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S U M M A R Y
The 2400-km-long Tan-Lu fault, the largest deformation zone in eastern China, plays a decisive
role in the seismicity, regional tectonics and mineral deposits distributions. However, the
velocity structure beneath the Tan-Lu fault, particularly in the southern segment, is poorly
imaged due to the lack of local earthquakes. To obtain a high-resolution crustal structure
image, we carried out an active source experiment by firing mobile airgun sources along the
Yangtze River in the Anhui Province in October 2015. We manually picked 4118 P wave
and 1906 S wave first arrival times from the airgun signals. We also collected 28 957 P wave
and 26 257 S wave first arrival times from local earthquakes in a larger area. 3-D crustal
velocity images beneath the southern segment of the Tan-Lu fault and surrounding areas are
studied using traveltime tomography. Compared with the local earthquake data, the active
source data provide better constraints on the upper crustal structure, which further refines the
resolution of the lower-crust structure. The Vp and Vs crustal structures are consistent with the
local geological settings, and earthquakes are primarily clustered near faults and are spatially
correlated with low-velocity zones. Strong velocity contrasts are observed across the Tan-Lu
fault zone, which is the main factor controlling local anomalies. The high Vp, Vs and Vp/Vs
beneath the Qinling-Dabie orogenic belt and the Middle-Lower Yangtze River Metallogenic
Belt may relate to Mesozoic lithospheric delamination and asthenospheric upwelling. These
results also demonstrate that the mobile large-volume airgun sources are promising tools for
3-D crustal structure surveys.
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1 I N T RO D U C T I O N

The NNE-extending Tan-Lu (TanCheng-LuJiang) fault is the largest active deformation zone in eastern China (Deng et al. 2013; Wu et al.
2016). With a total length of 2400 km, it extends from Luobei County, Heilongjiang Province, to the southern end of Guangji County, Hubei
Province. The formation mechanism and evolutionary history of the Tan-Lu fault are still under debate (Yin & Nie 1993; Xu & Zhu 1995;
Wan et al. 1996; Zhu et al. 2004). Wan et al. (1996) proposed that the Tan-Lu fault initiated in the Middle and Late Triassic (230–208 Ma)
due to the collisional orogeny between the North China block and South China block with 430 km of accumulated sinistral strike slip and
gradually formed the current deep fault cutting down to the upper mantle. The Tan-Lu fault zone is also a linear gravity gradient belt, a
regional magnetic anomaly transition boundary, and a well-known seismic zone (Wan et al. 2009; Wu et al. 2016), hosting several destructive
historical earthquakes (e.g. the 1668 M 8.5 Tancheng earthquake and the 1975 M 7.3 Haicheng earthquake).
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Figure 1. Map of the Anhui Airgun Experiment. The 20 red stars represent the fixed shooting sites (D01–D20). The black solid triangles indicate broad-band
seismic stations, and the green triangles indicate short-period seismometers or geophones. The red and blue dashed lines indicate recent DSS profiles (Bai
et al. 2016) and cross sections (see Section 5 for more details). The solid grey lines indicate geologic faults (Ouyang et al. 2015; Xu & Gao 2015; She et al.
2018). CHF, the Chuhe fault; CJF, the Changjiang fault; HXF, the Huaiyin-Xiangshui fault; JNF, the Jiangnan fault; JSF, the Jiangshan-Shaoxing fault; MSF,
the Maoshan fault; SDF, the Shouxian-Dingyuan fault; TLF, the Tan-Lu fault; XGF, the Xiangfan-Guangji fault; XLF, the Xinyang-Lu’an fault; YCF, the
Yangxin-Changzhou fault; LYB, the Lower Yangtze block; MLYRMB, Middle-Lower Yangtze River Metallogenic Belt; NCB, the North China block; QDOB,
the Qinling-Dabie orogenic belt; SCB, the South China block; SLOB, the Sulu orogenic belt; AQ, Anqing; JR, Jiurui; LZ, Luzong; NW, Ningwu; NZ, Ningzhen;
TL, Tongling. The abbreviation holds for the rest of this paper.

The Tan-Lu fault can be divided into three segments (northern, central and southern) by the Changtu (separates the northern and central
segments) and Jiashan (segments the central and southern sections) counties according to different geological structures and seismicity
(Luo et al. 2005; Wan et al. 2009; Deng et al. 2013; Wu et al. 2016). Currently, the seismicity along the fault is weak and inhomogeneous
in the northern segment and the dominant mechanism is reverse for deep earthquakes and strike slip with thrust for shallow earthquakes
(Ge et al. 2009). In the central segment, Quaternary strike-slip faulting is prevalent in the north (where strong historical earthquakes have
occurred) but weakens in the portion south to the Suqian County (Shi et al. 2003). In the southern segment, the activity of strong earthquakes
(M > 5) is rather weak although the small earthquakes are relatively active, and the focal fault rupture type is dip slip along the Tan-Lu fault
but strike slip in the adjacent areas (Liu et al. 2006).

