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of uppermost-mantle low-velocity anomalies 
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Abstract 

The southeastern Tibetan Plateau is a crucial region for understanding the relationship between 

crustal weakening and uppermost-mantle deformation during the outward growth of the Tibetan 

Plateau. Using 48,221 Pn arrivals and an improved Pn anisotropic tomography method with Moho 

depth correction, we imaged the velocity and anisotropic structure of the uppermost mantle beneath 

the southeastern Tibetan Plateau and adjacent regions. The model reveals pronounced lateral 

heterogeneity, including two prominent N–S trending low-velocity belts centered at approximately 

98.5°E and 102°E. The Pn fast directions within these low-velocity belts are broadly parallel to their 

trends, suggesting coherent deformation fabrics in the uppermost mantle. We suggest that these 

features may represent uppermost-mantle weak zones influenced by mantle-derived thermal input. 

The stable blocks beneath the Sichuan Basin and western Chuan-Dian Block, together with 

lithospheric heterogeneity related to the Emeishan Large Igneous Province, appear to control the 

deflection, partitioning, and modulation of this low-velocity system. Our results provide new seismic 

constraints on the uppermost-mantle material redistribution of lithospheric weakening and its 

modulation by surrounding rigid blocks beneath the southeastern Tibetan Plateau. 

Keywords 

Pn anisotropic tomography; Moho depth correction; Seis-PickNet; Uppermost mantle; 

Southeastern Tibetan Plateau 

1. Introduction 

Since approximately 50 Ma, the collision and continued convergence between the Indian and 

Eurasian plates have resulted in the complex tectonic deformation of the Tibetan Plateau (Rowley, 

1996; Yin A and Harrison, 2000). The study region is divided by several major fault systems into five 

geological blocks: the Qiangtang Block (QTB), the Songpan–Ganzi Block (SGB), the Chuan–Dian 

Block (CDB), the Yangtze Craton, and the Indochina Block (Figure 1). As a major tectonic transition 

zone between the Tibetan Plateau and its southeastern margin, this region provides a crucial window 

into the outward growth of the Tibetan Plateau (Jin H et al., 2019; Zhang Z and Gao Y, 2019; Yao H, 
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2020). 

In recent years, numerous geophysical studies have revealed significant low-velocity, high-

conductivity, high-Poisson’s ratio and high-attenuation layers in the middle-lower crust beneath the 

southeastern Tibetan Plateau, providing important evidence for crustal weakening and possible 

middle-lower crustal flow (Bai DH et al., 2010; Zhao LF et al., 2013; Li MK et al., 2016; Wang WL 

et al., 2017; Qiao L et al., 2018; He X et al., 2021). However, considerable debate persists regarding 

the geometry and connectivity of these weak zones, whether they are confined to the crust or 

influenced by uppermost-mantle processes, and how surrounding rigid blocks modulate their 

distribution. Three-dimensional shear-wave velocity models reveal widespread low-velocity layers in 

the middle-lower crust beneath the southeastern Tibetan Plateau (Zheng X et al., 2015). S-wave 

velocity models derived from the joint inversion of body-wave arrivals, surface-wave dispersion, and 

receiver functions reveal widespread and significant low-velocity anomalies in the middle-lower crust 

beneath the SGB and CDB, which have been interpreted as possible evidence for southeastward 

crustal flow (Han SC et al., 2022). In contrast, the S-wave velocity model reported by Bao XW et al. 

(2015) revealed two low-velocity belts surrounding the Eastern Himalayan Syntaxis (EHS), which 

were interpreted as possible channels for middle-lower crustal flow. Based on the observed low-

velocity layers, Li L et al. (2024) proposed that the middle-lower crustal flow beneath the southeastern 

Tibetan Plateau is obstructed by the Sichuan Basin (SCB) and consequently bifurcates into two 

southward branches. Magnetotelluric observations revealed two large-scale channel-like high-

conductivity anomalies in the middle-lower crust, which were interpreted as plastic weak material 

flows (Bai DH et al., 2010). Attenuation tomography identified two high-attenuation channels in the 

lower crust: a major channel extending eastward from the northern Tibetan Plateau and then turning 

southeastward around the western SCB, and a secondary channel originating in the southern Tibetan 

Plateau, crossing the EHS, and merging with the major channel (Zhao LF et al., 2013). Regarding the 

origin of the low-velocity anomalies, ambient noise adjoint tomography by Chen M et al. (2014) 

showed that the middle-lower crustal low-velocity layer is connected to the uppermost mantle, 

associated with the upwelling of hot upper-mantle material. Pn tomography studies likewise revealed 

two low-velocity belts in the uppermost mantle beneath the southeastern Tibetan Plateau (Lei JS et 

al., 2014; Zhou ZG and Lei JS, 2016). Recent studies have highlighted the possible influence of deep 

mantle processes on crustal weakening and material redistribution in this region (Hou ZQ et al., 2024; 
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He X et al., 2026; Wang JC et al., 2026). 

