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Lithospheric delamination and 
upwelling asthenosphere in the 
Longmenshan area: insight from 
teleseismic p-wave tomography
Chuansong He  1, shuwen Dong2 & Yanghua Wang  3

We apply teleseismic p-wave tomography to reconstruct the velocity structure of the Longmenshan 
area. our results show possible large-scale delamination beneath the songpan-Ganzi and Qiangtang 
terranes, which induced upwelling asthenosphere. Upwelling asthenosphere might have led to lower 
crust heating, facilitating eastward extrusion of the songpan Ganzi terrane resulting in localized 
deformation and uplift along the Longmenshan orogenic belt. We suggest that the eastward extrusion 
of the songpan-Ganzi terrane against the rigid lithospheric root of the sichuan Basin results in stress 
accumulation and release, leading to large earthquakes in the Longmenshan area.

The Longmenshan thrust (or orogenic) belt is approximately 500 km long and 30–50 km wide1–7 with a relief of 
over 5 km8. It is the central segment of the north-south-trending major seismic belt in China and lies along a 
crustal-scale boundary between the younger and possibly weaker Triassic Songpan-Ganzi terrane in the north-
west and the stronger lithospheric root of the Yangtze block to the south9,10 (Fig. 1).

The deformation and uplift of the Longmenshan orogenic belt were initiated as early as the Middle to Late 
Triassic and were associated with the Indosinian orogeny and the amalgamation of the North China, South China 
and Qiangtang continental blocks11–13. Reactivation during Cenozoic Indian-Asian collision resulted in the for-
mation of one of the steepest continental escarpments in the world14–16. The Longmenshan orogenic belt has been 
a key region to evaluate the Mesozoic-Cenozoic tectonic evolution of China17–21 and has also been termed the 
“Asian puzzle”22 with important records of continental collision, magmatism, basin evolution and earthquakes23.

The critical tectonic location and frequent earthquakes have made the Longmenshan area the focus of various 
investigations such as petrology, GPS, numerical simulation, geochronology, geomorphology and geophysics in 
the last several years15,21,24–28. However, the deformation and uplift mechanism for the Longmenshan orogenic belt 
remains controversial, and two end-member models have been proposed: (1) Crustal thickening through major 
slip along thrust faults rooted in the lithosphere29–31 and (2) Channel flow or extrusion of partially molten middle- 
to lower-crustal materials with extremely low viscosity outwards from the Tibetan Plateau since approximately 40 
Ma4,10,14,25,32,33. Obviously, these works do not take into account the effect of mantle dynamics.

To decipher the crustal and upper mantle structure and investigate the deformation and uplift mechanism 
of the Longmenshan orogenic belt, multi-disciplinary geophysical studies have been carried out, including deep 
seismic sounding34–40, receiver functions32,41–43, magnetotelluric surveys44, and tomography45–50. However, most 
of these studies have been broadly related to the velocity structure and tectonic architecture. The dynamic and 
tectonic evolution of this belt remains enigmatic2,51–56.

In this work, we collected high-quality seismic data recorded by the China earthquake network and employed 
teleseismic P-wave tomography to detect the upper mantle velocity structure. The results show three high-velocity 
perturbations under the Songpan-Ganzi terrane, Ordos Basin and Sichuan Basin. These high-velocity structures 
are at almost the same depth of ca. 400–500 km, and we suggest that these high-velocity structures may be attrib-
uted to ancient lithosphere that could have been delaminated beneath the Songpan-Ganzi terrane, Ordos Basin 
and Sichuan Basin. Specifically, a large-scale low-velocity perturbation covers almost all the Songpan-Ganzi area 
in the uppermost mantle; under this anomaly, there is a high-velocity anomaly (plate-like) at 400–600 km depth, 
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which might be the lithosphere of the Songpan-Ganzi terrane that was completely removed, recycled, and accu-
mulated into the upper mantle. The lower crust of the Songpan-Ganzi terrane directly contacts the hot asthe-
nospheric mantle (low-velocity perturbation). We propose that asthenosphic upwelling heated the lower crust, 
facilitating the easy eastward extrusion of the Songpan-Ganzi terrane and resulting in uplift and deformation of 
the Longmenshan orogenic belt in the Cenozoic due to the Indian-Asian plate collision. The rigid lithosphere of 
the Sichuan Basin obstructs the eastward extrusion of the Songpan-Ganzi terrane, which causes stress accumula-
tion and release in the Longmenshan area and produces large earthquakes in this region14,25.

Results
The average value of the relative travel-time residual at each station is negative in the western part of the study 
region or the Longmenshan orogenic belt and positive in the eastern part of the study region (Fig. 2), which 
suggests the presence of lower- and higher-velocity anomalies beneath the western and eastern parts of the 
Longmenshan orogenic belt, respectively.

The 60, 110, 200 and 300 km depths reveal a prominent and large-scale low-velocity perturbation (Lv1) in the 
western part of the Longmenshan orogenic belt (Fig. 3). Huang et al.57 and Yang et al.58 also determined simi-
lar results. Adjoint tomography59, ambient noise tomography60, East Asia mantle tomography61 and multi-scale 
travel-time tomography48 also show a low-velocity structure beneath the Songpan-Ganzi terrane. In the eastern 
part of this study area, a large-scale high-velocity perturbation is observed at 60, 110 and 200 km depths beneath 
the Ordos Basin (Hv1), and another large-scale high-velocity perturbation is observed at 60, 110, 200 and 300 km 
beneath the Sichuan Basin (Hv2) (Fig. 3), which is consistent with previous studies57,58,62–64. Xin et al.65 also indi-
cated high-velocity structures beneath the Sichuan and Ordos Basins using double-difference seismic travel-time 
tomography. Hv1 and Hv2 should be the lithospheric roots of the Ordos Basin and Sichuan Basin, respectively.

At 300 and 400 km depths, there is a small high-velocity perturbation (Hv3) (Fig. 3), which is located within 
the Ordos Basin. At 400, 500 and 600 km depths, there are three high-velocity anomalies (Hv4, Hv5 and Hv6) 
beneath the western part of the Longmenshan orogenic belt, the Sichuan Basin and the Ordos Basin (Fig. 3), 
respectively. Due to the low resolution, we discard the features on the 700 and 800 km depth sections.

Profiles a and b show that Lv1 is approximately 300 km thick and Hv2 is approximately 350 km thick 
(Fig. 4a,b). A larger high-velocity structure (Hv4) lies beneath the Songpan-Ganzi terrane, and another 

Figure 1. Tectonic framework and distribution of seismic stations (black triangles). Inset figure: events with 
epicentral distances ranging from 30°–85° and earthquake magnitudes >6.0, which are used by this study. 
E1: 2008 Mw 7.9 Wenchuan earthquake. E2: 2013 Mw 6.6 Lushan earthquake (The figure was generated by 
Chuansong He using the Generic Mapping Tool (http://gmt.soest.hawaii.edu/)).
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high-velocity structure (Hv5) underlies the Sichuan Basin (Fig. 4). Profiles c and d show approximately 350 km 
lithospheric thickness in the Sichuan Basin and approximately 200 km lithospheric thickness in the Ordos Basin 
(Fig. 5), and there is a high-velocity structure (Hv6) beneath the Ordos Basin (Fig. 5).

Huang et al.57 also revealed two high-velocity structures beneath the south part of the Songpan-Ganzi terrane 
and the Sichuan Basin at 450–600 km depths, but these depths and the locations of the high-velocity structures are 
different from our results. Yang et al.58 showed a high-velocity structure beneath the Sichuan Basin at 300–500 km 
depths, which is similar to our Hv5 (Figs 3 and 4).