Recently, the southern segment of the Tan-Lu fault and its adjacent regions (Fig. 1) have become the focus of seismological, tectonic, and
geological studies. This area is a tectonic syntaxis of the Qinling-Dabie orogenic belt, North China block and Yangtze block. The southern
segment of the Tan-Lu fault intersects with the Xiangfan-Guangji fault; however, the southward extension of the Tan-Lu fault is still under
debate (Yao & Fang 1981; Xu et al. 2001). The Qinling-Dabie orogenic belt is located to the west of the Tan-Lu fault, which contains
widespread ultrahigh-pressure (UHP) rocks, resulting from the collision of the Yangtze and Sino-Korean cratons in the Mesozoic (Wang et al.
2000). However, the depth extension of the UHP rocks is yet to be determined (Wang et al. 2000; Xu et al. 2000; Li et al. 2002; Ding et al.
2017). In addition, this area is rich in metallic and polymetallic deposits (Dong et al. 2010). Most deposits are clustered along the Yangtze
River (e.g. Ningzhen, Ningwu, Luzong, Tongling, Anqing, Guichi and Jiurui) and in adjacent regions (Jiang et al. 2013). However, their
extension, characteristics and formation mechanisms are debatable (Li 2001; Lyu et al. 2003, 2005; Hou et al. 2007; Ling et al. 2009; Li
et al. 2013). High-resolution crustal imaging may provide some evidences to resolve these controversies.

Over the past few decades, numerous imaging attempts have been made around the southern segment of the Tan-Lu fault using the
deep seismic sounding (DSS, Bai et al. 2016), which provide important insights into the understanding of fine structures. Recently, 3-D
S-wave velocity structures also have been obtained from ambient noise tomography (Luo et al. 2012; Ouyang et al. 2015; Meng et al. 2019).
However, these previous geophysical studies have focused on individual profiles or specific small areas. Further, P- and S-wave images were
obtained separately in previous studies, which may impede the understanding of underground structures (Ryberg et al. 2012; Zhang et al.
2014). Therefore, large-scale 3-D Vp and Vs structures of this region are still in demand to further investigate regional geologic features,
seismogenic mechanisms, mineral resource distributions and local seismic hazard assessment (Zhang et al. 2005; Yao et al. 2014; Wu et al.
2016).

Local and teleseismic earthquake body-wave tomography can provide Vp and Vs velocity images synchronously (e.g. Zhao et al. 1992).
However, the seismicity in this region was uneven (strong in the west while weak along the Yangtze River), which may affect the imaging
results. High performance active sources, to some extent, can fill the gaps of natural earthquakes. The use of conventional active sources (e.g.
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 (a) Stacked waveforms for the permanent seismic stations at D13

(b) Stacked waveforms for L4 profile at D08

Figure 2. The linearly stacked waveforms using the RMS data selection strategy for the permanent seismic stations at D13 (a) and for L4 profile at the D08
(b). The green and red dots indicate the first arrival P and S phases, respectively. The waveforms with a bandpass filter of 2–8 Hz are plotted, which is the
dominant frequency (Wang et al. 2018).

explosives) has been more restricted due to environment and safety issues. Recently, the large-volume airguns are proposed to excite seismic
waves in the on-shore water bodies (Chen et al. 2017; Wang et al. 2018, 2020).

Airgun sources have long been used in exploring structures in marine areas (Vaage et al. 1983), near-shore areas (Godfrey et al. 2002;
Qiu et al. 2007; Cai et al. 2015; Guo et al. 2019), and volcanic areas (Zollo et al. 2003; Evangelidis et al. 2004; Calvert et al. 2008;
Zandomeneghi et al. 2009; Shalev et al. 2010; Garcı́a-Yeguas et al. 2012; Paulatto et al. 2012). Using small airguns, Hao et al. (2013) also
imaged the detailed shallow fault structures along the Mississippi River. Herein, to study the 3-D high-precision velocity structures beneath
the southern segment of the Tan-Lu fault, we performed an active source survey in this region (referred to as the Anhui Airgun Experiment
hereafter), which, to our best knowledge, is the first on-shore 3-D crustal structure exploring experiment using airgun source.

The records from the Anhui Airgun Experiment have been used to image the P-wave (Tian et al. 2018) and S-wave (She et al. 2018)
velocity structures of the upper crust based on the first arrival P wave and surface wave data, respectively. Further, airgun sources can radiate
strong S waves associated with the P-wave energy (Wang et al. 2018, 2020). In this paper, we perform body-wave tomography of the southern
segment of the Tan-Lu fault and adjacent area using both P- and S-wave data from the airgun sources. We also compare imaging resolution
to the result of local earthquakes tomography and perform a combined inversion to obtain high-resolution results.

