
1. Introduction
The lithosphere–asthenosphere boundary (LAB) is generally considered to be a negative velocity gradient (NVG) 
transition zone from the cold and fast lithosphere to the warm and slow asthenosphere. Its depth varies consid-
erably, ranging from ∼0 km in mid-oceanic ridge, to <50 km beneath the young oceans, and then to >200 km 
beneath cratonic regions (Bostock, 1999; Fischer et al., 2010, 2020; Hopper & Fischer, 2015; Thybo, 2006). The 
precise positioning of the LAB provides good constraints on the evolution of cratons and orogens, such as litho-
spheric thinning owing to extension (e.g., Buck, 1991) or detachment (e.g., Davies & Von Blanckenburg, 1995; 
Kosarev et al., 1999) and lithospheric thickening owing to collision (e.g., Houseman et al., 1981). A series of 
methods, such as receiver functions (P- and S-wave receiver function; PRF and SRF, respectively), SS precur-
sors, and body-wave and surface-wave tomography, have been developed to detect the lithospheric thickness at 
both global (Bijwaard & Spakman, 2000; Ritsema et al., 2004; Ritzwoller et al., 2002) and local scales (Long 
et al., 2021; Mojaver et al., 2021; Rawlinson & Fishwick, 2012; Zhang et al., 2021).

SRF is the most widely used method for detecting the LAB because the Sp converted phase is remarkably 
sensitive to the vertical velocity gradient at the typical LAB depth. More importantly, even if the PRF has 
higher temporal and depth resolution in most cases, it has serious contamination by other phases across the 
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LAB depth (Chen et al., 2009; Hansen et al., 2010; Hu et al., 2011; Levander & Miller, 2012; Liu, Klemperer, 
& Blanchette, 2021; Liu & Zhao, 2021; Thybo et al., 2021; Zhang et al., 2014). Coordinate system rotation 
and deconvolution are important steps for obtaining SRFs. However, the incidence angle of the planar S wave 
could be affected by the near-surface structures beneath the seismic stations, and the estimated rotation angle 
based on the polarization of the S wave may be different from the synthetic value due to the complexity of the 
earthquake mechanism and the source time function (Chu et al., 2009; Fichtner et al., 2009; Tape et al., 2007; 
Vallée et al., 2011; Yuan et al., 2006). The deconvolution time window may also include mixtures of different 
seismic phases. Here, we identified the incidence angle (Inci_Ang) and the length of the source wavelet window 
(Win_Len) as the two key parameters in this study. We calculated the SRFs by varying these two parameters 
to mimic the three-component waveforms at station ST09 on the Tibetan Plateau, which has been analyzed in 
a previous study (Kumar et al., 2006). Figure 1 shows that different values of these two parameters can indeed 
affect the shape of the SRFs. The waveform amplitude at time zero could be either negative or positive for 
different Inci_Ang and Win_Len values. Furthermore, the quality control process of the estimated SRFs could 
also influence the stacking and migration results. Therefore, the inappropriate selection of the coordinate rota-
tion angle and deconvolution time window, and following the quality control process would potentially bias the 
resultant LAB depth.

Various efforts have been made to optimize the coordinate rotation angle and quality control process to 
improve the reliability and stability of the constructed SRFs. Minimizing the amplitude at time zero (Kind 
et al., 2012; Kumar et al., 2006; Yuan et al., 2006; Zhang et al., 2012), measuring the polarization angle 
based on the S-wave particle motion (Farra & Vinnik,  2000; Vinnik et  al.,  2004), and converting from 
the apparent velocity (Hu et  al.,  2011; Reading et  al.,  2003) are all reliable approaches for determining 
the possible rotation angle. The quality control process includes visual inspection, signal-to-noise ratio 
(SNR) constraints (Hansen et al., 2010; Shen et al., 2019), and bootstrap estimation (Hansen et al., 2009; 
Xu et al., 2017, 2019). However, these methods could introduce artifacts based on the parameters chosen. 
A robust and reproducible strategy that avoids artificial interference when obtaining SRFs has not been 
implemented to date.

Figure 1. The influence of the incidence angle (Inci_Ang) and deconvolution time window length (Win_Len) on the shape 
of the S wave receiver function.
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Here we focus on avoiding such artificial interference when obtaining the lithospheric thickness by varying 
Inci_Ang and Win_Len during the SRF calculation and then performing quality control on the resultant SRFs. 
We develop the generalized strategy (GC_SRF) for obtaining the lithospheric thickness from S-wave receiver 
functions to extract stable SRFs and guarantee reproducibility, where the “G” and “C” represent the grid search 
and correlation analysis, respectively. Specifically, we first perform a grid search to obtain the two parameters, 
Inci_Ang and Win_Len. We then analyze the SRFs corresponding to different combinations of these two param-
eters via cross-correlation to obtain the optimal SRF. The root mean square error (RMSE) algorithm is introduced 
to perform the quality control process in real data cases. Parallel computing is introduced to ensure the compu-
tational efficiency of the GC_SRF strategy. This strategy has been effectively applied to both full wavefield 
synthetic seismograms and real data sets. Distinct lateral variations of lithospheric thickness are revealed in 
southeastern Tibet.