However, most studies did not reveal the high-velocity structures Hv4 beneath the Songpan-Ganzi terrane 
and Hv6 beneath the Ordos Basin. Moreover, three high-velocity structures (Hv4, Hv5 and Hv6) identified by 
this study are at the same depth (Figs 4 and 5), and, there is an especially good correspondence between the 
high-velocity (Hv4) and low-velocity (Lv1) perturbations in the Songpan-Ganzi terrane (Fig. 4). Our results 
also indicate the Longmenshan orogenic belt is the boundary between the low- and high-velocity perturbations 
(Fig. 4).

Discussion
Lithospheric delamination. The Indosinian orogeny might have imposed its imprints upon the seismic 
velocity structure and composition in the crust and upper mantle66. A number of studies have demonstrated that 
the high- and low-velocity relics generated by lower crustal/lithospheric delamination (or a subducting slab) and 
upwelling asthenosphere can be retained for two billion years and can be detected by seismic techniques67–74. The 
large-scale high-velocity perturbation (Hv4) beneath the Songpan-Ganzi and Qiantang terranes (Figs 3 and 4)  
is approximately 200 km thick, which is thicker than the crust; accordingly, we suggest this feature might be 
associated with the delamination of the thickened lower crust/lithosphere mantle. This region has been affected 
by two major tectonic events: one is the Indosinian orogeny in the Early Triassic, and the other is the Himalayan 
orogeny in the Cenozoic. Based on the scale and depth of Hv4, we speculate it might either have been induced by 
the collision and amalgamation among the Yangtze, North China and Qiangtang terranes during the Indosinian 
orogeny in the Mesozoic or during the Cenozoic India-Asia collision. Previous interpretations of tomographic 
models have proposed the lithosphere foundering of lithosperic slabs beneath the Tibetan Plateau due to the 
northward subduction of the Indian Plate during the Himalayan orogeny in the Cenozoic75. Therefore, we can-
not exclude that the lithosphere mantle of the Songpan-Ganzi terrane may have been removed by the eastward 

Figure 2. Average value of the relative travel-time residual at each station. Black triangles: high-velocity region; 
red circles: low-velocity region (The figure was generated by Chuansong He using the Generic Mapping Tool 
(http://gmt.soest.hawaii.edu/)).
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extrusion of the Tibetan Plateau or that the high-velocity structure (Hv4) may be linked to the subduction of the 
lithosphere in the Cenozoic76,77.

Orogenies generally lead to lithospheric delamination simultaneously or after collision78. Geological stud-
ies demonstrated that during the Early Triassic Indosinian orogeny, the crust of the Songpan-Ganzi terrane 
was strongly thickened through continental collision among the Yangtze, the North China and the Qiangtang 
blocks53–55,79–83, which accompanied the closure of the Paleotethys Ocean84. The thickened lower crust experi-
enced eclogite-facies metamorphism, leading to increased density that might have resulted in the delamination of 
the lower crust/lithosphere in the Songpan-Ganzi terrane in the Middle Triassic79.

Delamination can result in upwelling asthenosphere that fills voids formed by delamination85. Just above Hv4 
is a large-scale low-velocity perturbation (Lv1); we therefore suggest that this large-scale low-velocity structure 
may have been produced by upwelling asthenosphere that filled the voids generated by delamination. Petrological 

Figure 3. P-wave velocity perturbations at depths of 60, 110, 200, 300, 400, 500, 600, 700 and 800 km. Portions 
of the model where the recovery of the starting model in the CRT was below 20% are not shown (see Fig. S3) 
(The figure was generated by Chuansong He using the Generic Mapping Tool (http://gmt.soest.hawaii.edu/)).
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Figure 4. Profiles a and b of velocity perturbations (The figure was generated by Chuansong HE using 
the Generic Mapping Tool (http://gmt.soest.hawaii.edu/)). MTZ: Mantle transition zone. Vertical line: 
Longmenshan fault.

Figure 5. Profiles c and d of velocity perturbations. Portions of the model where the recovery of the starting 
model in the CRT was below 20% are not shown (The figure was generated by Chuansong He using the Generic 
Mapping Tool (http://gmt.soest.hawaii.edu/)). MTZ: Mantle transition zone.
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studies have demonstrated that in the Songpan-Ganzi and Longmenshan terranes, magmatic events are recorded 
throughout the Mesozoic81–83,86, which should have been associated with the upwelling asthenosphere. This 
upwelling asthenosphere might have heated the base of the lower crust and promoted partial melting to generate 
adakitic magmas in the lower crust and/or A-type granitic magma79. Geochemical studies show that the adak-
itic and A-type granite magmatism in the Songpan-Ganzi and Longmenshan terranes occurred during the Late 
Triassic within a post-collisional setting79.

On the other hand, Hv5 and Hv6 (as well as Hv3) are under the Sichuan Basin and Ordos Basin, respectively. 
The root of the Sichuan Basin lithosphere is thicker than that of the Ordos Basin; however, the scale of Hv6 is 
larger than that of Hv5 (Figs 4 and 5). Based on this contrast, we suggest that lithospheric delamination to differ-
ent degrees occurred beneath the Sichuan Basin and the Ordos Basin in the Late Triassic due to the stronger col-
lision among the Qiangtang, Yangtze and North China blocks86. Hv5 might have been part of the Sichuan Basin 
lithosphere, and Hv6 might have been part of the Ordos Basin lithosphere in the Early Triassic.

Deformation and uplift mechanism of the longmenshan orogenic belt. The channel flow model of 
the middle/lower crust32,43,87–89 has been employed in some studies to explain the formation of the Longmenshan 
orogenic belt. Low to moderate Poisson’s (or Vp/Vs) ratios in the Songpan-Ganzi and Longmenshan area suggest 
that the lower crust is dominated by felsic to intermediate compositions41,90, which can preserve partial melting 
20 to 30 Ma after crustal thickening91,92. Geophysical studies indicate the low-velocity zone associated with high 
conductivity at a depth below 10 km on the southern Tibetan Plateau93. Therefore, we cannot exclude the possi-
bility that the crustal thickening was generated by the channel flow of the middle/lower crust.

Furthermore, many workers believe that the crustal thickening that occurred in the Longmenshan area was 
caused by ductile deformation rather than by thrust faulting or crustal shortening4,24. The eastward extrusion of 
the Tibetan Plateau is considered associated with rapid slip along these faults94, and significant relative motion 
along major strike-slip faults facilitated the eastward extrusion of crustal material out of the Tibetan Plateau95–97.

Our study shows that the inferred large-scale delamination beneath the Songpan-Ganzi and Qiangtang 
terranes resulted in the removal of more rigid lithosphere and the upwelling asthenosphere, leading to further 
heating of the lower crust and producing ductile and easily deformed lower crust or forming channel flow of 
the middle/lower crust. Moreover, the upwelling asthenosphere directly contacted the lower crust, resulting 
in a detachment surface between the lower crust and upper mantle, facilitating the easy eastward extrusion 
of the Songpan-Ganzi terrane and leading to the ductile deformation or thickening of the lower crust of the 
Songpan-Ganzi terrane due to the collision between the Indian and Eurasian plates in the Cenozoic.

The large-scale high-velocity perturbation beneath the Sichuan Basin (Hv2) (Figs 3–5) is the old, strong litho-
sphere that underlies the Sichuan Basin31,46,98, pushing up the crust above and achieving steep topography through 
dynamic pressure. This process accounts for the deformation and uplift of the Longmenshan orogenic belt.

earthquakes. A ductile crust plays an important role in generating earthquakes through coseismic slip and 
rupture along the Longmenshan fault zone. The lower-crustal material flowing outward from the Songpan-Ganzi 
block might have been supported by a strong craton-like lithosphere underlying the Sichuan foreland basin46. The 
present-day strain energy related to continental deformation in the central Tibetan Plateau, generated through 
collision between the Indian and Eurasian plates, is related to strike-slip faulting along active strike-slip faults 
such as the Kunlun and Xianshuihe faults, generating strong earthquakes that release the accumulated strain 
energy99.