The Pn wave propagates through the uppermost mantle beneath the Moho as a critically refracted 

phase and is therefore particularly sensitive to velocity variations in this layer, providing higher lateral 

resolution than other regional seismic phases. Variations in Pn velocity typically reflect changes in 

temperature, composition, and volatile content in the uppermost mantle (Lee, 2003; Perry et al., 2006). 

Pn anisotropy typically reflects the current stress state or the last dynamic processes in the uppermost 

mantle (Becker et al., 2006; Karato et al., 2008). In this study, we compile an expanded Pn dataset 

from the latest ISC–EHB bulletin (Engdahl et al., 2020), the National Earthquake Data Center 

(NEDC), and automatically picked arrivals from temporary broadband arrays in Yunnan. Using an 

improved anisotropic Pn tomography method that incorporates Moho depth corrections, we image 

the velocity and anisotropic structure of the uppermost mantle beneath the southeastern Tibetan 

Plateau. High-resolution Pn anisotropic tomography may provide new constraints on uppermost-

mantle weak zones, their relationship with crustal weakening, and the modulation of deep material 

redistribution by surrounding rigid blocks. 

2. Seismic Data 

The study region is bounded by 20°–36°N and 96°–108°E. The new Pn dataset used in this study 

was compiled from two data components. First, we collected bulletin Pn arrivals from the ISC–EHB 

bulletin and the National Earthquake Data Center (NEDC). The ISC–EHB bulletin (1964–2020) 

provides 51,773 Pn arrivals from 2,825 seismic events recorded at 149 stations, whereas the Yunnan 

and Sichuan bulletins from the NEDC (2008–2024) provide 22,926 Pn arrivals from 2,072 seismic 

events recorded at 62 stations. Second, to further improve ray-path coverage in the study region, we 

incorporated 3,730 additional Pn arrivals from 285 seismic events recorded at 67 stations from 

temporary broadband arrays deployed in Yunnan during 2002–2004. These additional arrivals were 

automatically picked using the Seis-PickNet algorithm (Figure 2; Kong H et al., 2024). The 

earthquake catalog used for automatic picking (Ms > 2.0) was constructed by integrating records from 

the China Earthquake Networks Center (CENC), the USGS, and the ISC, with duplicate events 

removed. The Seis-PickNet model is a retrained version of PickNet (Wang J et al., 2019), developed 

using the global million-scale Pn and Sn seismic phase dataset (Seis-PnSn). Such retraining has been 

demonstrated to significantly improve the picking performance for both Pn and Sn phases, 
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particularly for the Pn phase, and has already been applied in practice (Cai MY et al., 2026; Xiang 

JH et al., 2026). 

To ensure data quality and reduce the influence of misidentified or unstable arrivals, all Pn data 

were subjected to a uniform quality control procedure before inversion. The filtering criteria were as 

follows. (1) Only seismic events with focal depths shallower than the Moho depth from the Crust 1.0 

model were retained (Figure S1; Laske et al., 2013). (2) Arrivals with large deviations were excluded 

(Figure 3). (3) Epicentral distances were limited to 2°–15°. (4) Each seismic event had to be recorded 

by at least five stations, and each station had to contribute at least five Pn arrivals. (5) After applying 

the Moho depth correction, only arrivals with traveltime residuals within ±5 s were retained. 

Relatively large deviations occur in some NEDC Pn arrivals, possibly owing to differences in phase-

picking criteria and data quality among regional networks, as well as misidentification between Pg 

and Pn phases at transitional epicentral distances. Such deviations are likely random rather than 

systematic. Removing arrivals with residuals beyond the threshold markedly improved the internal 

consistency of the dataset. After filtering, a total of 48,221 Pn arrivals were retained for the 

tomographic inversion, providing robust ray-path coverage over most of the study region (Figure 4). 