2. Method
The GC_SRF strategy is schematically illustrated in Figure 2. This approach contains coordinate rotation and 
discrete deconvolution (Farra & Vinnik, 2000; Wilson et al., 2006; Yuan et al., 2006) steps during the SRF calcu-
lation process. We follow the approach outlined in Kumar et al. (2006) and Yuan et al. (2006) to rotate the raw 
data from the ZNE system to the LQT system (L: aligned in the direction of P wave propagation; Q: aligned in 
the movement direction of SV phase; T: aligned in the movement direction of the SH phase) and determine the 
optimal Inci_Ang value by minimizing the amplitude at time zero on the L component.

The concept of discrete deconvolution has been employed in reflection seismology since the 1950s (Robinson & 
Treitel, 2000), and it was later introduced in passive seismology, where it has since been developed into different 
algorithms, such as time-domain iterative deconvolution (Ligorria & Ammon, 1999), wiener filter deconvolu-
tion (Wu et al., 2003a), water level deconvolution (Langston, 1979), maximum entropy spectrum deconvolution 
(Wu et  al.,  2003b), homomorphic deconvolution (Oppenheim, 1969; Ulrych et  al.,  1972), and spiking decon-
volution (Robinson & Treitel, 1976, 2000; Treitel & Robinson, 1966). We have chosen spiking deconvolution 
in the GC_SRF strategy because of its wide use and efficiency in previous SRF studies (Farra & Vinnik, 2000; 
Kind et al., 2012; Yuan et al., 2006). Spiking deconvolution is employed in the LQT coordinate system to esti-
mate an inverse filter based on a chosen time window of the Q-component waveform (Levinson, 1946; Rost & 
Thomas, 2002). The length of the time window (Win_Len) led directly to the instability of the deconvolution 
results (see Figure 1).

The spiking deconvolution algorithm that is used in most studies is enclosed in the Seismic Handler 
(Stammler, 1993), which is now inconvenient to use because it has not been maintained for nearly a decade. 
We therefore reconstruct the spiking deconvolution algorithm as a binary executable named SX_Deconv using 
the C++ compiler to handle and transplant the algorithm for different applications. We reproduce the results 
presented in Kumar et al. (2006) to validate the effectiveness of SX_Deconv. Figure 3 provides a comparison 
of the SRFs obtained by two algorithms for a Ms 6.4 earthquake event in 1998 at station ST09, with the Kumar 
et al. (2006) result shown in Figure 3a and the SX_Deconv result, where Inci_Ang varies from 0° to 60° and 
Win_Len is set to 85 s, as shown in Figure 3b. Specifically, there are identical SRFs on (a) and (b) that possess 
clear Sp phases, a positive Smp phase near −8 s, and a negative SLp phase near −18 s. Such a case can validate 
the application to obtain SRFs from both synthetic and real data.

The three-component waveforms recorded in the ZNE coordination system serve as the inputs for the GC_SRF 
strategy. We prepare the input data for the synthetic cases via the following procedure: (a) apply a 50- to 4-s 
bandpass filter; (b) clip the waveforms from 200 s before to 200 s after the theoretical S-wave arrival time, which 
is calculated using the IASP91 model (Kennett & Engdahl, 1991) and TauP Toolkit (Crotwell et al., 1999); and 
(c) detrend, demean, and resample the waveforms to 10 Hz. Similarly, the preparation steps for real data are 
almost the same as the synthetic cases, but in the first step we selected the teleseismic S waveforms for Ms ≥ 5.5 
earthquakes that possess 𝐴𝐴 SNR𝐻𝐻 greater than 5 with epicentral distances in the range of 50–90. Here we define 
the 𝐴𝐴 SNR𝐻𝐻 as:

SNR𝐻𝐻 =
SNR𝑁𝑁 + SNR𝐸𝐸

2
, SNR = (

1
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where 𝐴𝐴 SNR𝑁𝑁 is the SNR of the N component and 𝐴𝐴 SNR𝐸𝐸 is the SNR of the E component, with the signal window 
(𝐴𝐴 𝐴𝐴𝑠𝑠 ) defined as 5 s before to 30 s after the S-wave arrival time and the noise window (𝐴𝐴 𝐴𝐴𝑛𝑛 ) defined as 60 to 30 s 
before the S-wave arrival time.