2 T H E A N H U I A I RG U N E X P E R I M E N T

2.1 Setting of the Anhui Airgun Experiment

During the period of 10–20 October 2015, we performed an active source experiment by firing mobile airgun sources along the Yangtze River
in the Anhui Province, eastern China. The airgun source was composed of four individual guns with total volume of 8000 in3 mounted on
the R/V Yanping II. In total, 4845 airgun shots were fired along the 300-km-long Ma’anshan-Anqing segment of the Yangtze River (Fig. 1).
Of the 4845 shots, 2973 shots were fired at 20 fixed shooting sites (45–339 shots at each site) and 1872 shots were fired in the walkway (Xu
et al. 2016). The receiving system was composed of 109 permanent three-component broad-band seismic stations (Data Management Centre

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/223/3/2148/5910490 by Institute of G

eology and G
eophysics, C

AS user on 09 N
ovem

ber 2020



3-D crustal Vp and Vs of southern Tan-Lu 2151

Figure 3. (a) Clock error distribution of the L0–L5 profile stations. (b) Manually picked traveltimes of the first arrival P and S phases. Panels (c) and (d) are
the ray coverage of the P waves and the S waves, respectively.

of China National Seismic Network 2007; Zheng et al. 2010) and 853 portable three-component short-period seismometers or geophones
(Fig. 1). The portable stations were deployed along 11 profiles (nine parallel and two perpendicular to the source trace). Seismographs were
deployed with an average spacing of 2 km in the riverside profile (L0) and 4–5 km in the other profiles. Unfortunately, due to instrumental
problems, only 6 of the 11 profiles recorded the airgun signals (Fig. 1b). Both sources and seismometers were synchronized to the global
positioning system.

2.2 Arrival time picking

We first cut the three-component airgun records of each shot 10 s before and 200 s after the origin time. The signals from the 20 fixed
position shots were then stacked to enhance the signal-to-noise ratio (SNR). The records from the walkway shots were not used herein. The
linearly stacked waveforms (Fig. 2) obtained using the root-mean-square (RMS) data selection strategy (Jiang et al. 2017) have higher SNRs
compared with linear stacking (Zhang et al. 2016; Tian et al. 2018).

Then, we manually picked the first arrival P and S phases from the stacked waveforms. Stations with average clock errors >100 ms were
discarded (Fig. 3a). Eventually, we obtained 4118 P-wave first arrival times. Exploiting the high shear wave energy from the airguns (Chen
et al. 2017; Wang et al. 2018), we also picked 1906 S-wave first arrival times. Both the P- and S-wave ray paths cover the study area fairly
well (Fig. 3).

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/223/3/2148/5910490 by Institute of G

eology and G
eophysics, C

AS user on 09 N
ovem

ber 2020



2152 Y. Zhang et al.

  40

  35

  30

  25

  20

  15

  10

  5

0

D
ep

th
 (k

m
)

Velocity (km/s)

(a)

  40

  35

  30

  25

  20

  15

  10

  5

0

D
ep

th
 (k

m
)

  40

  35

  30

  25

  20

  15

  10

  5

0

D
ep

th
 (k

m
)

  40

  35

  30

  25

  20

  15

  10

  5

0

D
ep

th
 (k

m
)

(b)

(d) (e)

 40

 35

 30

 25

 20

 15

 10

 5

0

D
ep

th
 (k

m
)

(c)

 40

 35

 30

 25

 20

 15

 10

 5

0

D
ep

th
 (k

m
)

  4      5      6       7      8      9   4      5      6       7      8      9   4      5      6       7      8      9

 2.5     3     3.5    4     4.5     5  2.5     3     3.5    4     4.5     5  2.5     3     3.5    4     4.5     5

(f)

Xu et al., 2000
Laske et al., 2013
Tian et al., 2018

Initial models-P Inverted models-P

Initial models-S Final model-S

Final model-P

Inverted models-S

Weighted average

 velocity 

velocity
Final linearized

Weighted average

 velocity 

velocity
Final linearized

Xu et al., 2000
Laske et al., 2013
Tian et al., 2018

Xu et al., 2000
Laske et al., 2013
Tian et al., 2018

Xu et al., 2000
Laske et al., 2013
Tian et al., 2018

Velocity (km/s) Velocity (km/s)

Velocity (km/s) Velocity (km/s) Velocity (km/s)

Figure 4. (a) Three 1-D P-wave velocity models averaged from the initial models (Xu et al. 2000; Laske et al. 2013; Tian et al. 2018). (b) The inverted models
obtained from the VELEST program starting from each of the different initial models shown in panel (a). (c) The weighted average velocity and the final 1-D
P-wave velocity model (VPmodel). Panels (d)–(f) correspond to the S-wave models, and the 1-D S-wave velocity initial models in panel (d) were divided by 1.73
compared to the P-wave velocities in panel (a).

