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In this study, we performed receiver function profiling and fitted harmonic functions to
the arrival time variations of Pms phases to calculate the crustal seismic anisotropy
with delay time and fast polarization direction, using broadband seismic data
obtained from 55 temporary stations in two linear profiles and 39 stations in the
Lower Yangtze and adjacent region. Moreover, we determined the crustal thickness
and Poisson’s ratio using a novel H-κ-c stacking method. Our results revealed that
the Middle-Lower Yangtze Metallogenic Belt and the north east section of the
Qinzhou-Hangzhou Metallogenic Belt are characterized by Moho upliftment
(<32 km), a relatively high Poisson’s ratio (>0.26), local lithospheric thinning
(<70 km), and a pattern of deep faults that connect the crust and asthenosphere
and serve as conduits for magma upwelling. The NE-SW fast polarization direction
was consistent with the SKS splitting results, and the average delay time was 0.45 s.
Moreover, underplating of deep magma and upwelling along the weak zone caused
local Moho uplift and ductile shear of the lower crust, resulting in the directional
arrangement of amphibole and other minerals, which may be the controlling
mechanism for the crustal anisotropy in the study area. The variations in crustal
structure and anisotropy characteristics indicated that in the context of the
northeastern Paleo-Pacific plate subduction, the existence of weak lithospheric
zones and the northeastern asthenospheric flow are important conditions for
metal supernormal enrichment in the Lower Yangtze region.
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INTRODUCTION

TheMesozoic period is regarded as the lithospheric active period of eastern South China whenmulti-
phase structure-magma-thermal events were extensively developed and marked by massive and
explosive mineralization (Li and Li, 2007; Lin et al., 2019; Wang et al., 2021). The Middle-Lower
Yangtze Metallogenic Belt (MLYMB) and the Dexing porphyry copper deposit in the northern east
part of the Qinzhou-HangzhouMetallogenic Belt (QHMB) are typical representatives of copper-gold
deposits in eastern South China (Mao et al., 2011; Ni and Wang, 2017; Yan et al., 2021). Scholars
concur that the deep process of its mineralization is intimately connected to the transformation of the
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Mesozoic tectonic system and associated widespread magmatism
(Shu, 2012; Lü et al., 2015; Li et al., 2017).

Recent seismic studies in the Lower Yangtze region have
revealed the deep structure of the metallogenic area, providing
new evidence for the genesis of these super normally enriched
deposits. The deep seismic reflection profiles have shown that the
crust in the MLYMB has undergone significant compression and
detachment deformation (Gao et al., 2010; Dong et al., 2013; Liu
et al., 2018; Lü et al., 2021). Moreover, wide-angle reflection
profiles revealed uplifting of the Moho beneath this belt and low-
velocity anomalies zone extending from the upper mantle to the
crust of the metallogenic area (Xu et al., 2014; Zhang et al., 2015).
Seismic tomography results indicated a “sandwich” structure of
velocity anomalies in the upper mantle of the metallogenic area
(Jiang et al., 2014, 2021), and the ambient noise tomography
results suggested that the upper and lower crusts are
characterized by relatively low velocities, whereas the middle
crust is characterized by relatively high-velocities (Meng et al.,
2021). The joint inversion results of receiver functions analyses
and surface wave dispersions suggested that low-velocity
anomalies exist in the upper mantle of the Lower Yangtze
Block, several of which occur beneath the Dexing and
Tongling ore deposits, and have been attributed to the
ponding of relic (still cooling) mantle magma chambers (Ye
et al., 2019). However, existing research has predominately
focused on the crust-mantle structure below the MLYMB, with
few studies describing the seismic anisotropy characteristics
below the belt and its adjacent areas and the correlation
between the dynamic environment and mineralization.