The surface ruptures of the 1997 Manyi, 2001 Kokoxili, and 2010 Yushu earthquakes were dominated by 
pure left-lateral faulting along the WNW-trending strike-slip faults, representing an eastward motion of the 
Songpan-Ganzi and Qiangtang blocks bounded by mega-strike-slip faults in the northern Tibetan Plateau95,99–103.

Meanwhile, eastward movement of the Songpan-Ganzi block against the lithospheric root of the Sichuan 
Basin (Hv2) (Fig. 4) results in large stress accumulation along the Longmenshan fault zone. When the stress 
exceeds the threshold, it is suddenly released through a violent rupture along the faults. The Longmenshan area 
is likely indicative of cumulative offsets from earthquakes4,28,104. Our results support the notion that the eastward 
extrusion of the Songpan-Ganzi block might have resulted in stress concentration mostly at the bottom of the 
Longmenshan fault zone, which is thought to be responsible for the generation of the 2008 Mw 7.9 Wenchuan 
and 2013 Mw 6.6 Lushan earthquakes (Fig. 1: E1 and E2). Therefore, we suggest that the northward movement of 
the Indian plate entrains the eastward extrusion of the Songpan-Ganzi terrane, causing stress accumulations and 
releases as well as large earthquakes in the Longmenshan area.

Conclusions
Our results suggest that there was massive delamination of the lower crust/part of the lithosphere in this area 
during the Late Triassic due to the stronger collision and amalgamation of the North China, South China and 
Qiangtang continental blocks. We cannot exclude the notion that the large-scale high-velocity structure beneath 
the Songpan-Ganzi terrane may be linked to the subduction of the lithosphere or the removal of part of the rigid 
lithosphere in the Cenozoic due to the eastward extrusion of the Tibetan Plateau induced by the Indian-Asian 
collision. The large-scale delamination of the lithosphere resulted in upwelling asthenosphere, which enhanced 
the ductile nature of the Songpan-Ganzi block, resulting in crustal thickening, deformation and uplift of the 
Longmenshan belt in the Cenozoic due to the eastward extrusion of the Tibetan Plateau. The eastward extrusion 
of the Songpan-Ganzi block is inhibited by the rigid lithosphere of the Sichuan Basin, generating stress accumula-
tion in the Longmenshan area. When the stress exceeds the threshold, its sudden release along the faults accounts 
for the violent earthquakes in the Longmenshan region, such as the 2008 Mw 7.9 Wenchuan earthquake and the 
2013 Mw 6.6 Lushan earthquake.

https://doi.org/10.1038/s41598-019-43476-0


7Scientific RepoRts |          (2019) 9:6967  | https://doi.org/10.1038/s41598-019-43476-0

www.nature.com/scientificreportswww.nature.com/scientificreports/

Data and Method
For this study, we collected 554 teleseismic events recorded by Chinese earthquake networks with 403 seismic sta-
tions from July 2007 to March 2014 (Fig. 1)105. The seismic events with magnitudes >6.0 and epicentral distances 
ranging from 30°–85° were selected (Fig. 1, insert figure). Waveforms were cut 15 s before and 50 s after the first 
P-wave arrival from digital seismograms and filtered between 0.3 and 3 Hz. We selected 66492 first P-wave arriv-
als from the cut and filtered seismograms of seismic events using the time cross-correlation method106 (Fig. S1). 
The range of −2.5 s to +2.5 s in the relative travel-time residuals was used in the tomographic inversion (Fig. S2).

The lateral grid interval was 1° in this optimal Vp model, and vertical grid intervals were designed at 60, 110, 
200, 300, 400, 500, 600, 700 and 800 km depths. The computation of ray paths and theoretical travel times was 
performed by an efficient 3-D ray-tracing method72. We adopted a conjugate-gradient inversion algorithm107 with 
smoothing and damping regularizations to determine the sparse and large system of observation equations72. In 
the 3-D tomographic inversion, the iasp91 1-D Earth model108 was used as the starting model.

The correction of the relative travel-time residuals was done with the CRUST1.0 model109 following the 
method of Jiang et al.110, which removed the effect of crustal heterogeneity generated by crustal thickness and 
velocity110,111. Based on the upper depth limit of tomography, we applied a crustal correction for the upper 60 km 
of the lithosphere. The results showed that the corrected value induced a large effect on the distribution of the rel-
ative travel-time residuals (Figs S3 and S4), and the larger corrected values were mainly distributed in the western 
part of the study region (Fig. 4). To select a suitable damping parameter for use in the tomographic inversion, we 
performed numerous inversions with different damping parameters to derive a trade-off or L-shaped curve that 
could measure the misfit of each solution model with the data112–114. Eventually, a damping value of 11.0 was taken 
to invert the final solution model (Fig. S5).

The checkerboard resolution test (CRT) was employed to assess the reliability of the obtained tomographic 
images and the adequacy of ray coverage. All the grid nodes of the 3-D space were assigned 2.5% negative and 
positive velocity perturbations. Figure S6 shows the CRT result. In general, most parts of the study region have 
good resolution (Fig. S6), where the checkerboard pattern and the amplitude of velocity anomalies are well recov-
ered. The resolution is reduced at 60, 700 and 800 km depths and in the western part of the study area, indicating 
that the seismic rays do not crisscross well in these locations.

References
 1. Deng, Q. D., Chen, S. F. & Zhao, X. L. Tectonics, seismisity and dynamics of Longmen Shan and its adjacent regions. Seis. Geol. 16, 

404–421 (in Chinese with English abstract) (1994).
 2. Li, Y., Allen, P. A., Densmore, A. L. & Xu, Q. Evolution of the Longmen Shan foreland basin (western Sichuan, China) during the 

late Triassic Indosinian orogeny. Basin Res. 15, 117–138, https://doi.org/10.1046/j.1365-2117.2003.00197.x (2003).
 3. Burchfiel, B. C. New technology, new geological challenges. GSA Today 14, 4–10, https://doi.org/10.1130/1052-

5173(2004)014<0004:NTNGC>2.0.CO:2 (2004).
 4. Burchfiel, B. C. et al. A geological and geophysical context for the Wenchuan earthquake of 12 May 2008, Sichuan, People’s Republic 

of China. GSA Today 18, 4–11, https://doi.org/10.1130/GSATG18A.1 (2008).
 5. Kirby, E., Whipple, K. X. & Harkins, N. Topography reveals seismic hazard. Nat. Geosci. 1, 485–487, https://doi.org/10.1038/

ngeo265 (2008).
 6. Godard, V. et al. Late Cenozoic evolution of the central Longmen Shan, eastern Tibet: insight from (UTh)/He thermochronometry. 

Tectonics 28, 1–17, https://doi.org/10.1029/2008TC002407 (2009).
 7. Li, Z. G., Jia, D. & Chen, W. Structural geometry and deformation mechanism of the Longquan anticline in the Longmen Shan 

fold-and-thrust belt, eastern Tibet. J. Asian Earth Sci. 64, 223–234, https://doi.org/10.1016/j.jseaes.2012.12.022 (2013).
 8. de Michele, M., Raucoules, D., de Sigoyer, J., Pubellier, M. & Chamot-Rooke, N. Three-dimensional surface displacement of the 

2008 May 12 Sichuan earthquake (China) derived from Synthetic Aperture Radar: evidence for rupture on a blind thrust. Geophys. 
J. Inter. 183, 1097–1103, https://doi.org/10.1111/j.1365-246x.2010.04807.x (2010).

