
1.  Introduction
The South China Block (SCB; Figure 1) has a long and complex history of crustal formation and evolution, as 
evidenced by crustal samples that span over 3.0 billion years ranging from 3.2 to 2.8 billion years in age in the 
Kongling Complex of the Yangtze Block (YB), to the ∼80 million year old granitic magmatism in the Cathaysia 
Block (CaB; Zhao & Cawood, 2012; Wang et al., 2013). Despite the apparent stable continent appearance of 
the SCB from surface, for example, uniform GPS measurements and low seismicity (Wang & Shen, 2020), its 
tectonic history reveals two distinct paths, in which the internal Yangtze and Cathaysia Blocks have undergone 
divergent evolution—the former stabilizing as a craton while the latter experiencing partial root loss (e.g., Zhang 
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et al., 2013). However, understanding this complex tectonic evolution is obscured by thick sedimentary deposits, 
strong fault deformation, and extensive magmatism resulting from the region's complex deformation processes. 
One crucial aspect in understanding the SCB’s tectonic evolution lies in its early crust. Although Archean and 
Paleoproterozoic basement is widespread across the SCB (Zhang et al., 2013), age and compositional heteroge-
neities suggest multiple crustal blocks (or terranes) with distinct origins prior to the formation of the unified SCB 
through the Jiangnan Orogeny (Cawood et al., 2020). Yet, the nature and architecture of this multi-block crust, 
and the roles that the individual terranes played in the SCB's assembly and subsequent deformation processes 
remain unknown.

To target this problem, we aim at the shallow lithospheric architecture of the SCB by using seismic radial anisotropy. 
Seismic anisotropy describes the dependence of seismic wave speeds with respect to wave propagation direction 
(e.g., Park & Levin, 2002). In continental crust, seismic anisotropy is mainly caused by the shape-preferred orien-
tation (SPO) of aligned cracks, melt lenses, faults or folds and similar structures with strong foliation/lamination, 
and crystallographic preferred orientation (CPO) of crustal anisotropic minerals (Almqvist & Mainprice, 2017; 
Mainprice & Nicolas, 1989; Weiss et al., 1999). In the upper crust, SPO-induced anisotropy is most prevalent, due to 
cracks and fine layering in response to local stress fields, while in the mid-to lower crust, anisotropic rocks, mainly 
mica and amphibole-rich, deform under strain to form CPO-induced anisotropy (Almqvist & Mainprice, 2017). 
Due to these links to composition and spatial distribution of crustal rocks, seismic anisotropy is often used to 
explore rock textures produced in past and current deformation processes (Park & Levin, 2002; Silver, 1996).

Radial anisotropy, alternatively termed as transverse isotropy according to Anderson (1961), pertains to the discrep-
ancy in velocities of shear waves polarized horizontally (Vsh) and vertically (Vsv). Positive or negative radial aniso-
tropic signals refer to higher shear-wave velocities in horizontal and vertical directions, respectively, and therefore 
provide insight into the lateral flow, deformation and layering of the crust or mantle (Almqvist & Mainprice, 2017; 
Park & Levin, 2002). For example, the large positive radial anisotropy observed in intermediate-period Rayleigh 
and Love waves propagating across Tibet is attributed to CPO-induced anisotropy formed by channelized crustal 
flow during the collision between India and Eurasia (Shapiro et al., 2004). Similarly, studies in the Western US 
have linked strong positive deep crustal anisotropy to the CPO of anisotropic crustal minerals in response to 
ductile deformation during the widespread extension of the Basin and Range province (Moschetti et al., 2010). 
Positive radial anisotropy has also been observed in the ductile mid-to lower crust, for example, in the Alps (Alder 
et al., 2021), eastern Tibet and surrounding areas (Huang et al., 2010; Li, Zhang, et al., 2021; Liu et al., 2021; 
Xie et al., 2013), the Eastern Himalayan Syntaxis (Hu et al., 2020), the North China Craton (Cheng et al., 2013; 
Fu et al., 2016), and South Africa (Malory et al., 2022). Conversely, negative radial anisotropy is often attributed 
to steeply dipping fractures or faults and/or large brittle deformation at the upper crust (Xie et al., 2017); crustal 
magma intrusion in a tilted fault interface (Luo et al., 2013), and mantle upwelling into the crust (Hu et al., 2020).

In this study, a new crustal radial anisotropic shear wave velocity (Vs) model is presented. We use the waveform 
data from an over 1,500-km long dense profile—South China Interior Structure Project 1 (SCISP-1; Figure 1)—
and apply a cutting-edge transdimensional inversion technique that simultaneously inverts for isotropic Vs, radial 
anisotropy, and layer thickness. This study builds upon our previous work, which focused on the Proterozoic 
collision of South China (Li et al., 2022; see Section 2). The radial anisotropy results obtained here offer unique 
insights into the deformation history of the crustal rocks. As a result, this new approach presents a novel way to 
investigate the composition and roles of individual blocks within the multi-block crust of the SCB, shedding light 
on the assembly and subsequent deformation processes of continental lithosphere in general.

2.  Tectonic Setting and Previous Crustal Studies
The SCB is comprised of the Yangtze and Cathaysia blocks, which converged along the Jiangnan Orogen during 
the Neoproterozoic period (e.g., Cawood et  al.,  2018). The overall age of rock units within the Yangtze and 
Cathaysia blocks ranges mostly from Mesoproterozoic to Paleoproterozoic time, indicating the SCB could have 
been assembled from a series of spatially unrelated domains (Cawood et al., 2020). The Yangtze basement further 
includes Archean to Paleoproterozoic rocks (i.e., Kongling, Kangding, Sibao, and Banxi), later outcropped by 
Neoproterozoic igneous and sedimentary rocks (Zhang et al., 2013). Within the Cathaysia Block there are several 
proposed fragments of the Shuangxiwu, Wuyi, Yunkai, and Coastal domains from west to east Cathaysia (Lin 
et al., 2018; Wang et al., 2014) based on geochemistry and geochronology constraints. Since the Neoprotero-
zoic assembly, the SCB went through multi-stage intracontinental and intraplate tectonism to form its present 
tectonic framework, including the intracontinental orogenic and granitic magmatic events in the early Paleozoic 
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(Li et al., 2010; Yao et al., 2012); widespread intracontinental orogenesis and the Basin-and-Range style tectonics 
and associated magmatism (Chu et al., 2012; Feng et al., 2022; Li & Li, 2007; Wang & Shu, 2012); and intensive 
extension and magmatism in the late Mesozoic and Cenozoic (Chu et al., 2019; Zhou et al., 2012).