Seismic anisotropy is related to the material composition and
velocity structure of the Earth, and it reflects the past and present
stress field states. Moreover, seismic anisotropy is one of the
important parameters used to investigate continental dynamics.
Various methods are used to obtain the anisotropic
characteristics or parameters, including shear wave splitting
analyses (Wang et al., 2014; Tian and Santosh, 2015), the
receiver function method (Wang et al., 2016; Yang et al.,
2018), and surface wave velocity inversion (Wang et al., 2015;
Gu et al., 2016). A XKS splitting analysis of the belts beneath
eastern South China indicated a NE-SW (Zhao et al., 2007) and
E-W (Yang et al., 2019) orientation of the fast directions. The fast
directions and delay times calculated by several stations were
relatively discrete and showed no clear spatial correspondence
with the main structural direction, reflecting the complexity of
the anisotropy. Shi et al. (2013) argued that the differences in the
fast directions beneath the North China block (NW-SE), the
metallogenic area (NE-SW), and the Yangtze Block (WNW-ESE)
are related to the properties and evolution history of the structural
unit. Belt-parallel azimuthal anisotropy below the MLYMB
revealed by surface wave studies is considered to be caused by
belt-parallel flow under the extensional tectonic stress field
(Ouyang et al., 2015). However, XKS splitting analyses are
limited by low vertical resolution, and they reflect only the
average data of the whole lithosphere (Savage, 1999). The
surface wave method is characterized by high vertical
resolution; however, the horizontal resolution is insufficient
due to the long period of the surface wave (Yang et al., 2020).

Therefore, the internal anisotropy of the crust needs to be further
explored in the study area.

The receiver function method is sensitive to lateral
discontinuities inside the Earth. Moreover, the Pms converted
wave is the seismic phase generated by the Moho and is sensitive
to shear wave splitting (Frederiksen and Bostock., 2000; Nagaya
et al., 2008). Anisotropy information about the medium
conducted by the propagation Pms is derived from the inside
of the crust and not the mantle. The characteristics of crustal
anisotropy vital for exploring crust-mantle coupling and
revealing the mechanism of crustal deformation. In recent
years, the receiver function method has been widely applied to
crustal anisotropy studies and has aided the discovery of
significant crustal anisotropy (e.g., Liu and Niu, 2012; Tan and
Nie, 2021;Wu et al., 2021). In this study, based on the observation
data of 55 temporary stations in two linear profiles and 39
surrounding stations, as well as a novel H-κ-c method, we
attempted to derive crustal structures and anisotropy beneath
the study region. The results provide constraints on the dynamic
mechanism of crustal deformation in the study area, as well as the
metallogenic relationship between the metal deposits in the
MLYMB and the northeast section of the QHMB.

GEOLOGICAL AND MINERALIZATION
SETTINGS

The QHMB is evolved from the Jiangnan-Shaoxing Fault.
Striking NNE, this fault is a boundary fault zone developed
from strong Mesozoic tectonic activation of a Neoproterozoic
collision suture between the Yangtze Block in the north side and
the Cathaysian Block in the other side (Zhang et al., 2015; Yan
et al., 2021). This area can be divided into two secondary tectonic
units, namely the Jiangnan Proterozoic island arc and the
Caledonian orogenic belt in southeastern China (Zhou et al.,
2017). The Dexing deposit in the northeastern part of the QHMB
is the largest porphyry copper deposit in eastern China (Ni and
Wang, 2017). The stratum in this area presents a typical dual-
element structure. The lower part is the Shuangqiaoshan Group,
which is regarded as the Neoproterozoic basement strata of
shallow metamorphic rocks. The upper part is the terrestrial
volcanic tuff of the Jurassic Ehuling Formation, and most of the
other strata are missing (Chen et al., 2017). The MLYMB,
adjacent to the north of the QHMB, is originates from strong
crustal compression caused by the collision between the North
China and Yangtze Blocks in the Indonesian period. A great
quantity of horizontally shrunken material may be uplifted or
descended in the collision process, leaving the tectonic belt
sandwiched between the two uplifts (Jiang et al., 2014; Meng
et al., 2021). Under the background of strong crustal extension
and stress transformation in Yanshanian period, the MLYMB
further evolved in to three parts: the fault fold zone in the north of
the Yangtze River, the ramp zone along the Yangtze River and the
transitional zone in the south of the Yangtze River, where later
widely began to deposit (Chang et al., 2019). Several large Cu-Fe
ore clusters mainly of skarn type Porphyry type and
hydrothermal vein type with a structural trend of NNE have
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been developed in this area, such as Anqing, Luzong, Tongling
and Ningwu ore deposits (Lü et al., 2021).