 9. Preface, A special issue on the great 12 May 2008 Wenchuan earthquake (Mw7.9): Observations and unanswered questions. 
Tectonophysics 491, 1–9, https://doi.org/10.1016/j.tecto.2010.05.019 (2010).

 10. Sun, S. et al. Seismic properties of the Longmen Shan complex: Implications for the moment magnitude of the great 2008 
Wenchuan earthquake in China. Tectonophysics 564–565, 68–82, https://doi.org/10.1016/j.tecto.2012.06.018 (2012).

 11. Liu, S. G. et al. 4-D textural and structural characteristics of Longmen intracontinental composite orogenic belt, southwest China. 
Chin. J. Geo. 44, 1151–1179 (in Chinese with English abstract) (2009).

 12. Chen, F. S. & Wilson, C. J. L. Emplacement of the Longmen Shan Thrust-Nappe Belt along the eastern margin of Tibetan Plateau. 
J. Struct. Geol. 18, 413–430, https://doi.org/10.1016/0191-8141(95)00096-V (1996).

 13. Roger, F., Jolivet, M. & Malavieille, J. The tectonic evolution of the Songpan Garzê (North Tibet) and adjacent areas from 
Proterozoic to Present: a synthesis. J. Asian Earth Sci. 39, 254–269, https://doi.org/10.1016/j.jseaes.2010.03.008 (2010).

 14. Clark, M. K. & Royden, L. H. Topographic ooze: building the eastern margin of Tibet by lower crustal flow. Geology 28, 703–706, 
https://doi.org/10.1130/0091-7613(2000)28<703:TOBTEM>2.0.CO;2 (2000).

 15. Kirby, E. Late Cenozoic evolution of the eastern margin of the Tibetan Plateau: inferences from 40Ar/+r and (U–Th)/He 
thermochronology. Tectonics 21, 1001, https://doi.org/10.1029/2000TC001246 (2002).

 16. Li, Z. W. Spatial variation in Meso-Cenozoic exhumation history of the Longmen Shan thrust belt (eastern Tibetan Plateau) and 
the adjacent western Sichuan basin: Constraints from fission track thermochronology. J. Asian Earth Sci. 47, 185–203, https://doi.
org/10.1016/j.jseaes.2011.10.016 (2012).

 17. Sengör, A. M. C. & Hsü, K. J. The Cimmerides of eastern. Asia: history of the eastern end of Paleo-Tethys. Mem. Soc. Geol. Fr. 147, 
139–167 (1984).

 18. Mattauer, M. Tectonics of the Qinling belt: build-up and evolution of eastern Asia. Nature 317, 496–500, https://doi.org/10.1038/317496a0 
(1985).

 19. Xu, Z., Hou, Q. & Wang, Z. Orogenic processes of the Songpan-Garzê orogenic belt of China (eds Xu, Z., Hou, Q. & Wang, Z.) 190 
(Geological Publishing House, Beijing 1992).

 20. Yin, A., Harrison, M. The Tectonic Evolution of Asia (eds Yin, A., Nie, S.) 442–485 (Cambridge University Press 1996).
 21. Jia, D. et al. Structural model of 2008 Mw 7.9 Wenchuan earthquake in the rejuvenated Longmen Shan thrust belt, China. 

Tectonophysics 491, 174–184, https://doi.org/10.1016/j.tecto.2009.08.040 (2010).
 22. Enkin, R., Yang, Z., Chen, Y. & Courtillot, V. Paleomagnetic constraints on the geodynamic history of the major blocks of China 

from the Permian to the present. J. Geophys. Res. 97, 13953–13989, https://doi.org/10.1029/94JB01338 (1992).
 23. Xiao, L. et al. Late Triassic granitoids of the eastern margin of the Tibetan Plateau: Geochronology, petrogenesis and implications 

for tectonic evolution. Lithos 96, 436–452, https://doi.org/10.1007/s12594-012-0134-8 (2007).

https://doi.org/10.1038/s41598-019-43476-0
https://doi.org/10.1046/j.1365-2117.2003.00197.x
https://doi.org/10.1130/GSATG18A.1
https://doi.org/10.1038/ngeo265
https://doi.org/10.1038/ngeo265
https://doi.org/10.1029/2008TC002407
https://doi.org/10.1016/j.jseaes.2012.12.022
https://doi.org/10.1111/j.1365-246x.2010.04807.x
https://doi.org/10.1016/j.tecto.2010.05.019
https://doi.org/10.1016/j.tecto.2012.06.018
https://doi.org/10.1016/0191-8141(95)00096-V
https://doi.org/10.1016/j.jseaes.2010.03.008
https://doi.org/10.1029/2000TC001246
https://doi.org/10.1016/j.jseaes.2011.10.016
https://doi.org/10.1016/j.jseaes.2011.10.016
https://doi.org/10.1038/317496a0
https://doi.org/10.1016/j.tecto.2009.08.040
https://doi.org/10.1029/94JB01338
https://doi.org/10.1007/s12594-012-0134-8


8Scientific RepoRts |          (2019) 9:6967  | https://doi.org/10.1038/s41598-019-43476-0

www.nature.com/scientificreportswww.nature.com/scientificreports/

 24. Burchfiel, B. C., Chen, Z., Liu, Y. & Royden, L. H. Tectonics of the Longmen Shan and adjacent regions, Central China. Int. Geol. 
Rev. 37, 661–735, https://doi.org/10.1080/00206819509465424 (1995).

 25. Royden, L. H. et al. Surface deformation and lower crustal flow in eastern Tibet. Science 276, 788–790, https://doi.org/10.1126/
science.276.5313.788 (1997).

 26. Clark, M. K. et al. Surface uplift, tectonics, and erosion of Eastern Tibet from large-scale drainage patterns. Tectonics 23, 1006, 
https://doi.org/10.1029/2002TC0014022 (2004).

 27. Godard, V. et al. Spatial distribution of denudation in Eastern Tibet and regressive erosion of plateau margins. Tectonophysics 491, 
253–274, https://doi.org/10.1016/j.tecto.2009.10.026 (2010).

 28. Liu, C., Zhu, B. J., Yang, X. L. & Shi, Y. L. Crustal rheology control on earthquake activity across the eastern margin of the Tibetan 
Plateau: Insights from numerical modelling. J. Asian Earth Sci. 100, 20–30, https://doi.org/10.1016/j.jseaes.2015.01.001 (2015).

 29. Tapponnier, P. et al. Oblique stepwise rise and growth of the Tibet Plateau. Science 294, 1671–1677, https://doi.org/10.1126/
science.105978 (2001).