The GC_SRF strategy calculates the SRFs corresponding to different Inci_Ang and Win_Len values (i.e., 
𝐴𝐴 SRF(Inci Ang,Win Len) ). Here, Inci_Ang is varied from 0° to 60° in 4° increments (Kumar et al., 2006), and 

Figure 2. Flow chart of the GC_SRF strategy.
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Win_Len is varied from 5 to 100 s in 5-s increments. There is only one SRF waveform for each Win_Len, with 
the smallest absolute amplitude occurring at time zero (𝐴𝐴 SRFmin(Win Len) ). The arithmetic mean of these SRFs is 
redefined as the reference SRF (𝐴𝐴 SRFref ):

SRFref =
1

𝑁𝑁

∑

SRFmin(Win Len) (2)

where 𝐴𝐴 𝐴𝐴 indicates the number of Win_Len values. The cross-correlation coefficient between the 𝐴𝐴 SRFref and 
𝐴𝐴 SRF(Inci Ang,Win Len) is then defined as:

CoefSRF(Inci Ang,Win Len) = CC[SRFref ,SRF(Inci Ang,Win Len)], (3)

where 𝐴𝐴 CC indicates the cross-correlation coefficient calculation. Finally, only the SRF that simultaneously satis-
fies (a) the smallest absolute amplitude at time zero and (b) the maximum 𝐴𝐴 CoefSRF will be selected as the optimal 
SRF. The Inci_Ang and Win_Len values corresponding to this optimal SRF can either be used as a reference 
waveform for quality control or as input parameters that can be adapted to other deconvolution methods.

It is still necessary to perform quality control on the estimated SRFs from real data to remove any ambient noise 
and aliased waveforms. The results of the events with similar slowness at a single station should have good 
consistency, as has been fully demonstrated in previous receiver function studies (Kumar et  al.,  2006; Yuan 
et  al.,  2006), because the moveout corrected receiver functions reflects the structural information below the 
station (Kumar et  al.,  2010; Rost & Thomas,  2002). Therefore, the RMSE is applied for the quality control 
step. We first calculate the RMSE between each SRF and the average waveform at each station. We then reorder 
all the SRFs based on their RMSEs, with waveforms possessing clear and consistent Smp and SLp phases tending 
to be at the beginning of the sequence. Unlike Shen et al. (2019) used root mean square on the raw seismograms 
and SRF to do the quality control, we apply the RMSE to do the ordering and can select different proportions of 
the SRFs based on this reordered sequence to perform a linear summation. The best selection percentage can be 
determined by comparing the amplitudes of the Smp and SLp phases of the stacked waveforms that correspond to 
different data proportions. Here, we name this reordering method RMSE reordering and the best data proportion 
RMSE percentage.

Figure 3. SRFs at station ST09 in southwestern Tibet with an Ms 6.4 earthquake event occurred in 1998. (a) An example edited from Figure 4b in Kumar et al. (2006). 
(b) Result from SX_Deconv. The top panel represents the original three-component event waveforms and event information. The bottom panel shows the SRFs 
corresponding to different incidence angles with deconvolution time window length fixed to 85 s. The upper panel in (a) and (b) show the raw teleseismic event 
waveform with earthquake information labeled, which indicates that the event waveform we collected from the Incorporated Research Institutions for Seismology (IRIS) 
is the same as that in Kumar et al. (2006). The lower panel in (a and b) are calculated SRFs for different rotation angles.
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3. Applications of the GC_SRF Strategy to Full Wavefield 
Synthetic Seismograms
3.1. Application to a One-Dimensional (1-D) Velocity Model

We first test the GC_SRF strategy on full wavefield synthetic seismograms 
using 1-D velocity models to demonstrate that this strategy can effectively 
calculate SRFs. Several attempts have been made previously to obtain 
synthetic full wavefield seismograms and synthetic SRFs (Shen et al., 2019; 
Yuan et al., 2006). Yuan et al. (2006) synthesized full wavefield seismograms 
via the reflectivity method (QSEIS, Wang,  1999); however, they obtained 
SRFs with only partial wavefield synthetic seismograms to avoid the decon-
volution calculation. Although the partial wavefield synthetic seismograms 
possessed clear Sp converted phases, the observed field data consist of time 
series signals from the full wavefield. It is therefore necessary to rebuild the 
Sp phases from full wavefield synthetic seismograms to ensure the robust-
ness of our proposed strategy.