DATA AND METHOD

Data
The study area includes five geological units, from south to north,
namely, the Cathaysia Block (CB), the Jiangnan Orogenic Belt
(JOB), the Lower Yangtze Block (LYB), the Qinling-Dabie
Orogenic Belt (QDOB), and the south margin of the North
China Block (NCB), with many large and super-large deposits
such as the Dexing porphyry copper deposit crossed by Line 1, the
Tongling polymetallic deposit crossed by Line 2, as well as several
others (e.g., the Ningwu ore deposit, the Anqing ore deposit, and
the Luzong ore deposit) (Figure 1). Line1 consists of 24 portable
stations belongs to the Land Resource Survey Project of China
Geological Survey (recording time is from January 2015 to June
2016, Han et al., 2020). Line 2 consists of 31 portable stations
belongs to the SinoProbe-02 (recording time is from 2009 to
2010, Zheng et al., 2013; Ye et al., 2019). In addition, as an
essential supplement, data recorded by 20 permanent stations and
19 temporary stations around the study area were added to the
raw data, in which the data of the temporary stations belonged to
the same project as Line 1. All the temporary stations were
equipped with two types of data collectors (REFTEK-130 or

Q330S+) and three types of the broadband seismometers
[CMG-3ESP (60 s–50 Hz), CMG-3T (120 s–50 Hz), and STS-
2.5 (240 s–50 Hz)]. Furthermore, each continuously operating
station with a 100 Hz sampling rate could generate a single file
with a length of 3,600 s. All the permanent stations collected
seismic data from January 2012 to December 2017.

In this study, we calculated and obtained new receiver
functions of 63 stations, and the receiver functions of Line 2
(31 stations) used the previous calculation results and were
further selected according to waveform quality (Ye et al.,
2019). In accordance with standard processing flow (Han
et al., 2020), we first selected the earthquake events with
epicentral distances in the range of 30°–90° and magnitudes
>5.5 from raw waveform data. Next, three-component event
waveforms were bandpass-filtered (two-pole Butterworth filter,
corner frequency = 0.05–2 Hz) and rotated into Z-R-T
components after the waveforms were detrended and
demeaned. Finally, a total of 4,110 high quality receiver
function records were calculated using a time-domain
deconvolution (Ligorría and Ammon, 1999) with the Gaussian
parameter of 2.5 and 100 times in iteration. Overall, the data from
four stations was disregarded due to inferior quality caused by
interference of the receiver function records in the shallow layer.
Figure 2 shows the receiver function records of station C080 with
clear Pms converted phases and relatively good back-azimuthal
coverage, which met the requirement of harmonics correction.

FIGURE 1 | Seismic stations and teleseismic event locations (upper right corner) in the study area. The background color maps indicate the topography (unit: m).
The triangles represent the temporary stations, squares represent the permanent stations, yellow triangles and squares denote stations without harmonic corrections,
and white triangles and squares indicate abandoned stations. NCB, North China Block; LYB, Lower Yangtze Block; JOB, Jiangnan Orogenic Belt; QDOB, Qinling-Dabie
Orogenic Belt; CB, Cathaysia Block; F1, Jiangnan Buried Fault; F2, Jiangshao Fault; F3, Zhenghe-Dapu Fault; F4, Tanlu Fault; F5, Xinyang-Shucheng Fault; F6,
Xiangfan-Guangji Fault; F7, northeast Jiangxi Fault; F8, Yangtze River Deep Fault. Showing locations of major Cue-Au and Iron deposits. The black lines are the position
of the research profiles (Line 1 and Line 2 used in Figure 7), and the triangle and black dots in the upper right corner indicate the center of the study area and teleseismic
events, respectively. Main structural lines and fault lines are described in (Shu et al., 2013) and (Lü et al., 2015, Lü et al., 2021).
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H-κ-c Method
The widely used method of H-κ stacking scans the crustal
thickness (H) and Vp/Vs ratio (κ) within a certain range, and
obtains the weighted sum of the Pms and crustal multiples (PpPs
and PpSs + PsPs) (Zhu and Kanamori, 2000). The maximum
value corresponding is the optimal estimate of H and κ.This
method constructs stacking function S (H, κ) is defined as:

S(H, κ) � w1 r(tPms ) + w2 r(tPpPs ) − w3 r(tPpSs )
Here r (t) denotes the radial receiver function. wi is weighting

factors of the Pms and crustal multiples which satisfy w1 + w2 +
w3 = 1. The errors estimation ofH (δH) and κ (δκ) can be obtained
by using the Taylor expansion of S (H, κ) at the maximum and
solve the quadratic differential and its standard deviation (Zhu
and Kanamori, 2000):