 30. Xu, Z. Q. et al. Uplift of the Longmen Shan range and the Wenchuan earthquake. Episodes 31, 291–301 (2008).
 31. Hubbard, J. & Shaw, J. Uplift of the Longmen Shan and Tibetan plateau, and the 2008 Wenchuan (M = 7.9) earthquake. Nature 458, 

194–197, https://doi.org/10.1038/nature0783710.1038/nature07837 (2009).
 32. Zhang, Z. J. et al. Crustal structure across Longmenshan fault belt from passive source seismic profiling. Geophys. Res. Lett. 36, 

L17310, https://doi.org/10.1029/2009GL039580 (2009).
 33. Vanderhaeghe, O. & Teyssier, C. Crustal-scale rheological transitions during late-orogenic collapse. Tectonophysics 335, 211–228, 

https://doi.org/10.1016/S0040-1951(01)00053-1 (2001).
 34. Wang, Y. X., Mooney, W. D., Han, G. H., Xu, C. Y. & Jiang, M. The crustal P-wave velocity structure from Altyn Tagh to Longmen 

Mountains along the Taiwan-Altay geoscience transection. Chin. J. Geophys. 48, 98–105, https://doi.org/10.1002/cjg2.632 (2005).
 35. Liu, M., Mooney, W. D., Li, S., Okaya, N. & Detweiler, S. Crustal structure of the northeastern margin of the Tibetan plateau from 

the Songpan-Ganzi terrane to the Ordos basin. Tectonophysics 420, 253–266, https://doi.org/10.1016/j.tecto.2006.01.025 (2006).
 36. Zhang, Z., Klemperer, S., Bai, Z., Chen, Y. & Teng, J. Crustal structure of the Paleozoic Kunlun orogeny from an active-source 

seismic profile between Moba and Guide in East Tibet, China. Gondwana Res. 19, 994–1007, https://doi.org/10.1016/j.
gr.2010.09.008 (2011).

 37. Zhang, Z. et al. Crustal structure across northeastern Tibet from wide-angle seismic profiling: Constraints on the Caledonian 
Qilian orogeny and its reactivation. Tectonophysics 606, 140–159, https://doi.org/10.1016/j.tecto.2013.02.040 (2013).

 38. Gao, R. et al. The crust structures and the connection of the Songpan block and est Qinling orogen revealed by the Hezuo-Tangke 
deep seismic reflection profiling. Tectonophysics 634, 227–236, https://doi.org/10.1016/j.tecto.2014.08.014 (2014).

 39. Lu, R. et al. Structural model of the central Longmen Shan thrusts using seismic reflection profiles: Implications for the sediments 
and deformations since the Mesozoic. Tectonophysics 630, 43–53, https://doi.org/10.1016/j.tecto.2014.05.003 (2014).

 40. Lu, R., He, D., Xu, X. & Liu, B. Crustal-scale tectonic wedging in the central Longmen Shan: Constraints on the uplift mechanism 
in the southeastern margin of the Tibetan Plateau. J. Asian Earth Sci. 117, 73–81, https://doi.org/10.1016/j.jseaes.2015.11.019 
(2016).

 41. He, C. S., Dong, S. W., Santosh, M. & Chen, X. H. Seismic structure of the Longmenshan area in SW China inferred from receiver 
function analysis: Implications for future large earthquakes. J. Asian Earth Sci. 96, 226–236, https://doi.org/10.1016/j.
jseaes.2014.09.026 (2014).

 42. Li, X., Santosh, M., Cheng, S., Xu, X. & Zhong, W. Crustal structure and composition beneath the northeastern Tibetan plateau 
from receiver function analysis. Phys. Earth Planet. Inter. 249, 51–58, https://doi.org/10.1016/j.pepi.2015.10.001 (2015).

 43. Sun, Y., Liu, J., Zhou, K., Chen, B. & Guo, R. Crustal structure and deformation under the Longmenshan and its surroundings 
revealed by receiver function data. Phys. Earth Planet. Inter. 244, 11–22, https://doi.org/10.1016/j.pepi.2015.04.005 (2015).

 44. Zhao, G. Z., Unsworth, M. J., Zhan, Y. & Wang, L. F. Crustal structure and rheology of the Longmenshan and Wenchuan Mw 7.9 
earthquake epicentral area from magnetotelluric data. Geology 40, 1139–1142, https://doi.org/10.1130/g33703.1 (2012).

 45. Pei, S. et al. Three-dimensional seismic velocity structure across the 2008 Wenchuan Ms 8.0 earthquake, Sichuan, China. 
Tectonophysics 491, 211–217, https://doi.org/10.1016/j.tecto.2009.08.039 (2010).

 46. Wang, Z., Huang, R. & Pei, S. Crustal deformation along the Longmen-Shan fault zone and its implications for seismogenesis. 
Tectonophysics 610, 128–137, https://doi.org/10.1016/j.tecto.2013.11.004 (2014).

 47. Li, Z. W., Ni, S. D. & Roecker, S. Interstation Pg and Sg differential traveltime tomography in the northeastern margin of the 
Tibetan plateau: Implications for spatial extent of crustal flow and segmentation of the Longmenshan fault zone. Phys. Earth Planet. 
Inter. 227, 30–40, https://doi.org/10.1016/j.pepi.2013.11.016 (2014).

 48. Li, C., van der Hilst, R., Meltzer, A. S. & Engdahl, E. R. Subduction of the Indian lithosphere beneath the Tibetan Plateau and 
Burma. Earth Planet. Sci. Lett. 274, 157–168, https://doi.org/10.1016/j.epsl.2008.07.016 (2008).

 49. Wang, Z., Zhao, D. & Wang, J. Deep structure and seismogenesis of the north-south seismic zone in southwest China. J. Geophys. 
Res. 115, B12334, https://doi.org/10.1029/2010JB007797 (2010).

 50. Lei, J. S. & Zhao, D. P. Global P-wave tomography: on the effect of various mantle and core phases. Phys. Earth Planet. Inter. 154, 
44–69, https://doi.org/10.1016/j.pepi.2005.09.001 (2006).

 51. Watson, M. P., Hayward, A. B., Parkinson, D. N. & Zhang, Z. M. Plate tectonic history, basin development and petroleum source 
rock deposition onshore China. Mar. Petrol. Geol. 4, 205–225, https://doi.org/10.1016/0264-8172(87)90045-6 (1987).

 52. Liu, S. et al. Study on tectonic events in the LongmenMountains-western Sichuan foreland basin, Songpan-Gangze, China. J. 
Chengdu univ. Technol. 28, 221–230 (2001).

 53. Weislogel, A. L. Tectonostratigraphic and geochronologic constraints on evolution of the northeast Paleotethys from the Songpan-
Ganzi complex, central China. Tectonophysics 451, 331–345, https://doi.org/10.1016/j.tecto.2007.11.053 (2008).

 54. Billerot, A., Duchene, S., Vanderhaeghe, O. & de Sigoyer, J. Gneiss domes of the Danba metamorphic complex, Songpan Ganze, 
eastern Tibet. J. Asian Earth Sci. 140, 48–74, https://doi.org/10.1016/j.jseaes.2017.03.006 (2017).

 55. Harrowfield, M. J. & Wilson, C. J. L. Indosinian deformation of the Songpan Garze Fold Belt, northeast Tibetan Plateau. J. Struct. 
Geol. 27, 101–117, https://doi.org/10.1016/j.jsg.2004.06.010 (2005).

 56. Huang, M. H., Buick, I. S. & Hou, L. W. Tectonometamorphic evolution of the Eastern Tibet plateau: evidence from the Central 
Songpan-Garze orogenic belt, Western China. J. Petrol. 44, 255–278, https://doi.org/10.1093/petrology/44.2.255 (2003).

 57. Huang, Z. C. et al. Mantle structure and dynamics beneath SE Tibet revealed by new seismic images. Earth Planet. Sci. Lett. 411, 
100–111, https://doi.org/10.1016/j.epsl.2014.11.040 (2015).

 58. Yang, T., Wu, J. P. & Wang, W. L. Complex Structure beneath the Southeastern Tibetan Plateau from Teleseismic P-Wave 
Tomography. Bull. Seismol. Soc. Am. 104, 1056–1069, https://doi.org/10.1785/0120130029 (2014).

 59. Chen, M., Niu, F., Liu, Q., Tromp, J. & Zheng, X. Multiparameter adjoint tomography of the crust and upper mantle beneath East 
Asia: 1. Model construction and comparisons. J. Geophys. Res. 120, 1762–1786, https://doi.org/10.1002/2014JB011638 (2015).