3. Tomographic Method 

This study employs an improved Pn anisotropic tomography method that accounts for the effect 

of Moho depth variations on the traveltime (Figure S1) and hence on the imaging of uppermost-

mantle structure (Hearn, 1996; Lü Y et al., 2017). The uppermost mantle is parameterized as a set of 

two-dimensional grid cells, denoted by 𝑘, and the inversion solves simultaneously for the slowness 

perturbation ( 𝑆𝑘 ) together with the anisotropy coefficients (𝐴𝑘 , 𝐵𝑘 ). Following previous Pn 

anisotropy tomography studies, incorporation of anisotropic parameters into the inversion not only 

constrains anisotropy in the uppermost mantle but also improves the velocity model (Hearn, 1999; 

Lü Y et al., 2021). The Pn traveltime residuals for each event-station pair are expressed as: 

 𝑇𝑖𝑗 − Δ𝑇𝑖𝑗 = 𝑎𝑖 + 𝑏𝑗 +∑ 𝑑𝑖𝑗𝑘(𝑆𝑘 + 𝐴𝑘 cos 2𝜙𝑖𝑗𝑘 + 𝐵𝑘 sin 2𝜙𝑖𝑗𝑘)
𝑘

 (1) 

where 𝑇𝑖𝑗 and Δ𝑇𝑖𝑗 denote the traveltime residual and Moho depth correction from event 𝑗 to 

station 𝑖, respectively; 𝑎𝑖 and 𝑏𝑗 denote the static delays of station 𝑖 and event 𝑗, respectively; 

𝑑𝑖𝑗𝑘 and 𝜙𝑖𝑗𝑘 denote the travel distance and the back azimuth angle of ray 𝑖𝑗 in mantle cell 𝑘. The 
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anisotropy magnitude and Pn fast direction can be expressed as equations √𝐴𝑘
2 + 𝐵𝑘

2  and 

(𝜋 + tan−1(𝐵𝑘 𝐴𝑘⁄ )) 2⁄  (Pei SP et al., 2007). The Moho depth correction term Δ𝑇𝑖𝑗 is defined as: 

 Δ𝑇𝑖𝑗 = (ℎ𝑖𝑛 + ℎ𝑜𝑢𝑡 − ℎ𝑎𝑣𝑒) ⋅ √𝑠̅𝑐2 − 𝑠̅𝑚2  (2) 

where ℎ𝑖𝑛  and ℎ𝑜𝑢𝑡  denote the Moho depths at the entrance and exit points, respectively; 

ℎ𝑎𝑣𝑒  denotes the average Moho depth; 𝑠̅𝑐  and 𝑠̅𝑚  denote the average crustal slowness and the 

average uppermost mantle slowness, respectively. An error in Moho depth is linearly mapped into a 

traveltime error through the factor √𝑠̅𝑐2 − 𝑠̅𝑚2 . For typical average crustal velocities of 6.3–6.5 km/s 

and uppermost-mantle velocities of 8.0–8.2 km/s, this factor is approximately 0.085–0.10 s/km. 

Therefore, a Moho depth uncertainty of 2–5 km would introduce a traveltime correction error of 

approximately 0.2–0.5 s for a single Moho depth term. Therefore, uncertainties in Moho depth may 

slightly affect the absolute magnitude of the recovered Pn velocity perturbations, particularly in 

regions with pronounced Moho relief. However, their influence on the recovered anisotropic 

parameters is expected to be more limited, because these parameters are primarily constrained by the 

azimuthal dependence of traveltime residuals. The inverse problem was solved iteratively using the 

LSQR algorithm (Paige and Saunders, 1982). The same damping factor was applied to both the 

velocity and anisotropy terms. Large damping values tend to oversmooth the model, whereas small 

damping values may introduce small-scale heterogeneity and spurious oscillations. Based on the 

trade-off analysis between velocity perturbations and traveltime residuals, an optimal damping value 

of 300 was selected (Figure 5a). After testing different grid configurations, a cell size of 0.25°×0.25° 

was adopted. During the inversion, the traveltime residuals stabilized after 150 iterations. After 

inversion, the root mean square (RMS) traveltime residual decreased from 2.10 s (Figure 5b) to 1.25 

s (Figure 5c), indicating obvious convergence of the inversion. 

4. Resolution Analysis 

4.1. Checkerboard and Synthetic Recovery Tests 

To evaluate the spatial resolution of the velocity and anisotropy models, we performed a series 

of checkerboard tests. In the input checkerboard models, sinusoidal perturbations were assigned to 
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both velocity and anisotropy in each inversion cell. The average amplitude (𝑚𝑎𝑥Δ𝑣/√2 ) of the 

sinusoidal perturbations in both models was set to 0.3 km/s. Synthetic traveltimes were then 

calculated using the same dataset as that employed in the actual tomographic inversion. Gaussian 

noise with a standard deviation of 1.25 s was added to the synthetic traveltimes, corresponding to the 

RMS of traveltime residuals after inversion. The recovered patterns indicate that the velocity model 

is resolvable at a scale of 1.5°×1.5°, whereas the anisotropic model is resolvable at 2.0°×2.0° (Figures 

6 and 7). In regions of dense ray coverage, the velocity and anisotropic models are resolvable at 1.0° 

× 1.0° and 1.5° × 1.5°, respectively. By contrast, the southeastern part of the study region is less well 

resolved because of sparse ray coverage. Therefore, only the well-resolved regions are considered in 

this study. 

