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Abstract: A large amount of high-quality teleseismic data is used for common conversion 8 

point (CCP) stacking of receiver functions in the Longmenshan area. The results show 9 

that a large-scale high-velocity anomaly or lithospheric delamination can completely 10 

destroy upper mantle discontinuities or erase the phase boundary of olivine, which is a 11 

very important finding and can be used to assess stagnant slabs in the mantle transition 12 

zone globally. The deepening region of the 660 km discontinuity beneath the 13 

Songpan-Ganzi terrane might indicate that the large-scale high-velocity anomaly in the 14 

mantle transition zone is a cold domain and can affect the topography of upper mantle 15 

discontinuities. 16 
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 19 

Plain language summary: In this study, a large amount of high-quality teleseismic data is 20 

used for CCP stacking of receiver functions in the Longmenshan area. The results imply a 21 

very important finding that a high-velocity anomaly can completely destroy upper mantle 22 

discontinuities or greatly erase the phase change in olivine. The deepening region of the 23 

660 km discontinuity beneath the Songpan-Ganzi terrane might indicate that the 24 

large-scale high-velocity anomaly in the mantle transition zone is a cold domain and can 25 

affect the topography of upper mantle discontinuities. 26 

 27 

1. Introduction 28 

 29 

The Longmenshan region has undergone two orogenic events since the Mesozoic: 30 

east-west deformation induced by the Indosinian orogeny in the Late Triassic–Early 31 

Jurassic (Roger et al., 2008) and south-north deformation linked to the collision between 32 

the Indian and Asian continents in the Cenozoic (Zhang et al., 2020; Tong et al., 2021). 33 

This collision has subsequently led to large-scale crustal shortening across Asia and 34 

greatly deformed the Longmenshan area (e.g., Molnar and Tapponnier, 1975; Chatterjee 35 

et al., 2013; Searle, 1995; Huang et al., 2005). 36 

 37 



GPS studies have reported that crustal materials are moving eastward from the 38 

Tibetan Plateau into the Longmenshan area in the Cenozoic (Zhang et al., 2004), but they 39 

are obstructed by the rigid crust and lithosphere of the Yangtze block or the Sichuan Basin 40 

(e.g., Copley and McKenzie, 2007; Oskin, 2012). This might result in stress accumulation 41 

and release in this area (He et al., 2019) and lead to several devastating earthquakes in 42 

the Longmanshan area, such as the 2001 Mw 7.8 Kunlun, the 2008 Mw 7.9 Wenchuan, 43 

the 2010 Mw 6.9 Yushu and the 2013 Ms 7.0 Lushan earthquakes. 44 

 45 

Tomography has revealed the absence of the lithosphere beneath the 46 

Songpan-Ganzi terrane and large-scale lithospheric delamination in the Longmenshan 47 

area (He et al., 2019), which might have played a key role in stress accumulation and 48 

release and facilitated the eastern extrusion of the Tibetan Plateau (Tian et al., 2021) as 49 

well as ductile crustal thickening (Burchfiel et al., 2008; Chang et al., 2012). However, this 50 

work provides only one piece of evidence. Therefore, it is necessary to further investigate 51 

and confirm this deep process. 52 

 53 

Based on tomographic images, the lithospheric structure (or a large-scale 54 

low-velocity structure) has delaminated into the MTZ beneath the Songpan-Ganzi terrane 55 

(He et al., 2019). Generally, a high-velocity anomaly is a cold domain, which might induce 56 

structural variations in the mantle transition zone (MTZ) (Foulger, 2012).  The receiver 57 



function technique is an effective tool that can be used to detect the structure of the MTZ. 58 