3 1 - D V E L O C I T Y M O D E L F RO M A I RG U N DATA

A good initial 1-D velocity model is of key importance in local earthquake tomography which is generally a nonlinear inversion process
(Crosson 1976; Thurber 1983; Kissling 1995; Matrullo et al. 2013). To obtain appropriate 1-D P- and S-wave velocity models for our study
region (28◦–34◦N, 114◦–120◦E), we used the VELEST package (Kissling et al. 1994). The VELEST package can estimate the 1-D (layered)
velocity models with station corrections via an inversion of the damped least-square matrix of the traveltime partial derivatives (Kissling
1995). First, the average depths of the upper-middle crust, the middle-lower crust and the Moho discontinuities were estimated from crust1.0
(Laske et al. 2013) as 10.98, 21.88 and 32.84 km, respectively. The average Moho depth is consistent with that estimated from the receiver
functions [32.45 km by Li et al. (2014) and 32.70 by He et al. (2014)].

We then jointly inverted the P- and S-wave velocity models with different initial models (Xu et al. 2000; Laske et al. 2013; Tian et al.
2018) using airgun data and set the layers with depth of 3-, 6-, 9-, 11-, 14-, 17-, 22-, 27- and 33-km after testing different thicknesses. We
did not add a low-velocity layer to avoid potential instabilities in the inversion (Kissling 1995). For each initial model, a stable solution was
obtained after 3–15 iterations. To make the initial model more precise, we first average of the three inverted models with weighting factors
0.3, 0.2 and 0.5 for Xu et al. (2000), Laske et al. (2013) and Tian et al. (2018), respectively. We then linearized this result by considering the
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Figure 5. Result of checkerboard resolution test for P- and S-wave velocity at different depths inverted using the airgun data.

values at 3, 11, 22 and 33 km as the final 1-D P- and S- wave velocity models (VPmodel and VSmodel, respectively). The details of the inversion
process are displayed in Fig. 4.

The velocities <20 km in inverted models are better converged than those in the initial models (Figs 4a and b). And our data have good
ray path coverage only for depths <20 km (Fig. 5). The velocity of the uppermost mantle is ∼7.67 km s–1, which coincides with the result
from Pn tomography (Gu et al. 2016).

4 B O DY- WAV E T R AV E LT I M E T O M O G R A P H Y

4.1 Tomography using airgun data

Using the precise active source locations, the manually picked traveltimes, and the final 1-D P- and S-wave velocity models (Fig. 4), we
only inverted the velocity structure without source relocation when we implemented body-wave traveltime tomography using the TOMOG3D
program (Zhao et al. 1992, 1994). The gridding setting of the tomographic inversion was selected according to the checkerboard test (Zhao
et al. 1992, 1994). For the checkerboard tests, we alternately added ±4 per cent perturbations to the adjacent gridpoints. In addition, random
errors with a normal distribution and a standard deviation of 0.1 s were added to the theoretical traveltimes to simulate the noise effect.
According to the ray coverage and the checkerboard test, we set the grid spacing to 0.5◦ × 0.5◦ horizontally and 0, 5, 10, 15, 25 and 34 km
in depth. The checkerboard results indicate that the velocity images of the upper crust and uppermost mantle are well resolved, whereas the
middle- and lower-crust images are poorly constrained (Fig. 5).
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Figure 6. P- and S-wave velocity images at different depths inverted using the airgun data.

In the tomography, we only used the data with traveltime residuals (absolute difference between the observed and calculated traveltimes)
≤2 s for both the P and S waves. In addition, only grids nodes with hit counts ≥10 were used in the inversion. After various tests, the damping
factor was set to 3 according to the tradeoff curve (Eberhart-Phillips 1986; Aster et al. 2013).

In general, images at depths of 0, 5, 10, 15 and 34 km are very reliable (Fig. 5). Our 3-D model (Fig. 6) is consistent overall with the
geological settings. For both P- and S-wave images, the Qinling-Dabie orogenic belt presents high-velocity anomalies whereas the Middle-
Lower Yangtze River Metallogenic Belt is widespread of low-velocity anomalies (Fig. 6). Meanwhile, clear velocity contrasts are observed
crossing major fault zones (e.g. the Tan-Lu and Chuhe faults).