The 1-D models that are employed in this study, which are constructed to a 
depth of 1,000 km based on IASP91 (Kennett & Engdahl, 1991), are shown in 
Figure 4, with the crust simplified to a single 40-km-thick layer. We introduce 
a 3% negative velocity jump at either 120 km (SM01), 150 km (SM02), or 
180 km (SM03) depth to represent the LAB, following Yuan et al. (2006). We 
then employ the reflectivity method (Wang, 1999) to obtain full wavefield 
seismograms (Figure 5).

The synthetic seismograms that correspond to the three models in Figure 4 
are shown in Figure 5. The travel time curves of the SLp phase (which repre-
sents the seismic phase converted at the LAB) for the three models are plot-

ted as dashed lines (MOD01: red, MOD02: black; MOD03: green). The dashed blue lines represent the other 
theoretical phases from the SM02 model, whose LAB depth (150 km) is between those of the other two models. 
The various Sp converted phases cannot be recognized easily from the full wavefield synthetic seismograms. 
The details of the various Sp phases (including Smp, S410p, ScS410p, ScS660p, SKS410p, and SKS660p) are 

Figure 4. Models of S wave velocities for calculating the full wavefield 
synthetic seismograms. Three models SM01 (red), SM02 (black), and SM03 
(dark green) are plotted in different colors. Compared with the IASP91 model, 
we simplified the crust to a single 40 km thick layer and only showed the 
upper 1,000 km of our models here.

Figure 5. (a) Vertical, (b) North, and (c) East component full wavefield synthetic seismograms calculated by the reflectivity method (QSEIS, Wang, 1999) for the 
model shown in Figure 4. Time axis is aligned by S arrival time. The theoretical main phases are labeled and the arrival times are marked with blue dashed lines.
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difficult to identify on the N (Figure 5b) and Z (Figure 5a) components, as these phases are significantly weaker 
than either the ScS or SKS phases (Figure 5a). This is consistent with the full wave field synthetic seismogram 
shown in a previous study (Yuan et al., 2006), even though we use three modified velocity models in this study.

We apply the GC_SRF strategy to the full wavefield synthetic seismograms and obtain SRFs for all the Inci_Ang 
and Win_Len pairs. We present the GC_SRF results with an epicentral distance of 75° using model SM01 in 
Figure 6 to compare the differences among the three models (SM02: Figure S1; SM03: Figure S2 in Supporting 
Information S1). Figure 6a shows a colored map of the amplitudes at time zero on the L component (SRFL), 
whereas Figure 6b, Figures S1b, and S2b in Supporting Information S1 show 𝐴𝐴 CoefSRF for all the parameter pairs. 
The dashed black line in Figure 6a indicates the incident angles of the S phase that are calculated by the TauP 
Toolkit (Crotwell et al., 1999), and the green crosses represent the position with the lowest amplitude; here the 
optimal SRF for each Win_Len value is selected where there is a polarity change in the waveform. Figure 6b 
shows a colored map of 𝐴𝐴 CoefSRF , with the dashed line and green crosses representing the same variables as those 
in Figure 6a. The red crosses in these figures indicate the final optimal SRFs. The waveforms of all the SRFs 
in Figure 6d are shown as solid gray curves, and the waveforms that correspond to the optimal SRFs for each 
Win_Len value are shown as solid green curves. We also show the 𝐴𝐴 CoefSRF corresponding to all the green and red 
waveforms in Figure 6e. The red curves in Figure 6d and the red crosses in Figure 6e indicate the optimal SRF 
(with the max 𝐴𝐴 CoefSRF ). Examples for models SM02 and SM03 are shown in Figures S1 and S2 in Supporting 
Information S1, respectively.

To present the efficiency of our proposed GC_SRF strategy, we calculate the theoretical synthetic SRFs using 
the three models (cyan curves in Figure 6c) via the propagator matrix method (Haskell, 1962). This method is 

Figure 6. GC_SRF examples for SM01 (𝐴𝐴 𝐴𝐴𝑆𝑆 − 𝐴𝐴𝑆𝑆Lp = 15.35s ) with an epicentral distance of 75°. (a) Color map of the amplitude at time zero of the L component. 
(b) Color map of the 𝐴𝐴 CoefSRF . (c) Comparison of Synthetic SRF (cyan), linear stacked SRF (black dashed), and the optimal SRF from GC_SRF. (d) All the SRFs 
corresponding to different Inci_Ang and Win_Len pairs (green curves show the optimal SRF for each Win_Len, the red curve represents the final optimal SRF, and the 
gray curves show the other SRFs). (e) 𝐴𝐴 CoefSRF corresponding to all green and red crosses in (a) and (b).
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efficient in obtaining the P- and SV-wave responses of a horizontally isotropic layered medium, which is often 
compared with the observed SRF (Niu & Kawakatsu, 1996; Randall, 1989; Vinnik et al., 2001). The dashed 
black waveform in Figure 6c is the linear stack of the SRFs that correspond to all the parameter pairs, whereas 
the red waveform corresponds to the optimal SRF. The optimal SRFs are in good agreement with the theoretical 
synthetic SRFs for the different models (Figure 6c, and Figures S1c and S2c in Supporting Information S1). 
These tests demonstrate the stability and reproducibility of the GC_SRF strategy. We then plot the optimal SRFs 
(SRFL) as a function of epicentral distance in Figure 7a.