Accordingly, I collected a large amount of high-quality teleseismic data, carried out 59 

common conversion point (CCP) stacking of receiver functions and imaged the structure 60 

of the MTZ. The results show that a large-scale high-velocity anomaly can result in weak 61 

and vanishing upper mantle discontinuities and demonstrate that the lithosphere has 62 

delaminated into the MTZ. 63 

 64 

2. Data and method 65 

 66 

 67 

Fig. 1 Left panel: location of the study region; inset figure: distribution of events used in 68 

this study. Right panel: distribution of seismic stations and tectonic framework; white lines: 69 

boundaries of geological units; red lines: profiles for CCP stacking of receiver functions; 70 

profiles b and c also show P-wave velocity perturbations (He et al., 2019). 71 



 72 

In total, 684 teleseismic events were collected from 406 permanent seismic 73 

stations recorded during 2007-2020 (Fig. 1), with earthquake epicentral distances ranging 74 

from 30° to 90° for individual event-station pairs and Ms >6.0 (Fig. 1, insert in left panel). 75 

The raw record was cut from 15 s before to 200 s after the P-wave arrival and filtered by a 76 

Butterworth bandpass filter between 0.05 and 1 Hz. To select consistent raw data for the 77 

waveforms, a cross-correlation technique (VanDecar and Crosson, 1990) was used for 78 

data processing (for example, see Fig. S1). Finally, 16258 high-quality receiver functions 79 

were extracted by a modified frequency-domain deconvolution (0.01 water level and 1 Hz 80 

Gaussian filter) (Zhu and Kanamori, 2000; Langston, 1979) (for example, see Fig. S2). 81 

 82 

The technique of CCP stacking of receiver functions is employed to define the 83 

topographies of the 410 and 660 km discontinuities (e.g., Eagar et al., 2010; Zhu, 2000; 84 

Xu et al., 2018), and spherical coordinates are established to calculate the Ps-P 85 

differential time Tps (Eagar et al., 2010): 86 

 87 

𝑇𝑃𝑠 = ∑ (√( 𝑅𝑖𝑉𝑆𝑖) − 𝑝𝑃𝑠2 − √( 𝑅𝑖𝑉𝑃𝑖) − 𝑝𝑃2) ∆𝑟𝑅𝑖𝑁𝑖    (1) 88 

 89 



where the ray parameters of the direct Ps and P phases are represented as pPs and 90 

pP, respectively. VPi and VSi are the P- and S-wave velocities in the ith layer, and 𝑅𝑖  and ∆r 91 

represent the Earth’s semidiameter at each ith depth shell (𝑟𝑖) and depth interval. A 3-D 92 

global P- and S-wave velocity model by Lu et al. (2019) is used to remove the velocity 93 

heterogeneity effects in the upper mantle. The Ps-P differential times in the 3-D model are 94 

presented as follows: 95 

 96 

𝑇𝑃𝑠3𝐷 = 𝑇𝑃𝑠 + ∆𝑇   (2) 97 

 98 

where ∆𝑇 is related to the travel-time correction or the 3-D velocity perturbations. 99 

The high- and low-velocity anomalies in the upper mantle can result in a travel-time 100 

increase or decrease (ΔT) of a ray and lead to deviations in the real depths of the 410 and 101 

660 km discontinuities. In the CCP stacking of receiver functions, the lateral grid interval 102 

and depth interval are designed as 0.5° and 1 km, respectively, and the search radius (or 103 

bin) of the migrated receiver functions is designated as 75 km (Xu et al., 2018). In each 104 

bin, bootstrap resampling with 2000 resampling iterations (Efron and Tibshirani, 1986) is 105 

used to calculate the mean value and standard deviation. Piercing points are calculated 106 

by the 1-D AK135 velocity model (Kennett et al., 1995), which shows good and 107 

reasonable piercing point distributions at the depths of the 410 and 660 km (Fig. S3). 108 

 109 



3. Results and discussion 110 

 111 

 112 

Fig. 2 CCP stacking profiles of receiver functions (a-d) corrected by a 3-D global P- and 113 

S-wave velocity model (Lu et al., 2019). Blue rectangular region: weak and vanishing 410 114 

km and 660 km discontinuities. The yellow points are picked for the depths of both the 410 115 

km and 660 km discontinuities on the CCP stacking of receiver functions. The 116 

bootstrapping method with 2000 stacked amplitudes is used to resample and calculate the 117 

dataset, and the final mean receiver functions corresponding to the 95% confidence level 118 

are calculated. Horizontal blue lines: depths of 410 and 660 km. 119 

 120 

Four CCP stacking profiles of receiver functions were obtained (Fig. 2; for the 121 

locations of the profiles, see Fig. 1). The results show that the amplitude of the 410 km 122 



discontinuity becomes small in the western part of profile a, whereas the 410 km 123 

discontinuity almost vanishes in the western parts of profiles b, c and d. Moreover, the 124 

local 660 km discontinuity also vanishes in the western parts of profiles b, c and d. 125 