A comprehensive understanding of the SCB's tectonic evolution requires deep and direct constraints from its lith-
osphere, as highlighted in the synthesis paper by Zhang et al. (2013). This necessitates obtaining better images of 
the deep lithospheric architecture, which has been made possible through the use of advanced deep geophysical 
models and new high-density data. In fact, recent models have provided highly detailed information on the crustal 
structures within the interior of the SCB. For example, Deng et al. (2011) collected wide-angle reflection/refrac-
tion seismic data and constructed a three-dimensional crustal velocity model of the SCB, which revealed laterally 
varying structural domains across the SCB. Deep reflection profiles across the SCB found significant dipping 
structures that may be associated with episodes of amalgamations in its tectonic history: the Panxi-Hannan 
subduction of along the NW and west margins of the Yangtze Block (Gao et  al.,  2016); the collision of the 
Yangtze and Cathaysia blocks beneath the Jiangnan Orogen (Dong et al., 2015); the assembly of the Wuyi and 
Coastal terranes in East Cathaysia (Dong et al., 2020). In a joint integration approach that combined recent avail-
able geophysical models, Li et al. (2022) presented the Rayleigh wave dispersion inversion and receiver function 
stacking results from the SCISP-1 line (see below), and found several wedge-like structures in the crust and shal-
low lithospheric upper mantle in the central SCB. These structures were interpreted to mark relict collision zones 
in the assembly of the Proterozoic SCB (Li et al., 2022).

3.  Love Wave Data and Transdimensional Inversions
The three-component waveforms we used are from SCISP-1 (Figure 1), one of the South China Interior Struc-
ture Projects. The array was deployed from December 2009 to November 2013. With an average station spacing 

Figure 1.  Tectonic map of South China (modified from Chu et al., 2019) and the locations of the array SCISP-1. The blue triangles represent the seismic stations. The 
white solid squares mark the longitude intervals along the profile. The abbreviations are: HYSF-Huayingshan Fault; QYSF-Qiyueshan Fault; CBF-Cili-Baojing Fault; 
MXFT-Main Xuefengshan Thrust; CLF-Chenzhou-Linwu Fault; JSF- Jiangshan-Shaoxing Fault; ZDF-Zhenghe-Dapu Fault.
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of 15 km, this 1,500 km-long array started in the western Sichuan Basin and extended southeast in the Coastal 
magmatic belt (Figure 1). Broadband (up to 120 s) CMG-3ESP and 3T sensors and RefTEK-72A and 130 datalog-
gers were used to record continuous 3-component waveforms at a 40 Hz sample rate (see details in Li et al., 2022). 
In preparing the Love wave data, we followed the approach described in Li et al. (2022) where Rayleigh wave 
dispersion analysis was conducted. First, one-day-long horizontal waveforms were down-sampled to 5 Hz and cut 
into half-day long windows. For each window the mean, trend and instrument response were removed, and a band-
pass Butterworth filter of 1–100 s applied. In addition, normalization with the running-absolute-mean method 
in both time and frequency domains was applied to suppress the earthquake signals. Then T-T cross-correlation 
functions (CCFs) were obtained using a phase weighted stacking method (Schimmel et al., 2011). The stacked 
CCFs were generally asymmetric (e.g., Fig. S2 in Li et al., 2022), which indicates dominant noise energy is from 
the southwest (the South China Sea). The CCFs were subsequently folded between the positive and negative 
components to obtain the symmetric CCFs. Figure 2 shows examples of such CCFs between station S003 and 
selected stations across the profile.

In Li et  al.  (2022) and this study, both Rayleigh and Love phase velocity dispersion curves were obtained 
through the Automatic Frequency-Time Analysis method (AFTAN; Bensen et al., 2007; Levshin et al., 1972). 
The AFTAN code uses a reference phase velocity model (here based on predictions from the 1D PREM model) 
to determine the correct phase velocity branch. Some constraints were defined to pick reliable phase velocity 
dispersion measurements. First in Li et al. (2022) we set the distance between station pairs to be greater than 
twice the wavelength for the Rayleigh waves. Given that horizontal data is usually poorer in quality than vertical 
data, resulting in fewer useable Love wave measurements, the minimum inter-station distance was set at 1.5-times 
wavelength. Secondly, the signal-to-noise ratio (SNR; defined in AFTAN) must be greater than 20. Finally, the 
phase velocity was set to be picked between 2 km/s and 5 km/s empirically along the line (Figure 2). We picked 
2–36 s Love wave dispersion curves due to smaller SNRs, in contrast with the 5–60s range of the Rayleigh wave 
dispersion in Li et al. (2022). Figure 3 summarizes the Rayleigh and Love wave datasets.

Figure 2.  Examples for folded Rayleigh (Z) and Love (T) wave CCFs between southeastern-most station S003 and selected stations. Left panel: filtered with a 10 s 
central period Gaussian filter; right panel: with a 30 s central period Gaussian filter. Black lines show the empirical Love data window defined by moveout times 
determined by 2.0- and 5.0 km/s velocities.
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We applied a two-step Bayesian transdimensional tomographic approach to invert the dispersion data for the final 
crustal models. In the first step the Love wave dispersion data among all available station pairs was inverted using 
a two-dimensional transdimensional tomography (Bodin & Sambridge, 2009) to obtain two-dimensional Love 
wave phase velocity models. In the second step, we conducted a joint inversion that combined the 2D Rayleigh 
wave maps obtained in Li et al. (2022) and the Love wave dispersion models to obtain simultaneously the isotropic 
velocity and radial anisotropy models with respect to depth. The two-step inversion procedures are consistent with 
those described in Li et al. (2022; also see Text S1 in Supporting Information S1), with two major differences that 
the Love wave data was inverted in this study; and both Rayleigh and Love wave dispersion maps were jointly 
inverted for isotropic velocity and radial anisotropy. Below we briefly discuss these major processing differences.