To further assess model robustness, we conducted additional synthetic recovery tests targeting 

the major observed anomaly regions. The synthetic datasets were generated on the basis of the 

observed tomographic features and were then inverted using the same procedure and parameter 

settings as those used in the actual inversion. The recovered results show that the main velocity 

anomalies and anisotropic features are reproduced well in terms of both location and overall geometry 

(Figures S2 and S3). Although some local details are moderately smoothed, the principal structural 

features remain stable. These recovery tests demonstrate that the tomographic inversion reliably 

resolves the main features of the model, thereby providing further support for the robustness of the 

inversion results. 

4.2. Effects of Pn Ray Lengths 

Pn rays with different lengths can sample different depth ranges within the uppermost mantle 

(Du MF et al., 2022). By imaging the Chinese mainland using ray-path datasets of different path 

lengths, a previous study has revealed structural differences between the shallow and deep mantle lid 

(Hearn et al., 2004). In this study, we assess the sensitivity of the tomographic results to ray-path 

length by performing inversions using both long- and short-path datasets while keeping all inversion 

parameters unchanged. To ensure a meaningful comparison, the selection of the long- and short-path 

datasets should account for overall dataset size. We define the model inverted using epicentral 

distances of 2°–12° as the short-path model and that inverted using epicentral distances of 2°–15° as 
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the long-path model (Figure S4). Further reducing the ray-path length would substantially degrade 

ray coverage. Comparison of the two models reveals only minor differences in both velocity and 

anisotropic structures, and the overall patterns remain highly consistent. These results indicate that 

variations in ray-path length exert little influence on the tomographic results, further demonstrating 

the robustness of our model. 

4.3. Sensitivity to the Moho Depth Model 

Because the study region is characterized by strong lateral variations in Moho depth, the choice 

of Moho depth model may introduce uncertainties into the Pn traveltime correction. To assess the 

potential influence of the Moho depth model on the tomographic results, we repeated the tomographic 

inversion using the regional SETPM Moho model for southeastern Tibetan Plateau (Xu MJ et al., 

2020). For grid points where SETPM does not provide valid Moho depths, Crust 1.0 values were used 

instead to ensure complete ray-path coverage. In this sensitivity test, events were reselected according 

to the updated Moho depth model, retaining only those shallower than the Moho depth. All other 

inversion settings, including grid spacing, damping value, and iterative procedure, were kept identical 

to those used for the preferred Crust 1.0 model. 

The resulting Pn velocity and anisotropy models are highly consistent with those obtained using 

Crust 1.0 model (Figure S5). The two N–S trending low-velocity belts, the high-velocity anomalies 

beneath the SCB and the western CDB, and the Pn fast directions are all preserved. Only minor local 

differences are observed in anomaly amplitudes and boundary details. This comparison indicates that 

uncertainties in the Moho depth model may locally affect the magnitude of velocity perturbations, 

but they do not change the principal structural features in this study. 

4.4. Sensitivity to Data Selection Criteria 

To evaluate whether the preferred model depends on specific quality-control thresholds, we 

repeated the inversion using different residual cutoffs and minimum event/station count criteria. For 

the residual cutoff test, thresholds of ±4, ±5, and ±6 s were applied after Moho depth correction 

(Figure S6). For the event/station count test, minimum thresholds of 4, 5, and 6 observations were 

tested (Figure S7). In all tests, the grid spacing, damping value, Moho correction, and iterative 
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procedure were kept identical to those used in the preferred inversion. The resulting models show 

highly consistent velocity and anisotropic patterns, including the two N–S trending low-velocity belts, 

the U-shaped low-velocity anomaly beneath the SGB, the high-velocity anomaly beneath the SCB, 

and the main spatial variations in Pn fast directions. Specifically, overly strict thresholds would 

substantially reduce ray coverage, particularly near the margins of the study region, whereas overly 

loose thresholds could introduce poorly constrained arrivals, events, and stations into the inversion. 

The residual cutoff and minimum event/station count criteria were chosen to balance data retention, 

ray-path coverage, and inversion stability. These tests indicate that the main conclusions are not 

controlled by the specific quality-control thresholds adopted in the preferred model. 