δ2H � 2δS/z2S

zH2

δ2k � 2δS/z2S
zκ2

In H-κ-c stacking (where “c” denotes “correction”), the
influence of crustal anisotropy and inclined interface is further

considered and harmonic corrected to the azimuthal arrival
variations of converted wave, and then performed H-κ
stacking processing on the corrected receiver functions (Li
et al., 2019). The weights used for the three waves in the
traditional H-κ method are 0.7, 0.2, and 0.1, and H-κ-c
calculation are 0.6, 0.3, and 0.1. The weights were altered to
enhance the consistency of the converted wave.

Figure 3 indicates the results of the data obtained from
stations AH. TOL and C079, before and after the harmonic
corrections. Overall, the seismic phase of the Pms and crustal
multiples were clearly aligned and the uncertainty among the H-κ
energy maps was significantly reduced. The harmonic fit provides
a more robust and reliable stacking result (Li and Song, 2021). It
should be noted that the effectiveness of harmonic correction is
reduced when effective receiver functions have an uneven and
incomplete back-azimuthal coverage. The H and κ continue to
use traditional H-κ results for these stations, which are mostly
concentrated in areas with thick sedimentary basins lacking
sufficient receiver functions.

Crustal Anisotropy Analysis
Based on the H-κ-c calculation (Li et al., 2019), we obtained the
anisotropy of the entire crust by fitting the azimuth arrival
changes of the Pms through a harmonic analysis. This method

FIGURE 2 | Receiver function records from station C080: (left) receiver functions arranged according to back-azimuth, where the numbers on the axis denote the
latency time of P wave arrival. The results of the linear superposition receiver functions are shown at the top of the left figure. The seismic phases (Ps, PpPs, PpSs + PsPs)
are marked by red and broken lines. Red rectangles represent the back-azimuth in the figure on the right, and the black triangles denote epicenter distance distribution.
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has been applied in Eastern Iran (Mahmoodabadi et al., 2020) and
the eastern margin of the Tibetan Plateau (Tan and Nie., 2021).
The arrival time of the Pms is characterized by a cosine function
with the incident azimuth of seismic events, which is a tool for
diagnosing anisotropy (Savage, 1998; Frederiksen and Bostock,
2000). The back-azimuthal variation of the Pms arrival times in
the radial receiver functions from the crustal anisotropy, dipping
Moho can be fitted by a combination of cosθ function and cos2θ
function (Li et al., 2019).

The equation for the harmonic fitting is:

F(θ) � A0 + A1 cos(θ − θ1 ) − A2 cos 2(θ − θ2 )
where F (θ) represents the variation of arrival times with the
back-azimuth (θ) for Ps or crustal multiples; A0 is the central
arrival time, A1, A2 and θ1, θ2 are the amplitudes and phases of
the two-lobed and four-lobed variations, respectively. The
delay time (δt) and the fast polarization directions (φ),
which mirrors the strength and orientation of anisotropy,
correspond to 2A2 and θ2, respectively. The delay time is
related to the anisotropic strength of the media and the
propagation path length of the shear wave in the media, and
the fast directions mainly correspond to the direction of the
symmetry axis of the anisotropic media orientation (Yang
et al., 2018). The harmonic corrections method includes the
following three main steps: 1) Apply the traditional H-κ
stacking to obtain the reference arrival times for Pms and
crustal multiples; 2) Perform the grid search to get harmonic
fits of back-azimuthal variations of Ps and crustal multiples; 3)
Correct the Pms and multiples and redo H-κ stacking with the

receiver functions. The key of this method is to obtain the
optimal solution for five parameters (A1, A2, θ1, θ2, dt = A0-tref),
where tref represent reference arrival time which obtained
by the traditional H-κ stacking; The searching range is: A1

and A2 ∈ (0–0.5 s), θ1 ∈ (0°–355°), and θ2 ∈ (0°–175°), dt ∈
(–1.0–1.0 s). The Pms fitting results of three stations (AH.TOL,
C083, and ST16) are shown in Figure 4, indicating a good fit
between the Pms arrival times and the four parameters of A1,
A2, θ1, θ2.