 126 

Fig. 3. Profiles b and c. Overlapping diagram of the P-wave velocity perturbation (He et al., 127 

2019) and the CCP stacking profiles (profiles c and d; see the locations in Fig. 1). A weak 128 

or vanishing 410 km discontinuity corresponds to the high-velocity anomaly (Hv3) or 129 

large-scale lithospheric delamination. The yellow points are picked for the depths of both 130 

the 410 km and 660 km discontinuities in the CCP stacking of receiver functions. The 131 



bootstrapping method with 2000 stacked amplitudes is used to resample and calculate the 132 

dataset, and the final mean receiver functions corresponding to the 95% confidence level 133 

are calculated. Horizontal blue lines: depths of 410 and 660 km. 134 

 135 

To further check this issue, P-wave velocity perturbation profiles overlap with the CCP 136 

stacking profiles (b and c) (Fig. 3). The results indicate that the vanishing 410 km 137 

discontinuity in the western parts of profiles b and c corresponds well to the high-velocity 138 

anomaly (Hv3) (He et al., 2019). Clearly, the large-scale high-velocity anomaly (Hv1) 139 

completely destroys the 410 km discontinuity or makes the phase boundary of olivine 140 

vanish. To date, no such case has been reported anywhere in the world. 141 

 142 

 143 



Fig. 4. Left panel: CCP stacking points of receiver functions, which are corrected by a 3-D 144 

global P- and S-wave velocity model (Lu et al., 2019). A stacking point with more than 10 145 

points can be used to calculate the depth of the 660 km discontinuity. Blue elliptical region: 146 

the deepening region of the 660 km discontinuity. 147 

 148 

I have attempted to extract the topographies of the 410 km and 660 km 149 

discontinuities. However, due to the weak and vanishing 410 km discontinuity in the 150 

western part of the study region, obtaining the complete topography of the 410 151 

discontinuity is very difficult. Accordingly, I extract the topography of only the 660 km 152 

discontinuity in this area (Fig. 4). The results show that the 660 km discontinuity beneath 153 

the Songpan-Ganzi terrane is deepened by an average of approximately 20-30 km (Fig. 4, 154 

right panel: blue elliptical region) compared to the global topography of the 660 km 155 

discontinuity (e.g., Flanagan and Shearer, 1999; Houser et al., 2008). 156 

 157 

Experimental studies have revealed that upper mantle discontinuities might be 158 

associated with phase changes in olivine (Katsura and Ito, 1989; Ringwood, 1975). The 159 

410 km discontinuity has a positive pressure-temperature slope that involves the 160 

olivine-to-wadsleyite transition (Helffrich, 2000), whereas the 660 km discontinuity exhibits 161 

a negative pressure-temperature gradient that involves the ringwoodite phase 162 

transformation to perovskite and magnesiowüstite (Helffrich, 2000; Bina and Helffrich, 163 



1994; van der Meijde et al., 2005). A high-velocity anomaly is generally considered a 164 

lower-temperature domain than the surrounding mantle; thus, inferring that the deepening 165 

topography of the 660 km discontinuity beneath the Songpan-Ganzi terrane might be 166 

associated with the low-velocity anomaly (Hv3). 167 

 168 

4. Conclusion 169 

 170 

Weak and vanishing upper mantle discontinuities correspond well to large-scale 171 

high-velocity anomalies, which might indicate or demonstrate that the lithosphere has 172 

delaminated into the mantle transition zone. An important finding is that large-scale 173 

high-velocity anomalies or lithospheric delamination can completely destroy upper mantle 174 

discontinuities or make them vanish. This result can be used to understand or assess a 175 

stagnant slab in the mantle transition zone, which is an issue that generates great 176 

controversy. 177 

 178 
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