5. Result 

5.1. Pn Velocity 

Figure 8 illustrates the lateral variations in Pn velocity in the uppermost mantle beneath the study 

region. Because checkerboard recovery is poor in the southeastern part of the study region, this area 

was masked out to define the reliably imaged region. Overall, the study region exhibits lateral 

heterogeneity and is predominantly characterized by low-velocity anomalies. Prominent N–S 

trending low-velocity anomalies are observed beneath both the QTB and the CDB. Beneath the SGB, 

a prominent low-velocity anomaly with a broadly U-shaped geometry is identified. A broad low-

velocity anomaly is also observed beneath the Indochina Block, and similar low-velocity anomalies 

are present beneath the MLV and TCV in the study region. The low-velocity anomalies beneath the 

MLV may be related to upwelling of hot asthenospheric material induced by slab tearing (Zhang LY 

et al., 2020). In contrast, pronounced high-velocity anomalies are imaged beneath the EHS and the 

old, stable SCB. The high-velocity anomalies beneath the EHS may be interpreted as underthrusting 

of cold Indian continental lithosphere beneath southeastern Tibetan Plateau (Liang CT et al., 2004; 

Li Y et al., 2025). In addition, a high-velocity anomaly belt is present along the western margin of the 

CDB near the QTB, separating the major low-velocity anomalies to the west and east. 
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5.2. Pn Anisotropy 

Figure 9 illustrates the Pn fast directions in the uppermost mantle beneath the study region. The 

checkerboard test results indicate that the overall recoverable scale reaches 2° × 2°. The fast directions 

exhibit marked lateral variations among different tectonic units. Within the SGB, the Pn fast directions 

trend NW–SE west of 102°E and NE–SW to the east. In the QTB, the Pn fast directions within the 

low-velocity belt exhibit an approximately N–S trend. In the CDB, the fast directions within the low-

velocity belt vary systematically from north to south, trending NW–SE in the north and NE–SW in 

the south. Along the western margin of the SCB, the fast directions are broadly tangential to the basin 

boundary, whereas within the basin they trend predominantly E–W. Beneath the MLV, the Pn fast 

directions trend NE–SW. In the Indochina Block, the fast directions vary systematically from north 

to south, trending NW–SE in the north, NE–SW in the central part, and E–W in the south, broadly 

consistent with the overall orientation of the low-velocity belt. 

6. Discussion 

6.1. Comparison With Previous Results 

Early Pn studies imaged NE–SW or nearly N–S trending high-velocity anomalies beneath the 

SCB (Hearn et al., 2004; Liang CT et al., 2004; Pei SP et al., 2007; Cui ZX and Pei SP, 2009; Li F et 

al., 2011), whereas later models suggested that the high-velocity anomaly more closely follows the 

basin outline (Lei JS et al., 2014; Zhou ZG and Lei JS, 2016). Our model similarly images a basin-

related high-velocity anomaly beneath the SCB, but it appears more discontinuous and more clearly 

confined to the basin margin. Beneath the SGB and CDB, earlier models imaged relatively broad and 

weak low-velocity anomalies (Cui ZX and Pei SP, 2009; Li F et al., 2011), whereas later studies 

resolved more pronounced channel-like low-velocity structures (Lei JS et al., 2014; Zhou ZG and Lei 

JS, 2016; Liu YX et al., 2026). Our model is broadly consistent with later models, but further resolves 

a clearer U-shaped low-velocity anomaly beneath the SGB and a more distinct separation between 

the major low-velocity belts by a high-velocity body beneath the western CDB. The Pn fast directions 

are also generally consistent with previous Pn anisotropy models, including directions tangential to 

the western margin of the SCB and systematic directional variations within the major low-velocity 
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belts. In addition, the fast directions beneath the MLV are broadly consistent with the results of Li Y 

et al. (2025).  

Body-wave and surface-wave tomographic studies commonly image the SCB as a relatively fast 

and stable lithospheric block (Zhang FX et al., 2018; Wang W et al., 2021), whereas widespread low-

velocity anomalies have been reported beneath the eastern and southeastern Tibetan Plateau in the 

upper mantle (Bao XW et al., 2015; Zhang FX et al., 2018; Yang XZ et al., 2023). These velocity 

patterns are generally consistent with our Pn model, which images high velocities beneath the SCB 

and low velocities beneath the SGB and CDB. However, because body-wave and surface-wave 

models differ from Pn tomography in depth sensitivity and resolution, the detailed geometry of the 

anomalies is not always identical. In particular, the U-shaped low-velocity anomaly beneath the SGB 

and the separation between the two N–S trending low-velocity belts are less clearly resolved in some 

previous models. Magnetotelluric studies have imaged high-conductivity channels in the middle-

lower crust beneath the southeastern Tibetan Plateau (Bai DH et al., 2010; Li X et al., 2020), which 

are spatially associated with the our Pn low-velocity belts. Therefore, compared with previous body-

wave, surface-wave, and Magnetotelluric models, our Pn model provides more direct constraints on 

the velocity and anisotropic structure immediately below the Moho. 

