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Mantle plume migration ?
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Abstract

The stagnation and dehydration of the Pacific Plate slab in the mantle transition zone are widely accepted to have resulted

in Mesozoic and Cenozoic volcanic activities and the formation of the Songliao Basin in NE China. However, this notion has

been challenged by recent seismic studies. Alternatively, a mantle plume may have generated large-scale volcanism and led

to the formation of the Songliao Basin. In this study, a detailed analysis involving common conversion point (CCP) stacking

of receiver functions was carried out. The results reveal a significantly deepened region of the 410 km discontinuity and an

elevated region of the 660 km discontinuity in the centre of NE China (or the Songliao Basin). The combination of these results

with those of a previous study suggests that an upwelling mantle plume was located under the centre of the Songliao Basin

in the Mesozoic. Furthermore, the distinctive structure of the mantle transition zone (MTZ) beneath the southern part of the

Songliao Basin identified in this study is correspond to mantle plume upwelling (a mushroom-shaped low-velocity anomaly),

which may be related to the Changbaishan volcanic activities in the Cenozoic.
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Figure S1. Vertical component of events (2011014033514) recorded by the permanent seismic stations.
Horizontal coordinate: Second.
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Figure S2. Receiver function recorded by LN.ANS seismic station. Left panel: R-receiver function, right
panel: T-receiver function.
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Fig. S3. Example for the bootstrap resampling method (a-f profiles). Horizontal coordinate: km.

Fig. S4. P-wave velocity perturbation (the profiles location, please see Fig. 1) (He and Santosh, 2016).
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Horizontal coordinate: km. The blue dotted lines are 410 and 660 km discontinuities, respectively. The
MTZ bounded by the 410 and 660 km discontinuities.

Fig. S5. Example for the bootstrap resampling method (g-l profiles). Horizontal coordinate: km.
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Abstract: The stagnation and dehydration of the Pacific Plate slab in the mantle transition 7 

zone are widely accepted to have resulted in Mesozoic and Cenozoic volcanic activities 8 

and the formation of the Songliao Basin in NE China. However, this notion has been 9 

challenged by recent seismic studies. Alternatively, a mantle plume may have generated 10 

large-scale volcanism and led to the formation of the Songliao Basin. In this study, a 11 

detailed analysis involving common conversion point (CCP) stacking of receiver functions 12 

was carried out. The results reveal a significantly deepened region of the 410 km 13 

discontinuity and an elevated region of the 660 km discontinuity in the centre of NE China 14 

(or the Songliao Basin). The combination of these results with those of a previous study 15 

suggests that an upwelling mantle plume was located under the centre of the Songliao 16 

Basin in the Mesozoic. Furthermore, the distinctive structure of the mantle transition zone 17 

(MTZ) beneath the southern part of the Songliao Basin identified in this study is 18 

correspond to mantle plume upwelling (a mushroom-shaped low-velocity anomaly), which 19 

may be related to the Changbaishan volcanic activities in the Cenozoic. 20 
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 24 

1. Introduction 25 

 26 

NE China, which includes the Xingan Massif, Jiamusi Massif and Songliao Massif, is 27 

located on the eastern margin of the Eurasian continent, is part of the Central Asian 28 

Orogenic Belt and is bounded by the Siberian craton to the north and the North China 29 

Craton to the south (Fig. 1). This region experienced the final closure of the Palaeo-Asian 30 

Ocean and the westward subduction of the Palaeo-Pacific Plate from the late Palaeozoic 31 

to the early Mesozoic (Tang et al., 2018; Xiao et al., 2015; Ryu and Lee, 2017; Wang et al., 32 

2019; Sun et al., 2018), as well as intense Mesozoic-Cenozoic volcanism and the 33 

establishment of the Songliao Basin. 34 

 35 

Since the 1990s, the concept of a stagnant slab in the mantle transition zone (MTZ) 36 

(MTZ is bounded by the 410 and 660 km discontinuities) generated by the subducted 37 

Pacific Plate has been widely accepted, and dehydration of this stagnant slab may be 38 

related to extensive volcanism in the Mesozoic and Cenozoic (Zhao et al., 1994; Zhao et 39 

al., 2019; Maruyama et al., 2009; Chen and Faccenda, 2019). This process is proposed to 40 

have resulted in related metallogenesis, tectonic extension, rifting processes and 41 

formation of the Songliao Basin (Wu et al., 2003; Bao and Niu, 2017; Yang et al., 2017). 42 



However, whether the volcanism, rifting processes and Songliao Basin formation can be 43 

attributed to a stagnant slab in the MTZ is a matter of debate. 44 

 45 

Recently, a number of tomographic and receiver function studies have been carried 46 

out in NE China and nearby regions (Ai et al., 2003; Li and Yuan, 200; Lei and Zhao, 2005; 47 

Gao et al., 2010; Tang et al., 2014; He et al., 2014; He and Santosh, 2016; Liu et al., 2017; 48 

Zhang et al., 2019; Fan et al., 2020; Kim et al., 2016; Zhu et al., 2019; Lu et al., 2020; Sun 49 

et al., 2020). Among them, some tomographic studies failed to observe significant 50 

high-velocity anomalies (or a stagnant slab) in the MTZ (e.g., Tang et al., 2014; He and 51 

Santosh, 2016). Additionally, receiver function studies have defined the topographies of 52 

the upper mantle discontinuities associated with thermal upwelling (He et al., 2014; He, 53 

2019). However, common conversion point (CCP) stacking of receiver functions in 54 

previous studies used a single 1-D or pseudo 3-D velocity model (He et al., 2014; He et al., 55 

2019); moreover, it does not consider the effect of S-wave velocity and slowness (He et al., 56 