The synthetic tests for the 1-D velocity model indicate that the GC_SRF strategy can successfully recover the 
Sp converted phases (see Figure 7). Notably, the Q-component (SRFQ) plot in Figure 7c has been suggested to 
reflect information on the earthquake sources (Kawakatsu et al., 2009; Vinnik et al., 2004), and this illustration 
has been deployed in previous studies (Geissler et al., 2010; Sodoudi et al., 2006). It is also evident that the Smp 
seismic phase is highly consistent at 5 s for the three models, as they all possess the same crustal thickness. Other 
notable features are the significant time shifts in the SLp phases for the three models and the fit of the peaks of 
the SLp phases to the theoretical travel time (see Table S1 in Supporting Information S1) within a certain range of 
epicentral distances (60°–80°). Furthermore, the results demonstrate that many other Sp phases, such as S410p, 
ScS410p, ScS660p, SKS410p, and SKS660p, can be rebuilt without artifacts.

3.2. Application to a Two-Dimensional (2-D) Velocity Model and Post-stack Migration

The robustness of the imaged discontinuities needs to be further demonstrated to ensure that a reliable litho-
spheric thickness is obtained; we therefore perform a resolution test for the 2-D case via forward modeling. We 
first construct a 2-D velocity model that is modified from IASP91 (Figure 8a) and calculate the full wavefield 
seismograms for a pseudo profile using 10 stations by QSEIS (Wang,  1999). The GC_SRF strategy is then 
used to calculate SRFs. A wave equation-based post-stack migration method (Chen et  al.,  2005a,  2005b) is 
employed for this resolution test. The moveout-corrected SRFs are first processed using time-domain common 

Figure 7. SRFs as a function of epicentral distances. The converted “p” phases are labeled, including Smp, SLp, S410p, 
ScS410p, ScS660p, SKS410p, and SKS660p. The theoretical arrival times of the main phases are marked with blue dashed 
lines. (a) Deconvolved L component (SRFL). (b) Deconvolved Q component (SRFQ).
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conversion-point (CCP) stacking, and the stacked SRFs are subsequently processed using frequency-domain 
backward wavefield extrapolation to obtain the migrated images (Chen, 2009; Chen et al., 2009). We use rectan-
gular stacking bins when performing CCP stacking. The bin width, which is perpendicular to the profile, is set to 
200 km, whereas the bin length, which is parallel to the profile, varies with depth and data coverage. The mode-
ling results (Figure 8b) show that the interface morphology in the theoretical velocity model can be recovered by 
migrating the SRF obtained by the GC_SRF strategy. The resolution test also indicates that the GC_SRF strategy 
is capable of obtaining reliable SRFs without artificial interference.

4. Distinct Lateral Variations of Lithospheric Thickness in Southeastern Tibet
It is necessary to test this strategy in a given region to validate its applicability and feasibility in LAB detection. 
Here we apply the GC_SRF strategy to seismic stations in southeastern Tibet. This area is adjacent to the Sichuan 
Basin in the east, and spans the Tengchong Volcano region and Permian Emeishan Large Igneous Province. 
Furthermore, this area is widely believed to possess channels that promote the eastward escape of materials from 
the Qinghai-Tibet Plateau (Molnar & Tapponnier, 1975; Tapponnier et al., 1982). Several large-scale geophysi-
cal investigations have previously been conducted across this region, including surface-wave tomography (e.g., 
Huang et al., 2013; Yao, 2020; Yao et al., 2008), body-wave tomography (e.g., Lei et al., 2014; Lei & Zhao, 2016), 
and PRF imaging (e.g., Xu et al., 2013; Yang et al., 2017).