4.2 Tomography using both airgun and earthquake data

The airgun data cover only part of our study area, and the checkerboard results indicate that the resolving ability of the airgun data is poor in
the middle and lower crust (Fig. 5). To get better crustal images, we added local earthquakes to cover a larger area and to better resolve the
velocity structure of the middle to lower crust. We used 3560 local earthquakes with magnitudes >1 from January 2008 to March 2018 (China
Earthquake Network Center, CENC bulletin), these earthquakes have location uncertainties less than 5 km (accuracy of class 1 in CENC
bulletin). The 10-years earthquake data cover the study area fairly well, leaving a small gap in the Middle-Lower Yangtze River Metallogenic
Belt, the gap is partially filled by the airgun data (Fig. 7).
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3-D crustal Vp and Vs of southern Tan-Lu 2155

Figure 7. (a) The distribution of local earthquakes (M > 1). (b) Traveltime curve of the local earthquakes after deleting data with residual errors >2 s (28 957
P phases and 26 257 S phases). Panels (c) and (d) are P- and S-wave ray coverage of the local earthquakes, respectively. Panels (e) and (f) are the combined P-
and S-wave ray coverage of the airgun sources (red lines) and the local earthquakes (grey lines), respectively.
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indicate local earthquakes with magnitudes >2 (within 5 km above and below the drawing depth).
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Figure 10. The earthquake (M > 1) distribution and traveltime residuals before and after earthquake relocation.

Through the same tests, we used the same inversion parameters as in the airgun source tomography (Section 4.1) and obtained the result
of checkerboard resolution test and the velocity images at different depths using both airgun sources and the local earthquakes (Figs 8 and 9).
After adding the earthquakes, the middle and lower crust imagings are better constrained (Fig. 8).

After the inversion, the distribution of the earthquake location and traveltime residuals are improved (Fig. 10). Uncertainties of the
hypocentral location are 0.01◦ and 2.92 km in the horizontal and depth directions after inversion (Figs 10b and d). In addition, the traveltime
residuals after inversion are remarkably reduced (Figs 10e and g), and follow a Gaussian distribution centred at 0 s for both P and S wave
(Figs 10f and h).

5 D I S C U S S I O N

5.1 Resolving abilities of the airgun sources and earthquakes

Results of checkerboard tests indicate that the airgun sources and local earthquakes have different resolving abilities for the crustal structure.
To further investigate this difference, we cut a vertical cross section along the latitude of 31◦N (AA′ in Fig. 1b) from both the checkerboard
and real data tomography (Fig. 11).
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Figure 11. Result of checkerboard resolution test and velocity image for P-wave velocity of the vertical section along the latitude of 31◦N (profile AA′ in
Fig. 1b). The thin green circles indicate local earthquakes within 0.25◦ on both sides of the profile, and this also holds for the rest of this paper.

As suggested in Sections 4.1 and 4.2, the airgun sources resolve the upper crust better than the lower crust, whereas the earthquake data
pose more constraints on the lower crust. Notably, both the upper and lower crusts are better resolved by the combined data than by the airgun
or earthquake data alone (Fig. 11). A better constraint in one location may decrease ambiguities in other parts, which is also the situation
in joint tomography using different geophysical data (e.g. Zhang et al. 2014; Syracuse et al. 2017). The velocity images (Fig. 11c) resolved
with the combined data resemble the structures obtained from the airgun data tomography (Fig. 11a) in the upper crust and earthquake data
tomography (Fig. 11b) in the lower crust.

Besides the first arrival P and S waves, the stacked waveforms of the airgun data have abundant PmP phases (Fig. 2b), which can also be
used to improve the resolution of the lower crust (e.g. Zhao et al. 2005). In the future study, we will refine the tomography by adding more
phases.

5.2 Main features of the velocity anomalies and correlations with the earthquake distribution

For our velocity images, in the shallow part (0 and 5 km), the Qinling-Dabie orogenic belt presents a high-velocity anomaly, whereas the
Hehuai, Jianghan, Hefei and Subei basins (Fig. 9) show low-velocity anomalies. These anomalies are consistent with the geological settings
and in agreement with the results reported by Xu et al. (2001), Ouyang et al. (2015) and Meng et al. (2019).

The most significant characteristic in our imaging result is the velocity variations along the NNE direction, this pattern is in corresponding
with the extension of the Tan-Lu fault. Distinct whole crust velocity differences exist between two sides of the Tan-Lu fault, which implies
that the Tan-Lu fault is the main factor controlling these anomalies and is a deep fault cutting down to the Moho discontinuity (Xu et al.
2001; Huang et al. 2011; Ding et al. 2017). The receiver function result (Shi et al. 2013) also revealed the uplifted Moho (even the LAB,
lithosphere–asthenosphere boundary) beneath the Tan-Lu fault.