 60. Bao, X. W., Song, X. D. & Li, J. T. High-resolution lithospheric structure beneath Mainland China from ambient noise and 
earthquake surface-wave tomography. Earth Planet. Sci. Lett. 417, 132–141, https://doi.org/10.1016/j.epsl.2015.02.024 (2015).

 61. Wei, W., Xu, J. D., Zhao, D. & Shi, Y. L. East Asia mantle tomography: New insight into plate subduction and intraplate volcanism. 
J. Asian Earth Sci. 60, 88–103, https://doi.org/10.1016/j.jseaes.2012.08.001 (2012).

 62. Li, C., van der Hilst, R. D. & Toksöz, M. N. Constraining P-wave velocity variations in the upper mantle beneath Southeast Asia. 
Phys. Earth Planet. Inter. 154, 180–195, https://doi.org/10.1016/j.pepi.2005.09.008 (2006).

https://doi.org/10.1038/s41598-019-43476-0
https://doi.org/10.1080/00206819509465424
https://doi.org/10.1126/science.276.5313.788
https://doi.org/10.1126/science.276.5313.788
https://doi.org/10.1029/2002TC0014022
https://doi.org/10.1016/j.tecto.2009.10.026
https://doi.org/10.1016/j.jseaes.2015.01.001
https://doi.org/10.1126/science.105978
https://doi.org/10.1126/science.105978
https://doi.org/10.1038/nature0783710.1038/nature07837
https://doi.org/10.1029/2009GL039580
https://doi.org/10.1016/S0040-1951(01)00053-1
https://doi.org/10.1002/cjg2.632
https://doi.org/10.1016/j.tecto.2006.01.025
https://doi.org/10.1016/j.gr.2010.09.008
https://doi.org/10.1016/j.gr.2010.09.008
https://doi.org/10.1016/j.tecto.2013.02.040
https://doi.org/10.1016/j.tecto.2014.08.014
https://doi.org/10.1016/j.tecto.2014.05.003
https://doi.org/10.1016/j.jseaes.2015.11.019
https://doi.org/10.1016/j.jseaes.2014.09.026
https://doi.org/10.1016/j.jseaes.2014.09.026
https://doi.org/10.1016/j.pepi.2015.10.001
https://doi.org/10.1016/j.pepi.2015.04.005
https://doi.org/10.1130/g33703.1
https://doi.org/10.1016/j.tecto.2009.08.039
https://doi.org/10.1016/j.tecto.2013.11.004
https://doi.org/10.1016/j.pepi.2013.11.016
https://doi.org/10.1016/j.epsl.2008.07.016
https://doi.org/10.1029/2010JB007797
https://doi.org/10.1016/j.pepi.2005.09.001
https://doi.org/10.1016/0264-8172(87)90045-6
https://doi.org/10.1016/j.tecto.2007.11.053
https://doi.org/10.1016/j.jseaes.2017.03.006
https://doi.org/10.1016/j.jsg.2004.06.010
https://doi.org/10.1093/petrology/44.2.255
https://doi.org/10.1016/j.epsl.2014.11.040
https://doi.org/10.1785/0120130029
https://doi.org/10.1002/2014JB011638
https://doi.org/10.1016/j.epsl.2015.02.024
https://doi.org/10.1016/j.jseaes.2012.08.001
https://doi.org/10.1016/j.pepi.2005.09.008


9Scientific RepoRts |          (2019) 9:6967  | https://doi.org/10.1038/s41598-019-43476-0

www.nature.com/scientificreportswww.nature.com/scientificreports/

 63. Wei, W., Zhao, D., Xu, J., Zhou, B. & Shi, Y. L. Depth variations of P-wave azimuthal anisotropy beneath Mainland China. Scientific 
Reports 6, 29614, https://doi.org/10.1038/srep29614 (2016).

 64. Shen, W. et al. A seismic reference model for the crust and uppermost mantle beneath China from surface wave dispersion. Geophy. 
J. Int. 206, 954–979, https://doi.org/10.1093/gji/ggw175 (2016).

 65. Xin, H. L. et al. High-Resolution Lithospheric Velocity Structure of Continental China by Double-Difference Seismic Travel-Time 
Tomography. Seism. Res. Lett, https://doi.org/10.1785/0220180209 (2018).

 66. Teng, J., Zhang, Z. & Bai, W. Physics of the Lithosphere (ed. Teng, J., Zhang, Z. & Bai, W.) 990 (Chinese Sciences Press, Beijing 
2003).

 67. Cook, F. A., Velden, A., Hall, K. W. & Roberts, B. Frozen subduction in Canadas Northwest Territories: lithoprobe deep lithospheric 
reflection profiling of the western Canadian Shield. Tectonics 18, 1–24, https://doi.org/10.1029/1998TC900016 (1999).

 68. Balling, N. Deep seismic reflection evidence for ancient subduction and collision zones within the continental lithosphere of 
northwestern Europe. Tectonophysics 329, 269–300, https://doi.org/10.1016/S0040-1951(00)00199-2 (2000).

 69. Svenningsen, L. et al. Crustal root beneath the highlands of southern Norway resolved by teleseismic receiver functions. Geophys. 
J. Inter. 170, 1129–1138, https://doi.org/10.1111/j.1365-246X.2007.03402.x (2007).

 70. Zhai, M. G., Fan, Q. C., Zhang, H. F., Sui, J. L. & Shao, J. A. Lower crustal processes leading to Mesozoic lithospheric thinning 
beneath eastern North China: Underplating, replacement and delamination. Lithos 96, 36–54, https://doi.org/10.1016/j.
lithos.2006.09.016 (2007).

 71. He, C. S., Santosh, M. & Dong, S. W. Continental dynamics of Eastern China: insights from tectonic history and receiver function 
analysis. Earth-Sci. Rev. 145, 9–24, https://doi.org/10.1016/j.earscirev.2015.02.006 (2015).

 72. Zhao, D., Hasegawa, A. & Horiuchi, S. Tomographic imaging of P- and S-wave velocity structure beneath northeastern Japan. J. 
Geophys. Res. 97, 19909–19928, https://doi.org/10.1029/92JB00603 (1992).

 73. Xu, Y. G., He, B., Chung, S. L., Menzies, M. A. & Frey, F. A. Geologic, geochemical, and geophysical consequences of plume 
involvement in the Emeishan flood-basalt province. Geology 32, 917–920, https://doi.org/10.1130/G20602.1 (2004).

 74. Shen, Y. et al. Seismic evidence for a tilted mantle plume and north-south mantle flow beneath Iceland. Earth Planet. Sci. Lett. 197, 
261–272, https://doi.org/10.1016/S0012-821X(02)00494-6 (2002).

 75. Chen, M. et al. Lithospheric foundering and underthrusting imaged beneath Tibet. Nature Communications 8, 15659, https://doi.
org/10.1038/ncomms15659 (2016).

 76. Replumaz, A., Negredo, A. M., Guillot, S. & Villaseñor, A. Multiple episodes of continental subduction during India/Asia 
convergence: insight from seismic tomography and tectonic reconstruction. Tectonophysics. 483, 125–134, https://doi.
org/10.1016/j.tecto.2009.10.007 (2010).

 77. Van der Voo, R., Spakman, W. & Bijwaard, H. Mesozoic subducted slabs under Siberia. Nature 397, 246–249, https://doi.
org/10.1038/16686 (1999).