In the first step, a two-dimensional reversible jump tomographic method (Bodin & Sambridge, 2009) was applied, 
wherein the parameters of the model are defined by the nuclei of Voronoi cells. For each period, ray paths were 
calculated using the fast-marching method (FMM, Rawlinson & Sambridge, 2005). The prior model was set as 
a laterally homogeneous model based on the mean value of dispersion measurements for each period. Following 
the ray paths, synthetic travel times were calculated based on the randomly perturbed velocity model. The misfit 
between the data and synthetics decides whether the perturbed model was accepted or rejected. The posteriori 
models were produced using Bayes’ theorem, and were stochastically generated via Markov chain Monte Carlo 
method. After the first iteration in which a new phase velocity model was obtained, we updated the ray paths with 
the FMM to consider ray bending due to large 2D velocity variations in the inverted crustal model. We iterated 
this inversion procedure two more times to obtain the final phase velocity model. For each period, the Love wave 
data set was inverted to reconstruct a 2D continuous phase velocity map in a rectangular model region, with the 
lower right corner at 25°N and 119°E and the upper left corner at 31°N and 104°E, using a grid size of 0.5°. 
For each period, 288 chains (or CPUs) were used to search for the velocity model. Initially, 10,000 initial search 
(burn-in) steps were conducted so that the search could start to converge. After that an additional 20,000 samples 
were searched for each chain (or CPU). A total of 5,760,000 (20,000  ×  288) models form the resulting ensemble 
of searched models, from which the mean and standard deviation were derived for the Love wave phase velocity 
maps in the 2–36 s period range. Considering the linear nature of the station locations and raypath distribution, 
we transected the Love wave phase velocity model and model error along the SCISP-1 array (Figure 4). Figure 4b 
shows the corresponding model error determined by the inversion: smaller model uncertainties are presented 
between 2 and 25 s, while in the longer periods, the model errors become larger, especially over 30s due to limited 
ray coverage.

Figure 3.  (a) Phase velocity dispersion curves of vertical (Z–Z) component; (b) Same as (a) but for horizontal (T–T) component; (c) Number of raypaths for Z-Z 
(green) and T-T (blue) component, separately; (d) Mean phase velocity along the Yangtze Block (red), Cathaysia block (Cathay, green) and the whole array (yellow). 
Solid line: Z-Z component; dashed line: T-T component. Error bars in (a) and (b) show the one-standard deviation of the measurements for corresponding periods.
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In step two of the inversion, the dispersion model extracted at each location along the SCISP-1 line was inverted 
to depth, and all inverted 1-D profiles were combined together to form the final model. Here both Rayleigh phase 
velocity of 5–50s (Li et al., 2022) and Love phase velocity of 2–36 s were jointly inverted for isotropic shear 
wave velocity (Vs) and radial anisotropy (ξ) at each model grid. The tomographic method is based on the 1D 
trans-dimensional Bayesian algorithm used in our previous work (Li et al., 2022; Yuan & Bodin, 2018). Simi-
larly, the inversion is based on a Bayesian formulation, and the model solutions are defined by a large number 
of Voronoi cells for velocity variation, layer thickness and the number of layers. The reference crustal Vs model 
was constructed using a smooth regional velocity model. This is in contrast to a wide distribution of background 
velocity models (usually from 2.0 to 5.0 km/s for crustal studies; Bodin et al., 2012), and can be achieved by 
adapting smooth continental velocity models or available local active-source models which are usually inde-
pendent of the dispersion datasets used in our approach. Yuan and Bodin (2018) demonstrated that this approach 
guides the inversion to quickly converge. One advantage of the algorithm is that the approach avoids a subjective 
choice of damping and regularization, which would otherwise lead to biases when estimating the radial aniso-
tropy ξ (Equation 2 below). Additionally, the number of model layers is a free parameter which is determined 
by the data and inversion (Bodin et al., 2012; Yuan & Bodin, 2018). We modified the inversion code to perform 
a joint inversion of both Rayleigh and Love wave dispersion data, which are sensitive to vertically polarized 
shear wave velocity (Vsv) and horizontally polarized shear wave velocity (Vsh), respectively. In the algorithm, the 
isotropic Vs and radial anisotropy ξ are given by Vsh and Vsv below (e.g., Panning & Romanowicz, 2006):

𝑉𝑉
2
𝑠𝑠 =

2𝑉𝑉
2
𝑠𝑠𝑠𝑠 + 𝑉𝑉

2

𝑠𝑠𝑠

3
� (1)

𝜉𝜉 =
𝑉𝑉

2

𝑠𝑠𝑠

𝑉𝑉
2
𝑠𝑠𝑠𝑠

� (2)

4.  New Radially Anisotropic Model Across the SCB
Figure 5 presents the new isotropic Vs and radial anisotropy ξ models and their associated errors. The starting Vs 
model that was constrained by the Rayleigh wave phase wave velocities in Li et al. (2022) is also presented in Fig. 

Figure 4.  The 2–36 s Love phase velocity results along the profile. (a) Love phase velocity model; (b) model error along the SCISP-1. Note that the model errors are 
determined by the standard deviation of the ensemble of searched models.
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Figure 5.  Seismic models along the SCISP-1 line. (a) Isotropic velocity Vs model; (b) Radial anisotropy model. The thick white line indicates the Moho estimated from 
receiver functions (Li et al., 2022). (c) Selected 1D radial anisotropy profiles and model errors (gray-shaded) which correspond to negative (N1–N3) and positive radial 
anisotropy (P1–P4) features which are discussed in the next section. For comparison, the average radial anisotropy along the whole profile is plotted. (d) same as (c) but 
for 1D isotropic Vs profile.
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S4c,d in Supporting Information S1. It is worth noting that the dispersion dataset used in Li et al. (2022) model 
is more sensitive to the vertically polarized shear wave velocity (Vsv) structure, and here by combining the Love 
wave dataset which is sensitive to horizontally polarized shear wave velocity (Vsh) structure, the final velocity 
model depicts both isotropic and radial anisotropy models. This may result in slight differences between the two 
velocity models (Figure 5a, Figures S4 and S5 in Supporting Information S1), such as in the shallow crust of the 
northwest Sichuan Basin and mid-crust in the Cathaysia Block.