6.2. Two N–S Trending Low-Velocity Belts  

Our Pn model reveals two prominent N–S trending low-velocity anomaly belts in the uppermost 

mantle beneath the southeastern Tibetan Plateau, centered near 98.5°E and 102°E, respectively. 

Anomalies exceeding 5% may indicate the presence of high-temperature or partially molten material 

in this area (Lü Y et al., 2022). In addition, the Pn fast directions within these two low-velocity belts 

are broadly parallel to their overall trends, consistent with previous Pn tomographic study (Liu YX et 

al., 2026). The corresponding synthetic recovery tests further support the robustness of the main 

structures (Figures S2 and S3). The eastern belt is spatially associated with previously reported crustal 

high-attenuation anomalies (Zhao LF et al., 2013; He X et al., 2021), whereas both belts broadly 

correspond to the clockwise crustal motion pattern indicated by GPS observations (Shen ZK et al., 

2005) and to the crustal high-conductivity channels revealed by magnetotelluric observations (Bai 

DH et al., 2010). Their broad spatial agreement suggests that the weakened structure beneath the 

southeastern Tibetan Plateau is not confined to the middle–lower crust, but may also involve the 
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uppermost mantle. 

Thermal effects, compositional heterogeneity, mantle upwelling, and partial melting may all 

contribute to reduced Pn velocities (Lee, 2003; Perry et al., 2006). Similarly, the observed Pn 

anisotropy may reflect both inherited lithospheric fabrics and late Cenozoic deformation (Becker et 

al., 2006; Karato et al., 2008). Recent studies provide further constraints on the possible origin of 

these low-velocity anomalies. Although the uppermost-mantle low-velocity anomalies broadly 

coincide with crustal low-velocity structures, these features are constrained independently and should 

not be taken as direct evidence for vertical continuity. A recent attenuation study suggested that the 

middle–lower crustal high-attenuation anomaly beneath the southeastern Tibetan Plateau may extend 

across the Moho into the uppermost mantle (Wang JC et al., 2026). This anomaly is also spatially 

associated with Cenozoic magmatism, mantle-derived geochemical signatures, and elevated heat flow. 

In addition, previous seismic velocity results have shown that some low-velocity zones beneath the 

southeastern Tibetan Plateau are not restricted to the crust, but may extend into the uppermost mantle 

(Yao HJ et al., 2010). In the geodynamic context of shallow mantle partial melting induced by tearing 

of the Indian lithosphere and rollback of its southern segment (Hou ZQ et al., 2024), we suggest that 

the two nearly N–S trending Pn low-velocity belts imaged in this study more likely represent 

uppermost-mantle weak zones influenced by mantle-derived thermal input. The anisotropic features 

may reflect the lateral redistribution or shear deformation of thermally weakened uppermost-mantle 

material under the mechanical control of surrounding rigid blocks. This deep thermal–dynamic 

process may further contribute to the weakening of the overlying middle–lower crust. 

The Emeishan Large Igneous Province (ELIP) may have played an important but laterally 

heterogeneous and depth-dependent role in modulating this weakened crust–mantle system. Notably, 

our Pn model reveals low velocities in the uppermost mantle beneath the ELIP, rather than the high-

velocity feature expected for a uniformly rigid lithospheric block. This observation is compatible with 

recent attenuation results. He X et al. (2026) suggested that the cooled and magma-modified shallow 

crust of the ELIP is relatively strong and can partially hinder crustal flow, whereas the deeper crust 

beneath the ELIP may remain weak owing to asthenospheric upwelling, allowing weak zones to 

become progressively connected with depth. Wang JC et al. (2026) further showed that two high-

attenuation belts are separated by the ELIP in the shallow-to-middle crust, but converge in the lower 

crust and continue into the uppermost mantle. At a more local scale, Zhou ZK et al. (2026) identified 
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a near-vertical high-resistivity anomaly beneath a segment of the Huayingshan Fault (HYSF) in the 

outer zone of the ELIP. This anomaly extends from the shallow crust to below the Moho and was 

interpreted as a mechanically strong remnant of crystallized plume-derived melts. Although this 

locally reinforced structure appears to contrast with the low Pn velocities imaged near the HYSF 

(Figure 8), magnetotelluric imaging resolves the anomaly at a lateral scale of tens of kilometers, 

whereas the best lateral resolution of our Pn model is approximately 1.5°–1.0°. Given their different 

spatial resolutions and sensitivities to physical properties, such a localized reinforced body may be 

smoothed in the Pn inversion and coexist with a broader uppermost-mantle low-velocity zone. 