 78. Ueda, K., Gerya, T. V. & Burg, J. P. Delamination in collisional orogens: Thermomechanical modeling. J. Geophys. Res. 117, B08202, 
https://doi.org/10.1029/2012JB009144 (2012).

 79. Zhang, H. F. et al. A-type granite and adakitic magmatism association in Songpan-Garze fold belt, eastern Tibetan Plateau: 
Implicaiton for lithospheric delamination. Lithos 97, 323–335, https://doi.org/10.1016/j.lithos.2007.01.002 (2007).

 80. Chen, W. et al. Combined paleomagnetic and geochronological study on Cretaceous strata of the Qiangtang terrane, central Tibet. 
Gondwana Res. 41, 373–389, https://doi.org/10.1016/j.gr.2015.07.004 (2017).

 81. Deschamps, F. et al. Coeval mantle-derived and crust-derived magmas inside the orogenic crust exemplified by two neighbouring 
plutons of the Songpan Ganze accretionary-orogenic wedge (SW China). J. Petrol. 58, 2221–2256, https://doi.org/10.1093/
petrology/egy007 (2017).

 82. Huang, M. H., Maas, R., Buick, I. S. & Williams, I. Crustal response to continental collisions between the Tibet, Indian, South 
China and North China blocks: geochronological constraints from the Songpan-Garze Orogenic Belt, Western China. J. 
Metamorph. Geol. 21, 223–240, https://doi.org/10.1371/journal.pone.0076732 (2003).

 83. de Sigoyer, J., Vanderhaeghe, O., Duchêne, S. & Billerot, A. Generation and emplacement of Triassic granitoids within the Songpan 
Ganze accretionary-orogenic wedge in a context of slab retreat accommodated by tear faulting, Eastern Tibetan plateau, China. J. 
Asian Earth Sci. 88, 192–216, https://doi.org/10.1016/j.jseaes.2014.01.010 (2014).

 84. Robert, A. et al. Structural and thermal characters of the Longmen Shan (Sichuan, China). Tectonophysics 491, 165–173, https://
doi.org/10.1016/j.jnoncrysol.2011.06.033 (2010).

 85. Kay, R. W. & Kay, S. M. Delamination and delamination magmatism. Tectonophysics 219, 177–189, https://doi.org/10.1016/0040-
1951(93)90295-U (1993).

 86. He, C. S. & Santosh, M. Mantle roots of the Emeishan plume: an evaluation based on telesismic P-wave tomography. Solid Earth 8, 
1141–1151, https://doi.org/10.5194/se-2017-17 (2017).

 87. Royden, L. Coupling and decoupling of crust and mantle in convergent orogens: Implications for strain partitioning in the crust. J. 
Geophys. Res. 101, 17679–17705, https://doi.org/10.1029/96JB00951 (1996).

 88. Klemperer, S. L. Crustal flow in Tibet: A review of geophysical evidence for the physical state of Tibetan lithosphere, in Channel 
Flow, Ductile Extrusion and Exhumation of Lower Mid-Crust in Continental Collision Zones. Geol. Soc. Spec. Publ. 268, 39–70, 
https://doi.org/10.1144/GSL.SP.2006.268.01.03 (2006).

 89. Vanderhaeghe, O. & Teyssier, C. Partial melting and flow of orogens. Tectonophysics 342, 451–472, https://doi.org/10.1016/S0040-
1951(01)00175-5 (2001).

 90. Xu, Q., Zhao, J., Yuan, X., Liu, H. & Pei, S. Mapping crustal structure beneath southern Tibet: Seismic evidence for continental 
crustal underthrusting. Gondwana Res. 27, 1487–1493, https://doi.org/10.1016/j.gr.2014.01.006 (2015).

 91. England, P. C. & Thompson, A. Some thermal and tectonic models for crustal melting in continental collision zones. Geol. Soc. 
London Spec. Pub. 19, 83–94, https://doi.org/10.1144/GSL.SP.1986.019.01.05 (1986).

 92. Vanderhaeghe, O., Medvedev, S., Fullsack, P., Beaumont, C. & Jamieson, R. A. Evolution of orogenic wedges and continental 
plateaux: insights from crustal thermal–mechanical models overlying subducting mantle lithosphere. Geophys. J. Int. 153, 27–51, 
https://doi.org/10.1046/j.1365-246X.2003.01861.x (2003).

 93. Nelson, K. et al. Partially molten middle crust beneath southern Tibet: Synthesis of project INDEPTH results. Science 274, 
1684–1688, https://doi.org/10.1126/science.274.5293.1684 (1996).

 94. Xu, Q., Zhao, J., Pei, S. & Liu, H. Distinct lateral contrast of the crustal and upper mantle structure beneath northeast Tibetan 
plateau from receiver function analysis. Phys. Earth Planet. Inter. 217, 1–9, https://doi.org/10.1016/j.pepi.2013.01.005 (2013).

 95. Chang, C. P. et al. Influence of the pre-existing Xiaoyudong salient in surface rupture distribution of the Mw 7.9 Wenchuan 
earthquake, China. Tectonophysics 530–531, 240–250, https://doi.org/10.1016/j.tecto.2011.12.038 (2012).

 96. Molnar, P. & Tapponnier, P. Cenozoic Tectonics of Asia: effects of a continental collision. Science 189, 419–426, https://doi.
org/10.1126/science.189.4201.419 (1975).

 97. Lev, E., Long, M. D. & van der Hils, R. D. Seismic anisotropy in Eastern Tibet from shear wave splitting reveals changes in 
lithospheric deformation. Earth Planet. Sci. Lett. 251, 293–304, https://doi.org/10.1016/j.epsl.2006.09.018 (2006).

 98. Royden, L. H., Burchfiel, B. C. & van der Hilst, R. D. The geological evolution of the Tibetan plateau. Science 321, 1054–1058, 
https://doi.org/10.1126/science.1155371 (2008).

 99. Lin, A. et al. Co-seismic strike-slip surface rupture and displacement produced by the 2010 MW 6.9 Yushu earthquake, China, and 
implications for Tibetan tectonics. J Geodyn. 52, 249–259, https://doi.org/10.1016/j.jog.2011.01.001 (2011).

https://doi.org/10.1038/s41598-019-43476-0
https://doi.org/10.1038/srep29614
https://doi.org/10.1093/gji/ggw175
https://doi.org/10.1785/0220180209
https://doi.org/10.1029/1998TC900016
https://doi.org/10.1016/S0040-1951(00)00199-2
https://doi.org/10.1111/j.1365-246X.2007.03402.x
https://doi.org/10.1016/j.lithos.2006.09.016
https://doi.org/10.1016/j.lithos.2006.09.016
https://doi.org/10.1016/j.earscirev.2015.02.006
https://doi.org/10.1029/92JB00603
https://doi.org/10.1130/G20602.1
https://doi.org/10.1016/S0012-821X(02)00494-6
https://doi.org/10.1038/ncomms15659
https://doi.org/10.1038/ncomms15659
https://doi.org/10.1016/j.tecto.2009.10.007
https://doi.org/10.1016/j.tecto.2009.10.007
https://doi.org/10.1038/16686
https://doi.org/10.1038/16686
https://doi.org/10.1029/2012JB009144
https://doi.org/10.1016/j.lithos.2007.01.002
https://doi.org/10.1016/j.gr.2015.07.004
https://doi.org/10.1093/petrology/egy007
https://doi.org/10.1093/petrology/egy007
https://doi.org/10.1371/journal.pone.0076732
https://doi.org/10.1016/j.jseaes.2014.01.010
https://doi.org/10.1016/j.jnoncrysol.2011.06.033
https://doi.org/10.1016/j.jnoncrysol.2011.06.033
https://doi.org/10.1016/0040-1951(93)90295-U
https://doi.org/10.1016/0040-1951(93)90295-U
https://doi.org/10.5194/se-2017-17
https://doi.org/10.1029/96JB00951
https://doi.org/10.1144/GSL.SP.2006.268.01.03
https://doi.org/10.1016/S0040-1951(01)00175-5
https://doi.org/10.1016/S0040-1951(01)00175-5
https://doi.org/10.1016/j.gr.2014.01.006
https://doi.org/10.1144/GSL.SP.1986.019.01.05
https://doi.org/10.1046/j.1365-246X.2003.01861.x
https://doi.org/10.1126/science.274.5293.1684
https://doi.org/10.1016/j.pepi.2013.01.005
https://doi.org/10.1016/j.tecto.2011.12.038
https://doi.org/10.1126/science.189.4201.419
https://doi.org/10.1126/science.189.4201.419
https://doi.org/10.1016/j.epsl.2006.09.018
https://doi.org/10.1126/science.1155371
https://doi.org/10.1016/j.jog.2011.01.001