Overall, the new isotropic Vs model shows features that may spatially correlate with the surface geology: for 
example, the Sichuan Basin has very low velocities in the upper crust (<10 km depth) but high velocities in the 
mid-to lower crust (>25 km depth; Figures 5a and 5d); this high-velocity mid-to lower crust extends to nearly 
112° longitude where the Moho as constrained by receiver functions (Li et al., 2022) shows a rapid transition 
from over 40 km depth in the Yangtze Block to ∼30 km depth in the Cathaysia Block. The mid-crust (∼10–25 km 
depth) of the eastern Yangtze Block has relatively high velocity, which extends toward south into the Cathaysia 
Block.

The new radial anisotropy model ξ clearly shows a strong spatial segmentation across the SCB. The Yangtze 
Block can be split into two blocks, one beneath the Sichuan Basin with positive ξ in the mid-crust (feature P1) 
and negative ξ in the lower crust (feature N1), and the other in east Yangtze and the Jiangnan Orogen which has a 
relatively weak ξ (close to 1) in the upper to mid-crust (0–10 km depth from 107° to 112.5° longitude) but a posi-
tive ξ in the mid-to lower crust (features P2 and P3). Note that we have used the Chenzhou-Linwu fault (Figure 1, 
CLF) as the terrane boundary between the Jiangnan Orogen and the Cathaysia Block, which was constrained by 
multiple datasets in Li et al. (2022). The Cathaysia Block has a strong positive ξ in the mid-to lower crust (Feature 
P4), which is truncated by two large negative ξ anomalies beneath the CLF and Zhenghe-Dapu fault (ZDF). The 
anisotropy features discussed have characteristic spatial sizes that are well above the resolving limit ∼0.4–0.6° 
shown in the resolution tests (Figs. S2–S3 in Supporting Information S1), suggesting that they are robust features.

5.  New Crustal Constraints and Tectonic Interpretations
The interior of the SCB is currently characterized by nearly uniform GPS speed, coherent internal strain rate, 
and weak seismicity (Wang & Shen, 2020; Xu, 2001). These observations suggest a lack of internal deforma-
tion, implying that the lithosphere of the SCB is stable and its physical conditions are uniform. However, recent 
geophysical studies show a fundamental difference in both the crustal structure and lithospheric thickness across 
the SCB (e.g., Figure 5 in Li et  al.,  2022); in addition, since the amalgamation of the SCB, its interior has 
experienced drastically different tectonic processes that resulted in the cratonization and subsequent sedimen-
tation in the Yangtze Block, and intracontinental orogeneses which were largely in the Cathaysia Block (Zhang 
et al., 2013). These observations suggest that a fundamental difference exists in the internal lithospheric archi-
tecture across the SCB, which may well be reflected in the new crustal model. Here we combine the isotropic 
Vs, radial anisotropy ξ, and the receiver function Common Conversion Point (CCP) model in Li et al. (2022) to 
jointly interpret the crustal seismic features in the framework of lithospheric deformation processes through the 
SCB tectonic history.

Given the large crustal thickness variations from the Sichuan Basin (∼40  km depth) to the Cathaysia Block 
(∼30 km depth), we construct a composite reference isotropic Vs model (Fig. S6 and Text S3 in Supporting Infor-
mation S1) and compute Vs perturbations based on it (Figures 6–8). The ξ variations are with respect to isotropy 
(e.g., ξ = 1.0 or Vsh = Vsv), such that positive and negative variations may be simply linked to deformations in 
the horizontal and vertical sense, respectively. We then compare lateral structures in both Vs and ξ at the whole 
crustal levels across the SCB.

5.1.  Strong Stratification and Fossil Subduction Beneath the Sichuan Basin

Evidenced by the surrounding thrust faults, for example, the Longmenshan Fault to the northwest, the Dabashan 
to the northeast, the Daliangshan to the south, and the Qiyueshan Fault (QYSF) to the east (Figure 1), the litho-
sphere underlying the Sichuan Basin may have undergone sustained deformation associated with the prolonged 
collisional processes along its margins, but internally a thick root has remained (Zhang et al., 2018). As a part 
of the Yangtze Block, the Sichuan Basin is covered by over 10 km thickness of Late Proterozoic to Quaternary 
sedimentary deposits (Wang et al., 2016). This is consistent with the strong velocity perturbation found (feature 
L1) in the new isotropic Vs model in the upper crust (Figure 6b).
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The radially anisotropic model of the Sichuan Basin exhibits a distinct pattern of vertical stratification, which corre-
sponds well with the two positive velocity gradients around ∼5 and 15–20 km depth found in the receiver function 
CCP model (see Figure 6c). The negative radial anisotropy in the upper crust is strongly correlated with the deepen-
ing of the Quaternary and Mesozoic basins to the west (Wang et al., 2016). This contrasts with the normal positive 
anisotropy signal that typically results from flat-lying basin stratifications. The middle crust (10–25 km depth) is 
characterized by a large positive anisotropy feature (P1), which may spatially extend eastward into the QYSF. We 
attribute this positive anisotropy signal to the Sichuan Basin basement. The positive signal is typical of continental 
mid-crust, where the signal is attributed to the CPO- and/or SPO-induced anisotropy of mica-bearing rocks (Almqvist 
& Mainprice, 2017; Lloyd et al., 2009). According to Xie et al. (2013), the occurrence of planar mica sheets is a 
plausible explanation for the presence of positive mid-crustal radial anisotropy beneath eastern Tibet and the Sichuan 
Basin. West of the HYSF, the positive anisotropy signal may be reinforced by sedimentation of the Sichuan Basin.

