and thinning, which provided the condition for the intrusion of hot materials into the crust, as shown in Figure 9. The thermal energy transferred by these melts caused partial melting of the ancient crustal basement, ultimately forming the widespread intermediate-acid igneous suite in Fujian.




6.2. Crustal Structure and Its Implications for Metallogeny


The Vp/Vs ratio in the crust is closely correlated with the quartz and feldspar compositions of crustal rocks. In general, the intrusion of mafic materials increases the crustal Vp/Vs ratio while felsic compositions result in lower Vp/Vs ratios [42]. Thus, the Vp/Vs ratio is an effective parameter for constraining crustal composition and identifying tectonically induced compositional variations. Previous studies have suggested that the crustal thickness beneath Fujian is 27.4–34.3 km [43], and there exists a clear negative correlation between the crustal thickness and Vp/Vs ratio [44]. Goyal and Hung [20] further documented a gradual thinning of the crust from ~35 km in the northwest to ~27 km in the southeastern coastal zone. Cai et al. [16] reported low Vp/Vs ratios (1.6–1.7) across most of Fujian. Our results are consistent with these previous findings, revealing pervasive low Vp/Vs ratios accompanied by relatively high Vs in the mid-upper crust beneath Fujian (Figure 5g,h), suggesting that some felsic, quartz-rich, and relatively rigid crustal compositions exist there.



However, a different velocity pattern appears at ~15 km depth within the middle crust beneath the western part of the study region, where pronounced low-Vp, low-Vs, and low Vp/Vs ratio anomalies exist (Figure 5b,e, Figure 7a–c, and Figure 8a–f). Similar mid-crustal low-V zones have also been identified across a broader area of the CB [45]. In addition, Zhou et al. [46] reported relatively low Vp/Vs ratios beneath the northern South China Sea and interpreted them as reflecting quartz-rich crustal compositions. Because partial melting generally leads to elevated Vp/Vs ratios [47], the coexistence of low seismic velocities and low Vp/Vs ratios revealed by this study does not support extensive partial melting as the dominant origin of these anomalies.



Li et al. [45] suggested that the mid-crustal low-V zones beneath the CB are more likely associated with the α–β quartz transition (ABQT). Under appropriate temperature–pressure conditions, the phase transition from α-quartz to β-quartz can significantly reduce seismic velocity [48,49]. The CB upper crust is characterized by high silica contents [50], together with elevated regional thermal activity [51] and widespread Mesozoic magmatism [52,53,54]. These geological and thermodynamic conditions provide a favorable environment for the occurrence of ABQT, particularly within a felsic and quartz-rich crustal framework. Furthermore, experimental studies [48] have found that the ABQT process is commonly accompanied by a significant reduction in rock density, which is consistent with the mid-crustal low-density anomalies identified beneath the CB [55].



Notably, the low-Vs and high-Vp/Vs anomalies are primarily concentrated at some intersections of major fault zones, for example, (1) the junction of the Shaowu-Heyuan and Nanping-Ninghua fault zones in western Fujian, (2) the intersection of the Zhenghe-Dapu and Yongan-Jinjiang fault zones in central Fujian, and (3) the Changle-Zhaoan fault zone along the coast (Figure 5i). These distribution features are consistent with the receiver function results [43]. A geothermal result further shows anomalously high heat flows beneath these areas [56]. Fault intersections are characterized by intense fracturing and mechanical weakening, making them favorable conduits for magma upwelling and eruption. Mafic magmas likely intruded into the crust along these faults and accumulated near the fault zones, increasing the mafic component of the crustal rocks and thereby elevating the Vp/Vs ratio. Meanwhile, the associated thermal perturbations and possible localized partial melting may have further reduced Vp and Vs in these regions. Our results further show that the intersection of the Zhenghe-Dapu and Yongan-Jinjiang faults exhibits prominent low-Vs (Figure 5e) and high-Vp/Vs anomalies at ~15 km depth (Figure 5h), indicating that magma ascended along these faults into the mid-crust.