Previous seismic anisotropy revealed remarkable changes in the south and north of southeastern Tibet (e.g., Lev 
et al., 2006). Recent Rayleigh-wave tomographic results have shown that a high-velocity anomaly is present at 
the LAB depth under the Chuandian region (Fu et al., 2017), whereas a body-wave tomographic study (Huang 

Figure 8. Synthetic test for a 2-D velocity model. (a) Synthetic velocity model modified from IASP91. The black boxes 
on the top show the pseudo stations where the 1-D velocity curves are plotted in gray. The red line indicates the Moho 
discontinuity, and the blue line represents the lithosphere–asthenosphere boundary (LAB) discontinuity. Velocity changes 
at discontinuities are labeled. (b) Post-stack migrated image of the GC_SRF results. The cutoff frequency limit is set to be 
0.05–0.25 Hz.
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et al., 2019) has revealed a low-velocity feature at the same depth range. Deng et al. (2021) obtained an inde-
pendent constraint on the architecture via body-wave attenuation tomography, which suggested that the Sichuan 
Basin and Chuandian region possess the same extremely low attenuation structure. The Sichuan Basin belongs 
to an ancient craton and should have a relatively thick lithosphere, whereas Tengchong Volcano should have a 
relatively thin lithospheric thickness due to the underlying hot mantle (Deng & Tesauro, 2016; Sun et al., 2013). It 
is generally believed that a low velocity (Lei et al., 2009), high attenuation (Byrnes et al., 2019), and low effective 
elastic thickness (Chen et al., 2013) correspond to a thin lithosphere, whereas a high velocity, low attenuation, 
and high effective elastic thickness correspond to a thick lithosphere. However, the lithospheric thickness in this 
region remains unresolved. Although a few traditional receiver function methods have been used to determine the 
LAB depth distribution (Hu et al., 2011; Zhang et al., 2010, 2018) in this region, the results are hard to reproduce 
because they have quite different values, which may be due to artificial interference, even though they follow a 
similar pattern. Therefore, a robust and quantitative analysis of the lithospheric thickness in this region is of great 
significance for understanding its tectonic evolution.

4.1. GC_SRF-Based Data Processing

The analyzed teleseismic S waveform data were collected from 59 permanent stations between 96°–111°E and 
22°–35°N (Figure 9) during the January 2010–December 2015 period (Zheng et al., 2010). We select teleseismic 
S waveforms from Ms ≥ 5.5 earthquakes that occurred at epicentral distances of 50°–90° and possessed 𝐴𝐴 SNR𝐻𝐻 
greater than 5 for the GC_SRF approach. We obtain 18,239 SRFs with clear Sp phases from 879 seismic events 
after the preprocessing steps (see Methods section) and deconvolution.

We then reverse the time axis and performed RMSE reordering, followed by CCP stacking and migration. Differ-
ent RMSE percentages (5%–100%) are tested in our estimations, with an example from station SC.MGU shown in 
Figure 10. Figures 10a and 10b show the SRFs before and after RMSE reordering, respectively, Figure 10c shows 
the change in RMSE with an index number, and Figures 10d and 10e show the stacked waveforms for different 
RMSE percentages. These two latter figures show that the RMSE percentage directly affects the amplitudes of 
both the Smp and SLp phases. Previous studies (Abt et al., 2010; Farra & Vinnik, 2000; Hansen et al., 2009) have 
indicated that a consistent and robust Smp phase can be considered the premise for discussing the SLp phase. 
After comparing other percentages, the selection of 30% ensures that the SLp seismic phase can be significantly 
distinguished under the condition that the Smp phase is as clear as possible. We finally choose the SRF data set 
with a 30% RMSE percentage for the CCP stacking and migration steps to ensure the reliability of the stacked 
waveform.

4.2. Post-Stack Migration Results in Southeastern Tibet

Post-stack migration is performed in the same way as that in the 2-D synthetic test. A velocity model that is based 
on IASP91 and the adjacent crustal structure (Yao, 2020) was used to calculate the delay times and piercing 
points, and perform the frequency-domain wavefield extrapolation. We separately select 0.03 and 0.05 Hz as the 
lower cutoff frequency limits (Zhang et al., 2018, 2019) and 0.2 and 0.25 Hz as the upper cutoff frequency limits 
to reduce the noise and illuminate the LAB depths.

The most prominent features in the CCP cross-section are the positive Moho phases (red-filled seismic wave-
forms in Figure 11a) at approximately 5–8  s, which can be continuously traced along the section. There are 
discontinuous negative phases (cyan-filled waveforms in Figure 11a) between approximately 10 and 25 s under 
the shallow positive Moho phase conversions. The post-stack migration results for different frequency contents, 
0.03–0.2 Hz (Figures 11b), 0.03–0.25 Hz (Figure 11c), and 0.05–0.25 Hz (Figure 11d), possess discontinuity 
patterns that are similar to those in the CCP image (Figure 11a). The discontinuous negative (blue) layer exhibits 
larger variations at depth than the overlying continuous positive (red) layer.