Beneath the Sichuan Basin, a large negative radial anisotropy (Vsv > Vsh) domain is dominant in the lower crust 
(feature N1), which broadly correlates with the high velocity feature (H1) which may extend southeast of the QYSF. 
Negative anisotropy in the lithosphere can be attributed to active upwelling melts (plumes), ongoing subduction 
slab, vertically (or sub-vertically) aligned fossil structures (large scale faults). These structures can form the effec-
tive CPO or SPO that would lead to greater Vsv than Vsh and therefore negative ξ. We may rule out present-day active 
upwelling because the lithospheric thickness of the Sichuan basin reaches over 200 km, suggesting that this is a 
stable continent that may have protected the crust from deeper modification. We note that west of the HYSF, Gao 
et al. (2016) shows that south-east dipping reflectors cross the Moho and extend into the sub-crustal lithosphere, 

Figure 6.  Model perturbations for the Yangtze Block. (a) radial anisotropy variation with respect to isotropy. (b) isotropic Vs perturbation with respect to the composite 
reference model (Fig. S6 in Supporting Information S1). (c) Receiver function CCP stacking model (Li et al., 2022) showing the vertical velocity gradient. Dashed 
black line shows the dipping interface inferred from receiver function CCP model.
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which they interpreted as the relics of the Neoproterozoic Panxi-Hannan subduction along the NW margin of the 
Yangtze Block (Zhou et al., 2002). The reflection model also shows that these dipping reflectors extend into the 
lower crust (Figure 2b in Gao et al., 2016). The SCISP1 receiver function Common-Conversion-Point (CCP) image 
(Li et al., 2022) shows two dipping interfaces (at depths below 50 km around 105–105.5° and 105.9–106.3°), which 
spatially coincide with a upper mantle dipping reflector found in Gao et al. (2016). Gao et al. (2016) proposed 
that the western Yangtze margin experienced a series of fossil subductions and the marginal lithosphere expanded 
through outward accretions of the subducted lithosphere. Strong CPO usually exists within a subducting lithosphere 
(Park & Levin, 2002), with the anisotropy fast-axis direction parallel to the subduction direction. When accreted to 
the western Yangtze margin, a plunging fast axis direction would develop, leading to faster Vsv than Vsh, and there-
fore causing an negative radial anisotropy signal. A similar proposal for fossil subduction with plunging fast axis 
is found in shear-wave splitting and body-wave tomographic studies along the southern margin of the Wyoming 
Craton in North America (Fox & Sheehan, 2005; Yuan & Dueker, 2005). In addition, dipping subduction interfaces 
would also lead to dipping structural anisotropy (SPO), which would reinforce the signal from the “frozen-in” CPO 
anisotropy in accreted lithosphere. We therefore suggest that the strong negative anisotropy (N1) beneath the west-
ern Sichuan Basin is likely of a fossil subduction/accretion origin. Gao et al. (2016) further showed that the dipping 
interface extended into the mid- and lower crust. We suggest that both CPO- and SPO-induced anisotropy due to 
sub-vertical alignment of fossil fabrics may cause negative radial anisotropy N1 in the Sichuan Basin.

In the western Yangtze Block, a surface wave tomography study by Liu et al. (2021) revealed a northeast-trending 
negative radial anisotropy pattern between the mid-crust and ∼80 km depth in the topmost sub-crustal lithospheric 
mantle. Liu et al. (2021) attributed the negative anisotropy, embedded in high shear-wave velocities, to a hidden 
fossil hotspot track that may potentially be responsible for the Late Permian Emeishan Large Igneous Province 
(ELIP) centered at the southwest corner of the Yangtze Block. Through the proposed plume passage, consolidated 
mafic-ultramafic dike-forming magma systems were expected to form high seismic velocity and negative radial 
anisotropy. It is noteworthy that the proposed hotspot track, if true, is spatially coincident with the feature N1, 
therefore consolidated vertical dikes could also be a viable candidate to form the negative radial anisotropy N1. 
A recent shear-wave splitting study, however, suggested that the plume impinging may be confined to the center 
of the ELIP (Li, Chen, et al., 2021). Tracing such hidden hotspot tracks thus may require finding more evidence 
of seismic signatures associated with plume-related modification of continental lithosphere (Sleep, 1990), for 
example, reduced velocities (e.g., Stachnik et al., 2008), high attenuation (Chu et al., 2013), and thinning of the 
lithosphere (Heyn & Conrad, 2022) reported in similar studies worldwide.

5.2.  Rapid Lateral Change in Anisotropy in Eastern Yangtze

In the eastern Yangtze Block, the radial anisotropy domain quickly switches signs across the QYSF. Feature P2 
denotes a prevailing pattern of positive radial anisotropy in the mid-to lower crust, which is overlain by a small nega-
tive ξ (feature N2) in the upper crust. The Vs model changes the pattern as well following the radial anisotropy, from 
the high velocity Sichuan Basin lower crust (H1) to a relatively low-velocity zone (L1). A broad NW up-dipping 
mid-to lower crustal interface (positive velocity gradient d1, Figure 6c) was previously imaged in the receiver func-
tion CCP model (Li et al., 2022). This feature spatially coincides with a highly conductive zone of crust and shallow 
sub-crustal lithospheric mantle, which is imaged in a magnetotelluric study (Zhang et al., 2015). Considering the 
thick lithosphere in the region, Li et al. (2022) suggested that d1 marks a relict suture zone which may have resulted 
from a Paleoproterozoic orogenic event predating the Jiangnan Orogeny (Cawood et al., 2020; Dong et al., 2015).