Therefore, the ELIP should not be regarded as a uniformly rigid barrier to southeastward material 

redistribution. Instead, it may act as a laterally heterogeneous and depth-dependent modulator within 

this weakened crust–mantle system, locally impeding and partitioning crustal flow in the shallow-to-

middle crust, while uppermost-mantle weakening induced by mantle-derived heating may allow the 

low-velocity system to persist or reorganize at greater depths. 

6.3. Tectonic Interpretation 

Based on the observations discussed above, we suggest that the two N–S trending low-velocity 

belts imaged in the uppermost mantle may represent lithospheric weak zones beneath the southeastern 

Tibetan Plateau. These weak zones are likely influenced by mantle-derived thermal input and may 

have contributed to the development of crustal low-velocity, high-conductivity, and high-attenuation 

anomalies. The geometry of this weak system appears to be strongly controlled by surrounding rigid 

or relatively strong lithospheric blocks (Figure 9). The stable lithosphere beneath the SCB acts as a 

major mechanical barrier, forcing the eastern low-velocity belt to deflect along its western and 

southwestern margins. The relatively high-velocity body beneath the western CDB separates the two 

major low-velocity belts and may control their southward partitioning. In addition, the ELIP may 

have acted as a depth-dependent modulator. Its cooled and magma-modified shallow crust may 

locally impede and partition crustal flow, whereas deeper mantle-derived heating may allow the weak 

zones to remain connected or reorganized at lower-crust and uppermost-mantle depths. 

The accompanying variations in Pn fast directions further support this interpretation. The fast 

directions are broadly parallel to the low-velocity belts and change near the western margin of the 

SCB, suggesting that the anisotropic fabric may reflect the lateral redistribution or shear deformation 
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of thermally weakened uppermost-mantle material under the mechanical control of rigid blocks. 

Within this framework, the middle-lower crustal weak zones beneath the southeastern Tibetan Plateau 

may not be controlled solely by independent crustal flow. Rather, their distribution and connectivity 

may be modulated by uppermost-mantle deformation, mantle-derived thermal input, and the blocking 

or filtering effects of the SCB, western CDB, and ELIP-related lithospheric heterogeneity. This model 

provides a more integrated tectonic framework for understanding how deep mantle processes and 

shallow crustal deformation are linked during the southeastward expansion of the Tibetan Plateau. 

7. Conclusions 

In this study, we constructed a high-resolution Pn velocity and anisotropy model beneath the 

southeastern Tibetan Plateau using the latest seismic data. Compared with previous models, the 

expanded dataset provides improved ray-path coverage and resolution, allowing us to resolve smaller-

scale structural features. We observe pronounced high-velocity anomalies beneath the SCB and the 

western CDB, indicating that these regions are relatively stable. We observe two N–S trending low-

velocity anomaly belts, one centered at approximately 98.5°E and the other at approximately 102°E. 

In addition, our model reveals a clear U-shaped low-velocity anomaly beneath the SGB. The Pn fast 

directions within the low-velocity anomalies are mostly parallel to their strike. We suggest that these 

low-velocity belts may represent uppermost-mantle weak zones influenced by mantle-derived 

thermal input, rather than direct evidence for a purely crustal flow system. The stable block beneath 

the SCB and western CDB, and the ELIP-related lithospheric heterogeneity likely acted together to 

deflect, partition, and modulate the low-velocity system, thereby controlling deep material 

redistribution beneath the southeastern Tibetan Plateau. 
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Figure 1. Geological background of the southeastern Tibetan Plateau and adjacent regions. The 

gray solid lines represent major tectonic boundaries. The red triangles represent volcanoes. The blue 

arrows represent GPS velocity field relative to the South China Block (Shen Z-K et al., 2005). The 

white arrows represent two crustal high-conductivity channels from magnetotelluric observation (Bai 

DH et al., 2010). The insert map shows the location of study region. Abbreviations: SGB, Songpan–

Ganzi Block; QTB, Qiangtang Block; CDB, Chuan–Dian Block; SCB, Sichuan Basin; EHS, Eastern 

Himalayan Syntaxis; MLV, Mt. Loimye volcano; TCV, Tengchong volcano.  
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Figure 2. Seismic waveforms of the same earthquake recorded at different temporary stations. 

The Pn arrivals picked by the Seis-PickNet algorithm are marked by red lines, and the black lines 

represent the seismic waveforms.  
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Figure 3. Travel-time curve of the Pn arrivals used in this study. Panels (a), (b), and (c) show 

the ISC-EHB, Temporary array, and NEDC Pn arrivals before filtering, respectively. Panels (d), (e), 

and (f) show the Pn arrivals after filtering. The black line indicates the fitted traveltime line.  
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Figure 4. Pn ray-path coverage map of the southeastern Tibetan Plateau and adjacent regions. 