RESULTS

Crustal Thickness and Vp/Vs Ratio
Figure 5 shows the crustal thickness (H) and Vp/Vs ratio (κ) for
the study area, and Supplementary Table S1 shows all the
statistical results obtained in this study. The crustal thickness
varied from 28.0 to 37.5 km, with an average value of 33.2 km,
and the error range was 0.5–3.1 km. The Vp/Vs ratio ranged from
1.63 to 1.88, with an average value of 1.74 and an error range of
0.01–0.13. The results with relatively large errors were obtained
for the areas directly on either sides of the fault zone or in the
orogenic zone and are marked in Figure 5. Our results are
consistent with adjacent profiles of deep seismic sounding
(Deng et al., 2011; Teng et al., 2013) and coincide with the
results of other studies using the H-κ method (Liu et al., 2021;
Zhang et al., 2021). In this study, the effects of dip interface and
velocity anisotropy were also considered, and based on a denser
seismic array, which can enhance resolution and decreasing

FIGURE 3 | Arrival time and waveform fitting of the Pms and multiples before (A,C) and after (B,D) harmonic corrections. The white circles represent the peak
amplitude of the Pms and multiples. The dynamic correction stacking is shown below (ray parameter is 0.06 s/km), where the red lines and inverted triangles represent
the arrivals of the Pms and multiple phases, respectively. H-κ energy maps are indicated at the bottom of the figures; the obtained H and Vp/Vs (κ), as well as
corresponding errors and error ellipses, are shown.
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uncertainty and reveal more details of regional horizontal
variation of crust thickness than predecessors.

We achieved three-dimensional variation characteristics of the
crustal thickness and Vp/Vs ratio in the study area (Figure 6).
The high-resolution results revealed that the QD crust is the
thickest (average value >37 km), followed by the southern margin
of the NCB and JOB (32–34 km), and the LYB, which is the
thinnest (average value <32 km). Moreover, a negative
correlation was observed between the crustal thickness and the
Poisson’s ratio (Vp/Vs ratio (κ) conversion: δ � 0.5 −
[1/2(κ2 − 1)] ) in the JOB and LYB, indicating that the lower

crust accounts for a large proportion of the whole crust (Ji et al.,
2009). Moreover, we obtained two profiles using the common
conversion point (CCP) method (Figures 7A,G) with the
following parameter settings: IASP91 as the reference model,
stacking grids with 5 km/grid parallel to the profile strike and
50 km/grid perpendicular to the profile strike, and 1 km/grid in
vertical (Dueker and Sheehan, 1997). Moreover, the variation of
the crustal thickness estimated by CCP method and H-κ-c
method are relatively consistent, which can be mutually
confirmed. Overall, our results demonstrate the depth of
Moho upliftment near 3 km and show a relatively high

FIGURE 4 | Pms fitting results of three stations AH.TOL (A), C083 (B) and ST16 (C). The black lines represent the arrival times of Pms, the crosses mark indicate
the best solutions, and the 99% contours to show the empirical uncertainty.

FIGURE 5 | Distribution of crustal thickness (A) and Vp/Vs ratio (B) beneath the stations. Labels are the same as Figure 1.
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FIGURE 6 | Distribution of crustal thickness (A): the length of the bars denotes the delay time, the azimuths of the bars indicates the fast wave directions, and the
rose maps is shown in the corresponding geological unit, the red and black bars represent the anisotropy parameters of each station and average values of the LYB and
JOB, respectively. The interval between each ring and from the center to the outermost ring is 2 and 1 s, respectively. Distributions of Vp/Vs (B): the blue bars indicate the
average splitting parameter of the SKS (Yang et al., 2019), and the green bars indicate the maximum horizontal stress (SHmax) orientations (Heidbach et al., 2018).
The black circle indicates the metallogenic area. Labels are the same as Figure 1.
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Poisson’s ratio beneath the Tanlu Fault Zone (F4). Previous
studies inferred that F4 could cut across the Moho to upper
mantle (Niu et al., 2005; Bao et al., 2015). The negative correlation
between crustal thickness and Poisson’s ratio was significant in
the Dexing (Line 1) and Tongling (Line 2) ore deposits, as well as
several other metallogenic areas (Figure 6), which may be related
to Moho upliftment and mantle material underplating increasing
the iron magnesium component in the crust, as well as the
Poisson’s ratio (Chen et al., 2006; Yan et al., 2021).