In the eastern Yangtze Block, a Mesozoic thin-skinned fold-and-thrust system (Yan et al., 2003) was developed in 
the upper crust east of the Huayingshan Fault (HYSF). Across the Qiyueshan Fault (QYSF), the system evolves 
into a thick-skinned pattern with V-shape syncline zones with more steeply dipping mid-to lower crustal faults 
(Yan et al., 2003). These thin-skinned and thick-skinned structural patterns are well reflected in reflection profiles 
of the eastern Yangtze Block (Dong et al., 2015; Li et al., 2018), and may cause SPO-induced radial anisotropy 
accordingly: for example, positive anisotropy due to flat-lying faults in the thin-skinned deformation zone in the 
upper crust between the HYSF and QYSF, and negative anisotropy (N2 in Figure 6a) due to steeply dipping faults 
in the upper and mid-crust of the eastern Yangtze. We attribute the transition in the upper to mid-crust radial 
anisotropy from positive to negative east of the QYSF (feature N2) to the change in orientation of foliation planes 
from horizontal (thin-skinned) to sub-vertical (thick-skinned), correspondingly.

In the mid-to lower crust, the large positive radial anisotropy feature (P2) lies above the dipping interface d1 
(Figure 6b). Li et al. (2022) interpreted that this feature occurred before the Jiangnan Orogeny which assembled 
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the SCB, thus the crust east of d1 likely represents a proto-Yangtze block of at least late Paleoproterozoic age 
(Cawood et al., 2020). Positive radial anisotropy may be typical of cratonic mid-to lower crust (e.g., Dalton & 
Gaherty, 2013). Dalton and Gaherty (2013) attributed the strong radial anisotropy in the cratonic crust of western 
Canada to CPO of horizontally foliated and/or lineated mineral fabric, and/or strong isotropic velocity (or compo-
sition) layering in the mid-to lower crust.

5.3.  Strong Anisotropy and Magmatic Intrusion in the Jiangnan Orogen

In the Jiangnan Orogen, strong positive anisotropy P3 at nearly the whole crust scale is most prominent, which 
is located mostly between the CBF and the CLF (Figure 1). Initially, the Jiangnan Orogen emerged as a result of 
the collision between the Yangtze and Cathaysia blocks. In the Early Paleozoic and Early Mesozoic, the suture 
belt was influenced by two intracontinental orogeny events (Faure et al., 2017; Yao et al., 2012). After orogenic 
collisions, the SCB experienced episodic extensions, due to the collapse post orogeny and the far-field effect of 
the (paleo-) Pacific subduction system (Chu et al., 2012, 2019; Li & Li, 2007). The extension and magmatism are 
clearly present in the coastal area, which further reached northwest into the MXFT (Chu et al., 2019).

The collisional zone between the Yangtze and Cathaysia blocks exhibits a rapid change in shear-wave velocity 
within the subcontinental lithosphere, which is attributed to a variety of factors that have led to significant vari-
ations in the lithospheric architecture. One possibility is the post-orogenic extension of the Jiangnan Orogeny, 
which could have resulted in lithospheric delamination and subsequent magmatic intrusion and mafic underplat-
ing in the Jiangnan orogenic crust. Another potential cause is the post-orogenic extension of two intracontinental 
orogenic events, which could have also contributed to lithospheric delamination and the formation of large-scale 
crustal faults. Additionally, extension due to roll-back of the Pacific plate may have played a role in the forma-
tion of large-scale faults and lithospheric delamination (e.g., Li & Li, 2007). These processes could have been 
enhanced by the presence of pre-existing large crustal-scale faults from earlier orogenies, as seen in the receiver 
functions (e.g., d2 and d3 in Figure 7c). The resulting changes in lithospheric architecture, including significant 
variations in the thickness of both the crust and lithosphere, may have contributed to the observed lateral varia-
tions in shear velocity within the subcontinental lithosphere.

Lower crustal magmatic underplating is frequently reported in Precambrian collision zones (Thybo & 
Artemieva, 2013). For our proposed fossil collision, after magma was injected into the lower crust, large posi-
tive ξ (P3, Figure 7a) may form in response to the magma fractionation and assimilation. After solidification, 
the injected magma may form horizontally aligned sill complexes or lenses (e.g., Yuan et  al.,  2010), which 
would manifest fast velocities (e.g., west of dipping structure d2 in Figure 7b) and a positive ξ signal in terms 
of SPO-induced anisotropy. It is also possible that CPO-induced anisotropy may occur in this case, due to the 
potential role of induced CPO of eclogites in lower crustal intrusions (Keppler,  2018). Induced CPO would 
further enhance the positive radial anisotropy. Unlike the feature P2 beneath the eastern Yangtze Block which is 
attributed to cratonic crustal basement, the large positive anisotropy (P3) here in the lower crust likely resulted 
from magmatic underplating, which may have been extensively developed after the Jiangnan Orogeny.

5.4.  Positive Mid- and Lower Crustal Anisotropy and Crustal Extension in the CaB

The Cathaysia Block (CaB) is bounded to the west by the Chenzhou-Linwu fault (CLF) and extends southward to 
the Wuyi domain, crossing the ZDF to the coastal area. Its formation is the result of multiple stages of accretion 
since the Neoproterozoic period (Wang et al., 2014). The CaB has been heavily impacted by two intracontinen-
tal orogenies, the Indosinian and Yanshanian Orogenies, as evidenced by intense surface deformation, faulting, 
and magmatism (Li & Li, 2007; Wang & Shu, 2012; Zhou et al., 2012). This extensive surface deformation and 
granitic magmatism in the SCB have been referred to as the “Basin and Range Tectonics of South China” by Gilder 
et al. (1991). Recent deep imaging studies have shown that the CaB lithosphere has undergone significant thinning 
(Deng et al., 2019; Li et al., 2022; Wei et al., 2016; Zhang et al., 2018), and subsequent asthenospheric upwelling 
due to lithospheric extension has resulted in widely exposed Mesozoic granite and volcanic rocks in the eastern 
CaB (Deng et al., 2019; Li, 2000; Zhou et al., 2012). Additionally, the CaB developed widespread NE-SW trending 
faults (Cao et al., 2022; Wang et al., 2013), which could have provided potential channels for crustal melts.