7. Conclusions


In this study, we conduct a joint inversion of local and teleseismic travel-time data to determine a high-resolution 3-D velocity model of the crust and upper mantle (down to 500 km depth) beneath Fujian Province, China. Our tomography reveals some significant low-V anomalies in the upper mantle down to the mantle transition zone, which may represent upwelling mantle flows. In addition, some low-V and high-Vp/Vs anomalies exist in the crust beneath major fault zones and the coast area of Fujian, which are interpreted as magmatic channels. Combining the present results with previous findings, we consider that the deep mineralization beneath Fujian is primarily controlled by the subduction, rollback and tearing of the Paleo-Pacific Plate during the Late Mesozoic, which triggered large-scale mantle upwelling, lithospheric thinning and intense crust-mantle interactions. The fault zones provide essential conduits for the intrusion of upwelling mantle flow. This deep geodynamic model is also applicable to explain the deep mechanism of mineralization during the Mesozoic in the eastern part of South China.
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Figure 2. (a) Distribution of P-wave (red) and S-wave (blue) travel times of local earthquakes. (b) Histogram of relative travel-time residuals (in second) of teleseismic events. (c) Distribution of teleseismic events (red stars) used in this study. The blue lines denote plate boundaries. The yellow triangle denotes the center of the present study area. 
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Figure 3. Results of a checkerboard resolution test in the crust by using local earthquake tomography with a lateral interval of 0.5°. (a–c) For Vp tomography. (d–f) For Vs tomography. The layer depth is shown above each map. 
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Figure 4. Results of a checkerboard resolution test for Vp tomography of the crust and upper mantle by conducting a joint inversion of local and teleseismic data. The lateral grid interval is 0.5°. The layer depth is shown above each map. 
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Figure 5. Map views of crustal tomography obtained by inverting arrival times of local earthquakes. (a–c) Vp images. (d–f) Vs images. (g–i) Vp/Vs ratio images. The layer depth is shown above each map. The black dots denote local seismicity at depths of 0–10 km (a,d,g), 10–25 km (b,e,h), and 25–40 km (c,f,i). The black lines denote active faults. 
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Figure 6. Map views of Vp tomography of the crust and upper mantle obtained by a joint inversion of local and teleseismic data. The layer depth is shown above each map. The red lines in (i) denote locations of the vertical cross-sections in Figure 7, Figure 8 and Figure 9. Other symbols are the same as those in Figure 5. 
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Figure 7. Vertical cross-sections of crustal tomography. (a–c) Vp, Vs, and Vp/Vs ratio images along Profile AA’; (d–f) Vp, Vs, and Vp/Vs ratio images along Profile BB’; (g–i) Vp, Vs, and Vp/Vs ratio images along Profile CC’. Locations of the profiles are shown in Figure 6i. F4: the Shaxian-Nanri Island fault; F6: the Yongan-Jinjiang fault. The color dots denote local seismicity within a width of 30 km of each profile. 
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Figure 8. The same as Figure 7 but along Profiles DD’, EE’, and FF’. F1: the Shaowu-Heyuan fault; F2: the Zhenghe-Dapu fault; F3: the Changle-Zhaoan fault; F5: the Nanping-Ninghua fault. The color dots denote local seismicity within a width of 30 km of each profile. 
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Figure 9. Vertical cross-sections of Vp tomography in the crust and upper mantle along Profiles AA’–FF’ (corresponding to subfigures (a–f)). Locations of the profiles are shown in Figure 6i. F2: the Zhenghe-Dapu Fault; WYT: the Wuyishan Terrane; ECB: the East Cathaysia Block. The black dots denote local seismicity within a width of 30 km of each profile. 
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Figure 10. Results of a restoring resolution test for local crustal tomography. (a–c) For Vp tomography. (d–f) For Vs tomography. The synthetic input model is shown in Figure 5. The layer depth is shown above each map. 
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Figure 11. Results of a restoring resolution test for Vp tomography of the crust and upper mantle by a joint inversion of the local and teleseismic data. The synthetic input model is shown in Figure 6. The layer depth is shown above each map. 
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