1 0Scientific RepoRts |          (2019) 9:6967  | https://doi.org/10.1038/s41598-019-43476-0

www.nature.com/scientificreportswww.nature.com/scientificreports/

 100. Klinger, Y. et al. High resolution satellite imagery mapping of the surface rupture and slip distribution of the M-W similar to 7.8, 
14 November 2001 Kokoxili Earthquake, Kunlun Fault, northern Tibet, China. Bull. Seismol. Soc. Am. 95, 1970–1987, https://doi.
org/10.1785/0120040233 (2005).

 101. Peltzer, G., Crampé, F. & King, G. Evidence of Nonlinear Elasticity of the Crust from the Mw 7.6 Manyi (Tibet) Earthquake. Science 
286, 272, https://doi.org/10.1126/science.286.5438.272 (1999).

 102. Xu, X., Yu, G., Klinger, Y., Tapponnier, P. & Van der Woerd, J. Re-evaluation of surface rupture parameters and faulting 
segmentation of the 2001 Kunlunshan earthquake (Mw7.8), Northern Tibetan Plateau, China. J. Geophy. Res. 111, B05316, https://
doi.org/10.1029/2004JB003488 (2006).

 103. Wang, H. et al. Crustal structure and Moho geometry of the northeastern Tibetan plateau as revealed by SinoProbe-02 deep 
seismic-reflection profiling. Tectonophysics 636, 32–39, https://doi.org/10.1016/j.tecto.2014.08.010 (2014).

 104. Luna, L. M. & Hetland, E. A. Regional stresses inferred from coseismic slip models of the 2008 Mw 7.9 Wenchuan, China, 
earthquake. Tectonophysics 584, 43–53, https://doi.org/10.1016/j.tecto.2012.03.027 (2013).

 105. Zheng, X. F., Yao, Z. X., Liang, J. H. & Zheng, J. The role played and opportunities provided by IGP DMC of China National Seismic 
Network in Wenchuan earthquake disaster relief and researches. Bull. Seismol. Soc. Am. 100, 2866–2872, https://doi.
org/10.1785/0120090257 (2010).

 106. VanDecar, C. & Crosson, S. Determination of teleseismic relative phase arrival times using multi-channel cross-correlation and 
least squares. Bull. Seismol. Soc. Am. 80, 150–169, http://www.bssaonline.org/content/80/1/150.short (1990).

 107. Paige, C. C. & Saunders, M. A. LSQR: an algorithm for sparse linear equations and spare least squares. ACMTrans. Math. Softw. 8, 
43–71 (1982).

 108. Kennett, B. & Engdahl, E. Traveltimes for global earthquake location and phase identification. Geophys. J. Int. 105, 429–465, https://
doi.org/10.1111/j.1365-246x.1991.tb06724.x (1991).

 109. Laske, G., Masters, G., Ma, Z. & Pasyanos, M. E. CRUST1.0: an updated global model of Earth’s Crust. Geophys. Res. Abstracts 14, 
EGU2012–37431 (2012).

 110. Jiang, G. M. et al. Mantle dynamics and Cretaceous magmatism in east-central China: Insight from teleseismic tomograms. 
Tectonophysics 664, 256–268, https://doi.org/10.1016/j.tecto.2015.09.019 (2015).

 111. Zhao, D. P., Lei, J. S., Inoue, T., Yamada, Y. & Gao, S. Deep structure and origin of the Baikal rift zone. Earth Planet. Sci. Lett. 243, 
681–691, https://doi.org/10.1016/j.epsl.2006.01.033 (2006).

 112. Hansen, P. Analysis of discrete ill-posed problems by means of the L-curve. SIAM Rev. 34, 561–580, https://doi.org/10.1137/1034115 
(1992).

 113. Boschi, L., Becker, T., Soldati, G. & Dziewonski, A. M. On the relevance of Born theory in global seismic tomography. Geophys. Res. 
Lett. 33, 178–196, https://doi.org/10.1029/2005GL025063 (2006).

 114. Lei, J. S., Zhao, D. P., Steinberger, B., Shen, F. L. & Li, Z. X. New seismic constraints on the upper mantle structure of the Hainan 
plume. Phys. Earth Planet. Inter. 173, 33–50, https://doi.org/10.1016/j.pepi.2008.10.013 (2009).

Acknowledgements
Thanks to the National Key R&D Plan (2017YFC0601406). Waveform data for this study are provided by 
Data Management Centre of the China National Seismic Network at the Institute of Geophysics (SEISDMC, 
doi:10.11998/SeisDmc/SN), the China Earthquake Networks Center and the CQ, GX, GZ, QH, SC, XZ, and YN 
Seismic Networks, China Earthquake Administration.

Author Contributions
H.C. conducted the analysis and wrote the first draft. All authors contributed to the interpretation of results and 
writing.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-43476-0.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-43476-0
https://doi.org/10.1785/0120040233
https://doi.org/10.1785/0120040233
https://doi.org/10.1126/science.286.5438.272
https://doi.org/10.1029/2004JB003488
https://doi.org/10.1029/2004JB003488
https://doi.org/10.1016/j.tecto.2014.08.010
https://doi.org/10.1016/j.tecto.2012.03.027
https://doi.org/10.1785/0120090257
https://doi.org/10.1785/0120090257
http://www.bssaonline.org/content/80/1/150.short
https://doi.org/10.1111/j.1365-246x.1991.tb06724.x
https://doi.org/10.1111/j.1365-246x.1991.tb06724.x
https://doi.org/10.1016/j.tecto.2015.09.019
https://doi.org/10.1016/j.epsl.2006.01.033
https://doi.org/10.1137/1034115
https://doi.org/10.1029/2005GL025063
https://doi.org/10.1016/j.pepi.2008.10.013
https://doi.org/10.1038/s41598-019-43476-0
http://creativecommons.org/licenses/by/4.0/

	Lithospheric delamination and upwelling asthenosphere in the Longmenshan area: insight from teleseismic P-wave tomography
	Results
	Discussion
	Lithospheric delamination. 
	Deformation and uplift mechanism of the longmenshan orogenic belt. 
	Earthquakes. 

	Conclusions
	Data and Method
	Acknowledgements
	Figure 1 Tectonic framework and distribution of seismic stations (black triangles).
	Figure 2 Average value of the relative travel-time residual at each station.
	Figure 3 P-wave velocity perturbations at depths of 60, 110, 200, 300, 400, 500, 600, 700 and 800 km.
	Figure 4 Profiles a and b of velocity perturbations (The figure was generated by Chuansong HE using the Generic Mapping Tool (http://gmt.
	Figure 5 Profiles c and d of velocity perturbations.