In an example of a profile (Fuliji-Fengxian) across the Tan-Lu fault (Fig. 12), there is an obvious slant high–low-velocity boundary
beneath the Tan-Lu fault, with higher velocities in the North China block. Meanwhile, the Subei basin shows low velocities in the upper crust
for both the P- and S-wave velocity structures. These features are similar to the results reported by Bai & Wang (2006). Moreover, our result
implies that the Tan-Lu fault cuts down to the Moho (not only for the upper and middle crust), which is consistent with the results reported
by Zheng & Teng (1989), Weng et al. (1990) and another profile along Lingbi-Siyang (∼80 km north of profile 1, Liu et al. 2015). Liu et al.
(2015) also revealed that the transition of the crust–mantle transition zone beneath the Tan-Lu fault is obviously uplifted, corresponding to
the lower crust high-velocity anomaly in our model, which may be an upwelling channel for hot material from the upper mantle.

After relocation, the earthquakes primarily concentrate near faults such as the Xiangfan-Guangji and Xinyang-Lu’an faults (Figs 9
and 10). Meanwhile, local earthquakes are primarily distributed in the low-velocity zone of the northeast region. In general, for a low-velocity
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3-D crustal Vp and Vs of southern Tan-Lu 2159

Figure 12. The P-wave, S-wave velocity images and Vp/Vs model for the combined inversion of the active sources and local earthquakes of the Fuliji-Fengxian
profile (profile 1 in Fig. 1a). The black lines are the predicted dip of Tan-Lu fault.

layer within the crust (in a weakened crust), deformation occurs via viscous or dislocation creep in response to regional plate stress and via
elastic failure in small earthquakes (Long & Zelt 1991; Huang et al. 2011).

5.3 Crustal structures of the Qinling-Dabie and Sulu orogenic zones

To better understand the crustal structures, the thickness and occurrence of UHP rocks beneath the Qinling-Dabie and Sulu orogenic belts,
we prepared vertical sections beneath four profiles (profiles 3–6 in Fig. 1a) in Fig. 13.

Beneath the Qinling-Dabie orogenic belt, three profiles present P- and S-wave velocities higher than the surrounding areas. The Vs in
profile 6 (Fig. 13c) shows the same high-low velocity trend with the nearby profile CC′ in Meng et al. (2019). Meng et al. (2019) explained
the high-velocity anomaly beneath the Qinling-Dabie orogenic belt related to the lithosphere and lower crust delamination and Mesozoic
volcanic magmatism in eastern China. Furthermore, the Vp in profile 6 (Fig. 13c) is similar to the results reported by Wang et al. (2000) and
the red dashed line indicates the suture (dipping north) between the Sino-Korean and Yangtze cratons. However, the high-velocity anomaly
in our result extends to the middle and lower crust, which is deeper than the anomaly revealed by Wang et al. (2000).

The Vp, Vs and Vp/Vs images beneath the Sulu orogenic belt (Figs 13d) indicate there are velocity contrasts across the Huaiyin-Xiangshui
and Tan-Lu faults, with the velocity increasing from south to north in different blocks. Furthermore, the low-velocity zone of the upper crust
disappears after entering the Sulu UHP metamorphic belt. These features are the same as those reported by Meng et al. (2019) via ambient
noise tomography. They postulated that the low-velocity anomalies at depths of 10 km may be a fracture zone between the UHP metamorphic
rock and the Yangtze block, which may be the boundary between the Yangtze and North China blocks (black dashed line in Fig. 13d).

For these profiles, high-velocity (and high Vp/Vs) zones at depths of 5–10 km (green circles in Fig. 13) may correspond to HUP rocks,
consistent with the results reported by Wang et al. (2000), Yang (2002), Huang et al. (2011) and Luo et al. (2012). Moreover, high-velocity
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Figure 13. Vertical depth section of the P-wave, S-wave velocity images and Vp/Vs models beneath the Qinling-Dabie and Sulu orogenic belts from the
combined inversion of the active sources and the local earthquakes: (a) profile 4 in Fig. 1; (b) profile 5 in Fig. 1; (c) profile 6 in Fig. 1 and (d) profile 3 in Fig. 1.

anomalies are generally distributed in the middle crust (at depths of 11–22 km), as reported by Luo et al. (2012) and Meng et al. (2019).
These high-velocity anomalies in the middle crust may be related to lithospheric delamination and asthenospheric upwelling. In such a case,
magma originates from the partial melting of the middle and lower crust, then enters the overlying crust through intrusions, and directly cools
in the upper and middle crust to form high-velocity anomalies (Zhao & Zheng 2009; Liu et al. 2016; Meng et al. 2019). Xu et al. (2001) even