The largest positive radial anisotropy of the entire SCISP-1 profile is observed in the mid-to-lower crust of the 
western Cathaysia Block (P4; Figure 8a). Similar to the widespread crustal positive radial anisotropy reported in the 
Basin and Range Province of the Western US (Moschetti et al., 2010), this strong anisotropy feature (P4) is readily 
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attributed to the CPO-induced anisotropy of crustal anisotropic minerals in response to the regional extensional 
tectonics. In the western Cathaysia crust, the positive radial anisotropy is mostly concentrated in the mid-to-lower 
crust, where large velocity reductions are also observed in the velocity model (feature L4; Figure 8b). Based on 
previous H-k studies (e.g., Li et al., 2022; Wei et al., 2016), the average crustal composition of the Cathaysia 
Block is felsic. These seismic observations are consistent with a relatively weak, quartz-rich crust that facilitates 
ductile deformation in crustal extension, as proposed in the western US (Lowry and Perez-Gussinye, 2011). Li 
et al. (2022) further compared the low crustal Vs and transparent (lack of dipping interfaces) crustal receiver func-
tion signals here in the CaB with contrasting observations in the Yangtze crust, and attributed the differences to 
the long-term lithospheric responses of the two intracontinental orogenies. Due to the much thinner lithosphere 
of  the CaB, the crust was more exposed to the diffuse deformation associated with Phanerozoic orogenesis, which 
may have eventually overwritten the original crustal deformation characteristics in the CaB.

5.5.  Negative Anisotropy and Terrane Boundaries in the CaB

In the CaB, two intriguing negative radial anisotropy features (N3 and N4) are observed in the mid-to lower 
crust. N4 is located directly beneath the ZDF, while the northern edge of N3 is located under the CLF, which is 
conventionally considered as the boundary between the Yangtze and Cathaysia blocks (Wang et al., 2003). Nega-
tive radial anisotropy is typically attributed to near-vertical cracks or faults in the upper crust and steeply dipping 
or subvertical mica sheets in the mid-crust (Xie et al., 2013). In the CaB, an active-source imaging study (Dong 
et al., 2020) imaged the ZDF as a whole-crust fault system that divides West and East Cathaysia. The ZDF has a 
high angle fault plane in the lower crust, which could cause the negative radial anisotropy signal (N4). Infiltrating 

Figure 7.  Model perturbations for the Jiangnan Orogen. (a) radial anisotropy variation. (b) isotropic Vs perturbation with respect to the composite reference model (Fig. 
S6 in Supporting Information S1). (c) Receiver function CCP stacking model (Li et al., 2022) showing the vertical velocity gradient. Dashed lines show the dipping 
interfaces (d2 and d3) inferred from receiver function CCP model.
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melts may further strengthen the negative radial anisotropy signal by reinforcing the subvertical structure along 
the fault plane through melt transport or crystallization. Surface wave tomography shows that the thin lithosphere 
of the CaB may be perturbed by lower velocities, which may guide asthenospheric upwelling toward shallow fault 
systems (Fig. S7 in Supporting Information S1; Bao et al., 2015). We propose that the negative radial anisotropy 
observed beneath the ZDF might be attributed to the influence of ongoing upwelling processes.

The negative radial anisotropy structure N3 beneath the CLF in the CaB may be attributed to both a fossil colli-
sional zone and present-day upwelling melts. Li et al. (2022) reported an over 200 km wide lithospheric suture 
zone immediately north of the CLF, which is characterized by rapid lateral change in both the Moho depth and 
lithosphere-asthenosphere boundary (LAB). This lithospheric suture zone may have resulted from the Jiangnan 
Orogeny, and edge-driven convection due to the large lateral difference in the LAB topography may create a large 
horizontal pressure gradient in the asthenosphere. This would promote repeated melt infiltration/upwelling into 
the weak lithospheric suture zone. The negative radial anisotropy anomaly observed in this area may therefore 
result from both the fossil collisional zone and the present-day upwelling melts.

5.6.  Continental Fragments in the SCB

The new radial anisotropy model reveals significant lateral variations in seismic anisotropy across the SCB 
(Figure 5). Transitions from positive to negative crustal anisotropic domains are prominent and correlate well 
with large regional faults that are well-exposed at the surface. In contrast, the whole Yangtze Block shows a clear 
vertical stratification in the crustal radial anisotropy. Beneath the Sichuan Basin, the top crustal layer of positive 

Figure 8.  Model perturbations for the Cathaysia Block. (a) radial anisotropy variation. (b) isotropic Vs perturbation with respect to the composite reference model (Fig. 
S6 in Supporting Information S1). (c) Receiver function CCP stacking model (Li et al., 2022) showing the vertical velocity gradient.
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anisotropy is attributed to the thick sedimentary basin, while the negative anisotropy in the bottom layer results 
from the subduction that tilted the deformation fabrics preserved in the Panxi-Hannan arc lithosphere along the 
western and northern Yangtze margin. The radial anisotropy switches signs in the Yangtze fold zone, where the 
negative anisotropy in the upper layer is likely due to the thick-skinned fault systems, and the positive anisotropy 
in the bottom layer, located coinciding with the upper arm of a tectonic wedge, is interpreted to result from a 
Paleoproterozoic collision within the Yangtze Block (Cawood et al., 2020; Li et al., 2022). Clearly, the crust 
of the Yangtze Block is underlain by a thick cratonic lithosphere (Figure 9; Bao et al., 2015), which may have 
played a critical role in preserving these fossil deformation fabrics during the subsequent Jiangnan Orogeny and 
post-assembly intraplate orogenic processes of the SCB (e.g., Cawood et al., 2018).

Most of the CaB and Jiangnan Orogen, on the other hand, are dominated by a whole-crust positive radial anisot-
ropy. In the CaB, this is attributed to the on-going Basin-and-Range style crustal stretching, characterized by the 
low crustal shear velocity, low Vp/Vs ratio (hence felsic crustal composition), thinned Cathaysia lithosphere and 
surface granitic magmatism, all of which collectively support this notion. In contrast, the whole-crust positive 
anisotropy in the Jiangnan Orogen (feature P3), which seems to be interconnected with that (P4) in the Cathaysia 
Block, is interpreted to be of a fossil collisional origin, which is supported by overall higher crustal velocity, 
dipping crustal interfaces and thicker lithosphere. The positive anomaly P4 is bounded by two lower crustal 
negative anisotropy features underneath the ZDF and CLF. These crustal faults may be further extended to the 
edges of two possible domains in the CaB lithosphere (shaded regions in Figure 9) in a regional surface wave 
tomography model (Bao et al., 2015). Magnetotelluric models of the CaB also display discrete domains with large 
resistivity in both crust and lithospheric mantle (Zhang et al., 2020). Taken together, the new geophysical obser-
vations suggest that the ZDF and CLF are deep-rooted lithospheric faults, which may further favor the model that 
the CaB has experienced accretion of multiple terranes, although the detailed evolutionary processes still remain 
debated (Lin et al., 2018; Wang et al., 2014).