Crustal Anisotropy
Overall, we obtained 72 high-quality measurements of crustal
anisotropy (Pms) that met the harmonic correction conditions
(Figure 6). The delay time varied from <0.1 to 0.95 s, with an
average value of 0.35 s. The Pms fitting results for those with Pms
delay times greater than 0.5 s of Line 1 and Line 2 are shown in
Supplementary Figure S1. The delay time caused by microcracks
in the upper crust was typically <0.2 s (Wu et al., 2021).
Therefore, the larger delay time observed (mean value of Line1

FIGURE 7 |Migration cross sections of “Line 1” (A) and “Line 2” (G) of CCP stacking, where the light blue dotted lines denote the location of LAB, and the green
squares and error bars correspond to the single station H-κ-c results; Vp/Vs ratio (B,H) and associated errors; anisotropic parameters (δt, φ) (C,D,I,J) and associated
errors. We subtracted 180° if φ was >90°, so that the range of φ was (−90°, 90°); velocity structure (E,F,K,L) of nonlinear joint inversion (Ye et al., 2019). Station location
and topography along the profile are shown on the top. Gray shading in the background indicates the different metallogenic areas, and the black dashed lines show
the positions of the northeast Jiangxi fault (F7) and the Yangtze River Deep Fault (F8) in the sections. Labels are the same as for Figure 1.
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= 0.4 s; mean value of Line 2 = 0.35 s) most likely resulted from
the deformation of the middle or lower crust.

There are a total of 10 stations in the NCB, and the delay time
was approximately 0.2 s, indicating weak crustal anisotropy
(Shahzad et al., 2021; Wu et al., 2021). The fast directions of
the stations close to the Xinyang-Shucheng Fault (F5) were
approximately NW-SE, which is nearly parallel to the fault
direction and consistent with previous results (Huang et al.,
2013; Shi et al., 2013). The LYB has a total of 20 stations and
the rose diagram shows a consistent NE-SW fast wave direction
for all the stations except for C032, C035, and the two stations
close to the Tanlu Fault (F4). Our results are consistent with
results revealed by shear wave splitting analyses (Huang et al.,
2013). The average polarization direction was 45° and delay time
was 0.35 s, which is larger than that for the NCB. The stations
C032 and C035 measured large delay times, and the polarization
direction was close to the NWN-SES direction, which may be
attributed to their location on the thick deposit layer. There are 30
stations in the JOB. The rose diagram shows that the fast direction
was also predominately NE-SW, with an averaged polarization
direction of 75° and a delay time of 0.32 s. The fast polarization
direction was approximately S-N at station C038, which may be
affected by the adjacent Jiangnan Buried Fault (F1). At the
southern end of JOB, the distribution of fast directions was
relatively discrete and the anisotropy pattern was more
complex, reflecting the local tectonic complexity of the area
(Gao et al., 2011). Except for the two stations distribute close
to the Jiangshao Fault (F2), only four stations are located in the
CB, and the anisotropy characteristics of these stations differed
significantly. The fast directions of stations C074 and C075 in
Line1 were NE-SW and those of stations ST40 and ST41 in Line2
were W-E, suggesting a deep and more complex dynamic
environment beneath the station CB.

After a comparison of the crustal fast directions in this study
with those obtained by SKS wave splitting (blue short bars in
Figure 6B, Yang et al., 2019) in LYB and JOB, we observed that
the directions were relatively similar, particularly for the stations
C024, C083, and C084 situated near the Dexing ore deposits;
AH. TOL, ST19, and ST20 located near the Tongling ore
deposits; AH. ANQ situated near to the Anqing ore
deposits; and JS. NJ located near the Ningwu ore deposits.
The crustal fast directions measured at these stations was
closer to those noted in of the SKS splitting results, showing
a consistent NE-SW direction (Shi et al., 2013), which is nearly
perpendicular to the direction of the Paleo-Pacific plate
subduction (Li and Li, 2007).

The Tanlu Fault (F4) is a large-scale strike-slip fault formed at
the end of the Triassic. The decrease in crustal thickness (<32 km)
and the increase in Poisson’s ratio (>0.26) measured for the
stations situated near this fault may be related to shear
deformation of the lithosphere (Zhang et al., 2015). Moreover,
the fast direction gradually rotates near F4 and becomes nearly
parallel to the fault when it is close to the fault. The fast direction
of station ST16 is parallel to the fault direction (NE-SW), and
station C033 is almost perpendicular to the fault strike, indicating
that F4 has a weaker influence on the anisotropy at the southern
end of the study area.