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/223/3/2148/5910490 by Institute of G

eology and G
eophysics, C

AS user on 09 N
ovem

ber 2020



3-D crustal Vp and Vs of southern Tan-Lu 2161

  12

  9

  6

  3

0

30.5 31.0 31.5

3

3.3 3.4 3.5 3.6 3.7 km/s
(b) Vs-MLYRMB

Latitude/°

D
ep

th
/k

m

  12

  9

  6

  3

0

30.5 31.0 31.5

3

km/s
(a) Vp-MLYRMB

Latitude/°

D
ep

th
/k

m
5.6 5.8 6.0 6.2 6.4

(d) Vp-profile 2 (Lixin-Yixing)

(e) Vs-profile 2 (Lixin-Yixing)

Longitude/°

km/s5.1 5.4 5.7 6.0 6.3 6.6 6.9 7.2

3.0 3.2 3.4 3.6 3.8 4.0 4.2 km/s

0
0.05
0.10

E
le

v/
km

D01D20 AQ TL NWCJF CJF

0
0.05
0.10

E
le

v/
km

D01D20 AQ TL NWCJF CJF

  30

  20

  10

0

116.5 117.0 117.5 118.0 118.5 119.0 119.5 120.0

0
0

0.25
0.50

D
ep

th
/k

m
E

le
v/

km

SDF TLF CHF MSF
Ningwu ore

Longitude/°

  30

  20

  10

00
0

0.25
0.50

D
ep

th
/k

m
E

le
v/

km

SDF TLF CHF MSF
Ningwu ore

Lower-crust subduction or stacking

116.5 117.0 117.5 118.0 118.5 119.5 120.0119.0

  12

  9

  6

  3

0

30.5 31.0 31.5

3

(c) Vp/Vs-MLYRMB

Latitude/°

D
ep

th
/k

m

0
0.05
0.10

E
le

v/
km

D01D20 AQ TL NWCJF CJF

1.4 1.5 1.6 1.7 1.8 1.9 2.0
(f) Vp/Vs-profile 2 (Lixin-Yixing)

Longitude/°

  30

  20

  10

0

116.5 117.0 117.5 118.0 118.5 119.0 119.5 120.0

0
0

0.25
0.50

D
ep

th
/k

m
E

le
v/

km

SDF TLF CHF MSF
Ningwu ore

fold and thrust belt

NCB
SCB

1.4 1.5 1.6 1.7 1.8 1.9 2.0

fold and thrust belt

NCB
SCB

SCB
NCB

fold and thrust belt

Figure 14. Vertical depth sections of the P-wave, S-wave velocity images and Vp/Vs models from the combined inversion of the active sources and the local
earthquakes: (a)–(c) profile BB′ in Fig. 1 and (d)–(f) Lixin-Yixing (profile 2 in Fig. 1). Black solid lines in (d)–(f) are the schematic geodynamic model of the
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found that high-velocity anomalies exist from the uppermost mantle to a depth of at least 110 km under the eastern part of the Qingling-Dabie
orogenic belt, which may represent a remnant of the subducted Yangtze block during Triassic continent–continent collision.

5.4 Velocity structures beneath the Middle-Lower Yangtze River Metallogenic Belt

To better understand the characteristics of the Middle-Lower Yangtze River Metallogenic Belt, we show two vertical depth sections (profile
BB′ and profile 2 in Fig. 1) along the Yangtze River including the Tongling, Anqing and Ningwu ore deposits.

The P- and S-wave velocity images (Figs 14a and b) present similar large-scale patterns with strong deformation in the upper crust and
show high velocity and high Vp/Vs (Fig. 14c) beneath the Tongling, Ningwu and Anqing ore deposits. From the surface to 5 km, there is a
low-velocity anomaly beneath the Middle-Lower Yangtze River Metallogenic Belt (Figs 14a and b), corresponding to the result of Luo et al.
(2019) and they explained the low-velocity may be related to the weak sediments in the plains and volcanic basins. In addition, a low-velocity
anomaly extending to ∼9 km is observed beneath the Changjiang fault (Figs 14a and b), which corresponds to the junction zone of the
Tongling, Ningwu and Luzong ore deposits.

The high- and low-velocity distributions of our imaging results beneath the Middle-Lower Yangtze River Metallogenic Belt are in
accordance with the schematic geodynamic model (black solid lines in Figs 14d–f) from Lyu et al. (2015). Low velocities exist generally in
the upper crust beneath the fold and thrust belt. Conversely, the lower crust and uppermost mantle subduction area beneath the Tan-Lu fault
and the Ningwu ore district present high velocities, corresponding to the Moho uplift from receiver function result (Shi et al. 2013) and can
be interpreted as the lower-crust subduction or stacking (Lyu et al. 2015).