The highly fragmented crustal domains revealed by the new SCB seismic model have important tectonic 
implications. Fragmented crustal domains with sub-parallel boundary faults are observed in various locations, 
including the western Superior Craton (Percival et al., 2006) and the Yilgarn Craton (Cassidy et al., 2006), 
both of which are part of stable Archean cratons, as well as in the eastern Tethys domain where the present-day 

Figure 9.  Fragmented continental blocks in the SCB resulted from its long tectonic evolution history, based on the conceptual lithospheric model of the SCB in 
Zhang et al. (2013) and further adapted by Li et al. (2022) which focused on the Proterozoic assembly of the SCB. Horizontal and vertical stripes with shading in the 
crust denote the radial anisotropy features: blue, positive anisotropy and red, negative anisotropy inferred from this study. Moho is from receiver function results in Li 
et al. (2022). Brown zones in the mantle lithosphere denote lithospheric nuclei inferred from a shear-wave tomographic model (Bao et al., 2015). Black dashed lines 
denote large crustal and sub-crustal faults inferred from previous studies (Dong et al., 2020; Gao et al., 2016; Wang et al., 2003) or the tectonic wedges (Li et al., 2022).
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collision between the Indian plate and the Eurasian continent is taking place (Metcalfe, 2013; Wan et al., 2019). 
Clearly, such crustal fragments or terranes have played critical roles in assembling stable continental areas, 
but why they have survived various supercontinent cycles throughout the long span of Earth's tectonic evolu-
tion remains intriguing - geodynamic modeling shows that as inherited structures from previous tectonic 
activity, such crustal fragments likely control first-order deformation during initial continental rifting (Heron 
et al., 2016, 2023).

In the SCB, the deep lithospheric root beneath the Yangtze Block (Sichuan Basin) may have protected the crustal 
blocks from infiltration of asthenospheric melts, which can weaken the overlying lithosphere. Despite the pres-
ence of large-scale surface faults that clearly map the boundaries between crustal blocks, the lithosphere remains 
mechanically strong and does not break. However, petrological and geochemical observations of mantle xenoliths 
in the Early Mesozoic and Cenozoic alkaline rocks suggest that the lithosphere beneath the Cathaysia Block 
(about 80–90 km in thickness) is significantly thinner than in the Yangtze Block (more than 110 km; Liu, 2013), 
and the thermal-blanket effect does not apply. Variations in Sr-Nd isotopes of the late-Mesozoic mafic rocks in 
west Cathaysia and Jiangnan orogen show an age trend, from depleted mantle sources around 198–160 Ma to 
enriched lithospheric sources at 95–80 Ma (Yang et al., 2021; Zhang et al., 2023). Zhang et al. (2023) attributed 
this source transition to limited melting of the upwelling asthenosphere at 198-160 Ma and a progressive increase 
of partial melting of the lithospheric mantle from 160 to 140 Ma to 140–95 Ma, favoring lithospheric delamina-
tion and subsequent asthenospheric upwelling (Yang et al., 2021; Zhang et al., 2023). The fragmented continental 
pieces imaged in Figure 9 may have guided asthenospheric melts along internal boundaries toward the surface, 
leading to the Basin-and-Range style deformation and magmatism.

6.  Concluding Remarks
The high-resolution seismic models of the SCB provide new insights into the lithospheric architecture and 
tectonic evolution of this region. Our analysis reveals the following key findings.

•	 �The SCB displays strong lateral variations in seismic properties, indicating that it underwent assembly of 
multiple blocks or terranes, orogeny, and post-orogenic deformation.

•	 �The Yangtze Block is characterized by ancient amalgamation features from the Paleoproterozoic to the 
Neoproterozoic, which have been preserved due to its thick lithospheric root. In contrast, the Jiangnan Orogen 
and Cathaysia Block have undergone significant deformations in the Phanerozoic, altering their anisotropy 
signature.

•	 �The Jiangnan Orogen and Cathaysia Block show distinct positive anisotropy, indicating intense extensional 
deformation, but different origins. The Jiangnan Orogen experienced episodic post-orogenic extensions and 
magmatism, whereas the fabric of the Cathaysia Block can be attributed to ongoing Basin-and-Range style 
crustal extension.

•	 �Whole-crust scale boundaries, such as the MXFT, CLF, and ZDF, are observed among the Yangtze, Jiangnan 
Orogen, and Cathaysia blocks. The interior of these blocks exhibits particular seismic characteristics of its 
own. We speculate that the boundary or suture zone plays an important role in controlling the later deforma-
tion tectonic activities.

Although the SCB currently appears to be characterized by uniform surface deformation and stress state, its 
tectonic evolution has been characterized by multi-block assembly, multi-orogenic events, and pervasive defor-
mation. Based on our seismic models and other geophysical evidences, we propose that the anisotropic struc-
tures observed in the SCB may demarcate a set of continental fragments that were accreted through successive 
orogenic events. Such continental fragments exhibit different tectonic responses to long-term evolution (e.g., 
Heron et al., 2023; Gün et al., 2021), and our new multiscale seismic approach presented in this study illustrates 
its potential to provide deep constraints that can enhance comprehension of these processes.

Data Availability Statement
The raw cross-correlation function waveforms used to produce the new radial anisotropic model presented in 
this study for both Rayleigh waves (Z-Z component) and Love waves (T-T component) are available at Yuan 
et al. (2023) https://doi.org/10.6084/m9.figshare.22698181.v3.
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