DISCUSSION

Crustal Structure and Magma Upwelling
Channel
Previous studies have shown that the Moho of the MLYMB and
the eastern QHMB is relatively uplifted (Shi et al., 2013; Huang
et al., 2015; Luo et al., 2019). The results obtained from the
broadband seismic array and linear profile further proved that
the Moho beneath the metallogenic region is uplifted by 2–4 km
compared with its southeast and northwest sides, and the
Poisson’s ratio is also higher (>0.26) in this study (Figure 6),
which is consistent with the prediction of the underplating
model (Lü et al., 2014). The LAB depth acquired by our CCP
stacking results was 60–70 km in the Lower Yangtze region
(medium light blue dotted line in Figures 7A,G), which is
consistent with previous results (Sodoudi et al., 2006; Zheng
et al., 2013; Bao et al., 2015; Ye et al., 2019; Zhang et al., 2019).
Moreover, we observed an obvious low velocity zone 70 km
below the Dexing and Tongling ore deposits (Figures 7F, L, Ye
et al., 2019). The P-wave tomography results revealed
recognizable low-velocity anomalies in the depth range of
150–400 km beneath the LYB (Jiang et al., 2014, 2021). These
velocity anomalies have been interpreted as the source of hot
magma injected into the lithosphere (Jiang et al., 2021; Lü et al.,
2021).

Deep and large faults significantly influence crustal
anisotropy and control the spatial distribution of ore deposits
(Yan et al., 2021). Moreover, they provide good channels for
magma transporting to the shallow of the crust. The Dexing
porphyry copper deposit was formed at the background of
Neoproterozoic copper-gold crust remelting (Wang et al.,
2019). During the post-orogenic stage of the Jiangnan
Orogeny, significant NE shear strike-slip occurred (Zhang
et al., 2013). As shown in Figure 7, station C024 near the
metallogenic region measured the thinnest crustal, a larger
Poisson’s ratio, and the largest delay time compared to both
sides, and fast direction deflection was also observed for this
station. All of them reveal the trace of the northeast Jiangxi Fault
(F7, black dotted line in Figures 7A–D, Yan et al., 2021),
providing a channel for the upwelling of mantle-derived
materials. However, the delay times obtained by SKS wave
splitting of near the metallogenic region show normal values
(Figure 6B), and a possible explanation is stronger deformation
and anisotropy in the crust after the lithosphere is weakened.
The Tongling ore deposit is located in the southeastern uplift
and fold belt of the NNE tectonic belt, which is formed during
the Indosinian period of the lower Yangtze region. Stations
ST17 and ST18 from the Tongling area measured thin crustal
thicknesses, larger Poisson’s ratios, and the largest delay time
compared to both sides, as well as fast direction deflection.
Based on these results, we determined that these most likely
represent the trace of the Yangtze River Deep Fault and provide
a channel for the upwelling of mantle-derived materials (F8,
black dotted line in Figures 7G–J, Lü et al., 2015). The two-
dimensional results more clearly limit a possible track of the
fault zone in the study area. The mineralization of the Tongling,
Anqing, Luzong, and Ningwu ore deposits along the belt
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indicate that the mineralization process in the MLYMB may be
controlled by F8 (Figure 6).

Crustal Anisotropy and Mineralization
Generally, due to the action of the non-hydrostatic stress field,
numerous microcracks occur in the shallow crust, and the
anisotropy of the shallow crust is mainly caused by the
directional arrangement of these microcracks (Crampin and
Gao, 2014). The direction of anisotropy caused by the fracture
is parallel to the direction of compressive stress. The anisotropy of
the middle and lower crust is generally considered to be caused by
the directional arrangement of minerals. In particular, rocks rich
in mica and hornblende typically exhibit strong anisotropy
(Crampin and Peacock, 2008). When compressive stress is
applied to rocks, minerals will align along the direction of
maximum shear or tensile stress, intersecting or even
perpendicular to the compressive stress direction (Tatham
et al., 2008). Most of the fast polarization directions in the
study area were in the NE-NNE direction, which is consistent
with the tectonic direction but inconsistent with the main
compressive stress direction (green short rods in Figure 6B).
This indicates that crustal anisotropy in the study area
predominately arises from the local deformation field in the
middle and lower crust.