4.3. Geodynamic Implications of the Lithospheric Structure

It is known that the SLp phase is usually submerged in the Smp sidelobe, as discussed in previous studies (Kind 
et al., 2020; Kumar et al., 2012; Li et al., 2007; Shen et al., 2019). We evaluate the robustness of the Moho and 
LAB depths using the criteria proposed by Zhang et al. (2018) and we only discuss the primary characteristics 
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in this section. We carefully determine the negative phase that is adjacent to the Moho as the LAB signal (SLp 
phase), which is traced by the dashed gray line in Figure 11a. However, whether the negative phase after Moho 
can be interpreted as the mid-lithospheric discontinuitie (MLD) or LAB, such as the observation beneath the 
North China Craton (Chen et al., 2014; Sun & Kennett, 2017), is a key problem. In order to illustrate such an 
issue in our results, we make several synthetic tests in Figure S3 in Supporting Information S1, which present how 
the sidelobe influence NVG signals with different LAB depths. Then we compare the negative phases beneath 
the Sichuan basin, the Tengchong Volcano and estimated sidelobes in Figure S4 in Supporting Information S1, 
and validate that the strong negative phase after Smp phase beneath the Tengchong Volcano is a combination of 
sidelobe and NVG signal, and the negative phase between Smp phase and SLp phase beneath the Sichuan Basin 
is also a combination of sidelobe and NVG signal (Text S1 in Supporting Information S1). Hence we interpret the 
negative phase under the Tengchong Volcano as the LAB, the shallow visible strong negative phase below Moho 
under the Sichuan Basin as the MLD.

The upper-crustal positive velocity gradient (PVG) is widely interpreted to be the result of thick sediment cover, 
as observed in other basins (Chen et al., 2009; Li et al., 2007; Mohsen et al., 2011; Tao et al., 2014). Recent 

Figure 9. Topography of southeastern Tibet and adjacent regions. White triangles with blue lines represent the 59 stations 
used in this study. The black solid line represents the location of the migration profile A-A’. Dark-green crosses mark the 
piercing points of the corresponding SRFs at 100 km. Red lines indicate faults. Brown lines represent sutures. Black dashed 
arcs outline the inner, middle, and outer zones of the Permian Emeishan Large Igneous Province. Abbreviations: TC, 
Tengchong Volcano.
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research has suggested that the sediment cover across the Sichuan Basin ranges from 6 to 13 km in thickness (Xia 
et al., 2021). Our results indicate a discontinuous distribution pattern of the PVG that is concentrated mainly in 
the Sichuan Basin area. We make the synthetic tests (see Figure S5 in Supporting Information S1) with varying 
the upper crustal PVG depths, which indicate a 5 km PVG can fit stacked SRF beneath the Sichuan Basin best 
(Text S2 in Supporting Information S1). Notably, the spatial distribution range of the PVG is also consistent with 
the range of low elevations within the basin area, we therefore interpret the PVG to represent the basement of the 
Sichuan Basin sediments.

A thick crust lies beneath the Sichuan Basin (∼50 km), whereas a thin crust lies beneath Tengchong Volcano 
(∼40 km), with the thickest crust observed in the Chuandian region (∼60 km; Figure 11b). This pattern is consist-
ent with comprehensive geophysical investigations that revealed magmatic underplating beneath the Chuandian 
region (Chen et al., 2015; Deng et al., 2016; Xu et al., 2014), even though the SRF uncertainties are larger than 
the uncertainties associated with the PRF and active seismic results. Furthermore, our study highlights a litho-
spheric thickness of ∼160 km beneath the Sichuan Basin, with a thickness of ∼90 km beneath the Tengchong 
Volcano. The discontinuity patterns of the crust and lithosphere are consistent with previous SRF studies (Hu 
et al., 2011; Peng et al., 2021; Zhang et al., 2015) in the same region; however, our results are obtained with-
out artificial interference. Previous studies have employed receiver function, ambient noise tomography, and 
body-wave and surface-wave tomography methods to clarify both the Moho discontinuities and LAB near our 
study region (Wang et al., 2021; Wei et al., 2022; Zhou et al., 2012), with each of these studies suggesting a thin 
crust and thin lithosphere beneath Tengchong Volcano. A thick (150–180 km) lithosphere that underlies a crustal 
lid (35–50 km) has also been observed beneath the Sichuan Basin (Wang et al., 2018; Zhang et al., 2010, 2018), 
with the thick lithosphere beneath the basin being a typical characteristic of this ancient craton (Li et al., 2021; 
Wang et al., 2022).

However, the LAB beneath the Chuandian region is not clear compared with that of the Sichuan Basin and 
Tengchong Volcano. Permian Emeishan flood basalts have been emplaced beneath the Chuandian region, with 
the lack of a detectable LAB aligning directly beneath the inner zones of the Permian Emeishan Large Igne-
ous Province. The mantle plume model is a popular approach for explaining the geophysical and geochemical 
observations (Chen et al., 2015; Deng et al., 2016; Li et al., 2021; Xu et al., 2007) in large igneous provinces. 