(a) Spatial distribution of the seismic stations, events, and Pn ray paths used in this study. Triangles 

in different colors denote different seismic stations, and white circles of varying sizes denote seismic 

events of different magnitudes. (b) Ray-path density within each inversion grid cell. The color bar is 

displayed on a logarithmic scale and positioned in the lower-left corner.  
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Figure 5. (a) Trade-off curve between velocity perturbations and traveltime residuals for 

different damping values. The red square indicates the optimal value selected through testing and 

adopted for the inversion. Distribution of traveltime residuals before (b) and after inversion (c).  
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Figure 6. Results of the checkerboard resolution tests for Pn velocity anomalies at different 

spatial scales. (a) 1.5° × 1.5°. (b) 1.0° × 1.0°. Red and blue denote low- and high-velocity anomalies, 

respectively. The color bar is positioned in the lower-right corner.  
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Figure 7. Results of the checkerboard resolution tests for Pn anisotropy anomalies at different 

spatial scales. (a) 2.0°×2.0°. (b) 1.5° × 1.5°. Red bars denote Pn anisotropy, with bar length and 

orientation representing the anisotropy amplitude and fast direction, respectively. The legend is 

positioned in the lower-right corner.  
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Figure 8. Pn velocity model in the study region. Red and blue denote low- and high-velocity 

anomalies, respectively. The color bar is positioned in the lower center. The white triangles represent 

volcanoes. The red lines represent the segments of the Huayingshan Fault. The white L-shaped 

mirrored areas indicate regions of low resolution and were therefore masked out from the final model. 

Abbreviations: HYSF, Huayingshan Fault; ELIP, Emeishan Large Igneous Province. All other 

elements are the same as those in Figure 1.  
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Figure 9. Pn velocity model and anisotropy model in the study region. Black bars denote Pn 

anisotropy, with bar length and orientation representing the anisotropy amplitude and fast direction, 

respectively. The legend is positioned in the lower-right corner. White solid lines and arrows indicate 

possible channels of hot material transport in the uppermost mantle. All other elements are the same 

as those in Figures 1 and 8.  
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Supplementary Materials 

 

Figure S1. Moho depth in the study region from the Crust1.0 model. The color bar is positioned 

in the lower center.  
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Figure S2. Synthetic recovery tests for the major velocity structural features in the study region. 

(a) Locations of the velocity anomalies. (b) Input velocity model. (c) Output velocity model. The 

black lines outline the velocity anomalies. All other elements are the same as in Figures 1 and 8.  
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Figure S3. Synthetic recovery tests for the major anisotropy structural features in the study 

region. (a) Locations of the anisotropy anomalies. (b) Input anisotropy model. (c) Output anisotropy 

model. The black lines outline the anisotropy anomalies. All other elements are the same as in Figures 

1 and 9.  
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Figure S4. Comparison of Pn anisotropic tomography in the study region inverted using (a) 

shorter ray paths with epicentral distances of 2°–12° and (b) longer ray paths with epicentral distances 

of 2°–15°. All other elements are the same as in Figures 1, 8 and 9.  
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Figure S5. Comparison of Pn anisotropic tomography in the study region inverted using (a) 

SETPM model and (b) Crust 1.0 model. All other elements are the same as in Figures 1, 8 and 9.  
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Figure S6. Sensitivity of the Pn tomographic results to traveltime residual cutoffs. The 

inversions were performed using residual cutoffs of (a) ±4 s, (b) ±5 s, and (c) ±6 s, while keeping the 

minimum event/station count criteria unchanged. All other elements are the same as in Figures 1, 8 

and 9.  
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Figure S7. Sensitivity of the Pn tomographic results to minimum event/station count thresholds. 

The inversions were performed using minimum event/station count thresholds of (a) 4, (b) 5, and (c) 

6, while keeping the traveltime residual cutoff unchanged. All other elements are the same as in 

Figures 1, 8 and 9. 



  k


    S  k


    A  k


    B  k


    T  i j −   Δ T  i j =   a  i +   b  j +   ∑  k    d  i j k (   S  k +   A  k  cos ⁡  2   𝜙  i j k +   B  k  sin ⁡  2   𝜙  i j k )


    T  i j


    Δ T  i j


  j


  i


    a  i


    b  j


  i


  j


    d  i j k


    𝜙  i j k


  i j


  k


     A  k 2 +   B  k 2


    ( 𝜋 +    tan  − 1 ⁡  (     B  k    A  k ) ) 2


    Δ T  i j


    Δ T  i j = (  h  i n +  h  o u t −  h  a v e ) ⋅      s -  c 2 −     s -  m 2


   h  i n


   h  o u t


   h  a v e


      s -  c


      s -  m


       s -  c 2 −     s -  m 2


  m a x Δ v /  2