Overall, the Tongling, Ningwu and Anqing ore deposits have high Vp, Vs and Vp/Vs in the upper crust, even in the middle and lower
crust (Fig. 11), in accordance with the result of Luo et al. (2019). Tian et al. (2018) and She et al. (2018) proposed that the high-velocity
characteristics of ore deposits are interrelated to the existence of volcanic rocks and intrusive rocks. These may be directly related to large-scale
magmatism and mineralization caused by lithospheric delamination and asthenospheric upwelling (Xu et al. 2014; Lyu et al. 2015; Luo et al.
2019; Meng et al. 2019), as strongly evidenced by the Moho and LAB uplift (Shi et al. 2013) beneath the Ningwu ore district.

5.5 Geodynamic modelling of the evolution of the Tan-Lu fault

According to our velocity images and previous studies of other researchers (Wan et al. 1996; Zhao & Zheng 2009; Liang 2018; Liu et al.
2018; Luo et al. 2019; Meng et al. 2019), we depict in Fig. 15 the geodynamic evolution beneath the southern segment of the Tan-Lu fault.

Before the Indosinian Movement in the Mesozoic, the Yangtze block subducted beneath the North China block, bringing terrestrial
sedimentary rocks and continental crust to the deep. Then these material melted and participated in the mantle cycle, transforming the deep
mantle composition (Liu et al. 2018). During the collision between the Yangtze and the North China blocks (Fig. 15b) in the Indosinian
Movement (230–208Ma), the Qinling-Dabie and Sulu orogenic belts uplifted and the Tan-Lu fault formed with 430 km of accumulated
sinistral strike slip and 15–20 km cutting depth (Wan et al. 1996).

Because the westward subduction of the Pacific Plate beneath the Asian continent in the Early Cretaceous (Zhao et al. 2009), the stress
state around the Tan-Lu fault changed from compression to extension (Liang 2018; Liu et al. 2018). The slab-released fluids caused the
melting of mantle wedge material (Fig. 15a), resulting in asthenosphere upwelling. Then the thickened lower crust due to underplating was
eclogitizated and hence delaminated (Fig. 15a). Following the asthenosphere material continued to uplift, the upwelling mantle materials and
middle-lower crust partially melted to produce magma.

Beneath the Qinling-Dabie orogenic belt (Fig. 15a), the magma entered the overlying crust through diapirism and squeezing, and then
straightly cooled in the middle crust as UHP rocks and present high-velocity structure (Zhao & Zheng 2009; Meng et al. 2019). Beneath
the Middle-Lower Yangtze River Metallogenic Belt (Fig. 15a), magma flowed along faults and mineralized to ore deposits in a MASH
(melting-assimilation-storage-homogenization) process (Lyu et al. 2015; Liu et al. 2018; Luo et al. 2019). The Middle-Lower Yangtze River
Metallogenic Belt can form ore deposits because the magma come from the assembly and breakup of supercontinent Columbia, which
contains enriched isotope. However, the magma beneath the Qinling-Dabie orogenic belt come from supercontinent Rodinia with low isotope
(Zhao & Zheng 2009; Meng et al. 2019).

In the Cenozoic, Tan-Lu fault connected the south to north and grew into a lithospheric fault with 50–80 km cutting depth (Wan et al.
1996). Influenced by the southwest compression of the Yangtze block and pulling force by the cracking-drifting of the microcontinent blocks
in the northeast side (Fig. 15b), the Tan-Lu fault once again experienced large-scale sinistral strike-slip activities began at 65 Ma (Liang
2018). This process was accompanied by the formation of the Cenozoic rift basins and the continuous eruption of basalt along the fault zone
(Wan et al. 1996; Liang 2018). Influenced by the westward motion due to the back arc spreading in Pacific Plate, the Tan-Lu fault shows
right-lateral strike slip since the Neogene (Zhu et al. 2004).

6 C O N C LU S I O N S

In this paper, we used the data obtained from the Anhui Airgun Experiment and local earthquakes to study the high-resolution velocity
structures beneath the southern segment of the Tan-Lu fault using TOMOG3D (Zhao et al. 1992, 1994). The Vp and Vs crustal structures
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are consistent with the local geological settings, strong velocity contrasts are observed across the Tan-Lu fault zone, which is the main factor
controlling local anomalies. The earthquakes are primarily clustered near faults and are spatially correlated with low-velocity zones. The
high Vp, Vs and Vp/Vs beneath the Qinling-Dabie orogenic belt and the Middle-Lower Yangtze River Metallogenic Belt may relate to the
lithospheric delamination and asthenospheric upwelling in the Mesozoic.

Overall, our tomographic images of the P- and S-wave velocity can help better understanding the geological issues. These results also
indicate that mobile large-volume airgun sources are promising tools for 3-D crustal structure surveys and have higher resolvability in the
shallow crust than local earthquakes.
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