Figure 10. The reordered SRFs based on RMSE at station SC.MGU. (a) Raw SRFs after deconvolution. (b) The RMSE values corresponding to each SRF. The black 
line shows the RMSE of the raw sequence, while the red is for reordered ones. (c) Reordered SRFs based on RMSE. (d) and (e) Present the Smp phase and SLp phase 
corresponding to different RMSE percentages. (f) SRFs of 30% RMSE percentage and the top waveform indicates the summation of these waveforms. The epicentral 
distance (GCARC) and back-azimuth (BAZ) for each event as well as the total number of SRFs are listed in (g and h).
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The plume head could undergo strong changes and erode the overlying lithosphere owing to high temperatures 
and push it upward, with this being a common type of lithospheric thinning caused by a rising plume (Burov 
et al., 2007; Hawkesworth et al., 2017); this phenomenon is known as plume-induced lithospheric destruction. 
However, the lithosphere could undergo downgrowth through cooling when the plume was gone, as demonstrated 
in North America (Hawkesworth et al., 2017; Yuan & Romanowicz, 2010). A recent study has also shown that the 
plume could also recratonize the lithosphere, mainly through compositional changes, as demonstrated in Arctic 
Canada (Liu, Pearson, et al., 2021). This newly generated LAB possesses a smaller velocity jump than the old 
LAB, such that its amplitude is smaller than that beneath the Sichuan Basin. We therefore suggest that the unclear 
LAB beneath the Chuandian region indicates regrowth of the modified lithosphere owing to the recovery after the 
mantle plume processes, which in turn produced the unique seismic velocity pattern, low attenuation, and high 
resistivity in this region (Deng et al., 2021; Li et al., 2020).

5. Conclusion
We propose a new strategy, the GC_SRF strategy, to obtain the lithospheric thickness without artificial inter-
ference. We precisely determine the parameters in obtaining SRFs and avoided possible artifacts by employing 
grid search and correlation analysis. The 30% RMSE is employed to do the quality control. The synthetic tests 
indicate that this GC_SRF strategy can obtain reliable SRFs from full wavefield seismograms. Our application 
of the GC_SRF strategy in southeastern Tibet demonstrates this strategy yields excellent statistical consistency 
in single-station analysis. The migrated image shows that the Chuandian region possesses the thickest crust 
in the study area, followed by the Sichuan Basin, with the thinnest crust located beneath Tengchong Volcano. 
Furthermore, a thick lithosphere beneath the Sichuan Basin (∼160 km) and a thin lithosphere beneath Teng-
chong Volcano (∼90 km) have been imaged. Another notable finding is that the LAB signal is unclear beneath 

Figure 11. Common conversion point (CCP) stacking profile and post-stack migration image profile along A-A’ shown in Figure 7. (a) Stacked sections of S receiver 
functions (0.03–0.5 Hz) after moveout correction. The coherent negative SLp phase is traced by gray dashed lines. The top panel presents the RF number (solid 
lines) and half width (dashed lines) for each bin. (b–d) Post-stack migration SRF images. Different frequency contributions of the data are considered in imaging: (b) 
0.03–0.2 Hz; (c) 0.03–0.25 Hz; (d) 0.05–0.25 Hz. On each top panel, the red solid lines show the topography, and the red dashed lines represent geological boundaries. 
The white dashed lines on the bottom panel of (b–d) indicate lithosphere–asthenosphere boundary (LAB) while the red dashed line in (b) presents the possible 
mid-lithospheric discontinuities (MLDs). Abbreviations: CD, Chuandian; SCB, Sichuan Basin; TC, Tengchong Volcano.
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the Chuandian region, which is interpreted to indicate lithospheric regrowth after modification of the Emeishan 
mantle plume. These combined results suggest that this new strategy is suitable for obtaining SRFs and constrain-
ing the lithospheric thickness without artificial interference. This strategy can be widely applied to other regions 
for obtaining the lithospheric thickness and advancing our understanding of lithospheric evolution. The influ-
ences of different velocity jumps and sharpness of LAB on the SRF amplitude warrant future research.

Data Availability Statement
The raw data used to reproduce the S-wave receiver functions (SRFs) of Kumar et al. (2006) can be downloaded 
at the IRIS Data Management Center (XR, INDEPTH III, https://doi.org/10.7914/SN/XR_1997). The seismic 
raw data in southeastern Tibet can be available by request through the Data Management Centre of the China 
National Seismic Network at the Institute of Geophysics. The data to produce SRFs and the obtained SRFs 
generated by GC_SRF in southeastern Tibet, and the source code of SX_Deconv can be accessed at https://doi.
org/10.6084/m9.figshare.19471061.
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