By comparing the crustal delay time and the splitting time of
the SKS wave, we observed that the LYB and JOB measurements
(approximately 0.33 s) approached a quarter of the mean splitting
time (approximately 1.2 s) determined from the SKS data (Yang
et al., 2019). Furthermore, we estimated the thickness of the
anisotropic layer from the relationship of L � dt/Ks × β0
(Barruol and Fontaine, 2013), where Ks represents the
intrinsic anisotropy (selected as 4%) (McNamara et al., 1994),
β0 represents the isotropic shear velocity (selected as 4.5 km/s).
Considering the lithospheric thickness (<100 km) (An and Shi,
2006; Zhang et al., 2019) and crustal thickness (approximately
30 km) (Han et al., 2019; Zhang et al., 2021) in the study area, the
calculated SKS splitting time (= 0.63 s) is significantly less than
the measured time (= 1.2 s) (Yang et al., 2019). In this study, the
anisotropic fast directions of the lower crust measured were
generally consistent with the results of SKS splitting in with
LYB and JOB, showing an obvious NE-SW direction (Figure 6).
On the basis of removing the SKS splitting time (= 0.63 s) caused
by the lithospheric mantle, we further deducted the time delay of
crustal anisotropy (=0.33 s) and obtained the remaining SKS
splitting time (= 0.24 s). Therefore, in addition to the
lithospheric anisotropy caused by the alignment of hornblende
and other minerals along the direction of maximum shear or
tensile stress, asthenospheric convection contributes significantly
to the results of SKS splitting (Zhao et al., 2007; Huang et al.,
2011).

During the early stage (began from the early Jurassic), Pacific
subduction was characterized by low angles and rapid subduction
rates along the NW–NWW direction at approximately 180 Ma.
The dip angle of subduction then increased gradually,
accompanied by wedge melting of the mantle and basalt
intrusion. The strike-slip shear and torsion related to
subduction are considered to be the driving forces of

lithosphere extension, as well as thinning and magmatic
activities in eastern South China (Gilder et al., 1996). During
the early Cretaceous, the direction of back arc extension of the
eastern continental margin of China was controlled and changed
by the direction of Pacific subduction, resulting in strong NW-SE
stretching and the formation of numerous related extensional
basins in the eastern part of South China (Zhu et al., 2012). The
crustal thinning zone (Li et al., 2013; Han et al., 2019; Shahzad
et al., 2021) and upper-mantle low-velocity anomalies (Jiang
et al., 2014) show a consistent distribution in the NE-SW
direction, which is consistent with that of the crustal
anisotropic fast directions revealed in this study and
approximately parallel to the strike of the adjacent fault,
indicating the direction of migration with ore-forming fluid
(or magma) (Jiang et al., 2021). At the block scale, various
layers of the lithosphere are dominated by coupling
deformation. Moreover, crustal anisotropy in the metallogenic
area was significantly enhanced (Figure 6A, average delay time =
0.45 s), which may be attributed to the migration of large-scale
molten magma along the fault zone and the superposition of
ductile shear deformation in the lower crust.

CONCLUSION

This paper investigated the crustal structure and anisotropy in the
Lower Yangtze region and its adjacent areas by teleseismic
receiver functions, combining the previous velocity structure
of the crust and upper mantle. The high resolution results
show that: 1) The Moho is uplifted by 2–4 km beneath the
metallogenic area, and the Poisson’s ratio is also relatively
higher (>0.26), which is consistent with the prediction of the
underplating model. 2) The significant local anisotropy of the
MLYMB and the Dexing porphyry copper deposit (delay time =
0.45 s) is caused by mantle-derived material upwelling and
underplating or the local lateral ductile shear in the lower
crust. The NE-SW fast polarization direction is consistent with
those of the SKS splitting results, indicating that various layers of
the lithosphere are dominated by coupling deformation. 3) The
variation characteristics of crustal thickness, Vp/Vs ratio, fast
polarization direction and delay time have consistently revealed
that the northeast Jiangxi Fault and Yangtze River Deep Fault
Zone may serve as the channel for the upwelling of ore-
forming fluid.
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