2014; He et al., 2019). Therefore, previous studies cannot define the detailed 57 

topographies of the 410 and 660 km discontinuities, which are a key indicator of the 58 

temperature variation in the upper mantle and closely related to the thermal upwelling of 59 

the mantle (Foulger, 2012). 60 

 61 

In this study, the detailed topographies of the 410 and 660 km discontinuities were 62 

inferred from the CCP stacking of receiver functions. A 3-D global velocity model (Lu et al., 63 

2019) and a local velocity model (He and Santosh, 2016) are used to correct the apparent 64 



depths of the 410 and 660 km discontinuities. The results indicate that there are 65 

significant variations in the 410 and 660 km discontinuities beneath the centre of NE 66 

China (specifically, the Songliao Basin) and its southern part, which may be related to 67 

mantle plume upwelling. 68 

 69 

2. Method and data 70 

 71 

In the study region, a total of 1220 teleseismic events were extracted from 127 72 

permanent seismic stations recorded from 2007 to 2014, and 282 teleseismic events were 73 

collected from 148 temporary seismic stations (Fig. 1). The events were limited to Ms >6.0, 74 

and the earthquake epicentral distances ranged from 30° to 90° for individual 75 

event-station pairs. A Butterworth bandpass filter between 0.05 and 1 Hz was applied to 76 

the raw record, which was cut from 15 s before to 120 s after the P-wave arrival. To obtain 77 

a high signal-to-noise ratio for all events, the waveform cross-correlation technique 78 

(VanDecar and Crosson, 1990) was used to select consistent raw data (for example, 79 

please see Fig. S1). In total, 21627 high-quality receiver functions were calculated by a 80 

modified frequency-domain deconvolution with a 1 Hz Gaussian filter and 0.01 water level 81 

(Langston, 1979; Zhu and Kannamori, 2000) (for example, please see Fig. S2). 82 

 83 

The topographies of the 410 and 660 km discontinuities in the study region are defined 84 

by the CCP technique (VanDecar and Crosson, 1997; Eagar et al., 2010; Zhu, 2000). The 85 

spherical coordinates used to calculate Ps–P differential time TPs (Eagar et al., 2010): 86 



 87 

𝑇𝑃𝑠 = ∑ (√(
𝑅𝑖

𝑉𝑆𝑖
) − 𝑝𝑃𝑠

2 − √(
𝑅𝑖

𝑉𝑃𝑖
) − 𝑝𝑃

2)
∆𝑟

𝑅𝑖

𝑁
𝑖    (1) 88 

 89 

whered pPs and pP are the ray parameters of the direct Ps and P phases, respectively 90 

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

are the Earth’s semidiameter at each ith depth shell (𝑟𝑖) and depth interval, respectively. 92 

To ensure the reliability of the results, a 3-D global P- and S-wave velocity model by Lu et 93 

al. (2019) and local 3-D velocity model in the area by He and Santosh (2016) are 94 

employed to remove the velocity heterogeneity effects in the upper mantle. The Ps-P 95 

differential times in the 3-D model were presented as follows: 96 

 97 

𝑇𝑃𝑠3𝐷 = 𝑇𝑃𝑠 + ∆𝑇   (2) 98 

 99 

where ∆𝑇  is related to the 3-D velocity velocity perturbations or the travel time 100 

correction 101 

 102 

A depth interval of 1 km and a lateral grid interval of 0.5° were designed in the grid of 103 

CCP stacking of receiver functions, and a radius (or bin) of 75 km used to search for the 104 

migrated receiver functions (Xu et al., 2018). In each bin, a total of 2000 resampling 105 

iterations of the bootstrap resampling are employed to calculate the standard deviation 106 

and mean value. 107 

 108 



3. Results 109 

 110 

In Fig. 2, there are no obvious changes in the 410 and 660 km discontinuities in 111 

profiles a and b (Fig. 2 a, b). In contrast, at the centres of profiles c and d, the 410 km 112 

discontinuity shows significant deepening by approximately 15 km (Fig. 2c, d; blue 113 

rectangle), whereas the 660 km discontinuity exhibits significant shallowing by 114 

approximately 20 km (Fig. 2 c). Previous receiver function studies show results similar to 115 

those of the c profile (He, 2019); however, the 410 and 660 km discontinuities of the d 116 

profile did not have any signature of the anomaly (He, 2019). The 660 km discontinuity 117 

appears topographically elevated in the centres of profiles e and f (Fig. 2 e, f; yellow 118 

rectangle). 119 

 120 

To further clarify the relationship between the upwelling mantle plume and the upper 121 

mantle discontinuities, the P-wave velocity perturbation profiles (He and Santosh, 2016) 122 

(e and f profiles of Fig. S4) are overlain on the CCP stacking profiles of the receiver 123 

functions (e and f profiles of Fig. 2) (Fig. 3). The results indicate that the elevated location 124 

of the 660 km discontinuity correspond well to that of an upwelling mantle plume (Fig. 3e, f; 125 

white rectangle region). 126 

 127 

Additionally, 6 CCP stacking profiles (g-l) of receiver functions were created (Fig. 4; for 128 

the locations of the profiles, please see Fig. 1). The images from the CCP stacking of 129 

receiver functions show a deepened region for the 410 km discontinuity and an elevated 130 



region for the 660 km discontinuity at the centres of the profiles (Songliao Basin) (Fig. 4 i, j, 131 

regions indicated by the blue rectangles). An elevated region for the 660 km discontinuity 132 

at the centres of the k and l profiles, which corresponds to the location of the upwelling 133 

mantle plume (Fig. 4 k, l, regions indicated by the yellow rectangles). 134 

 135 

The depths of the 410 and 660 km discontinuities and the MTZ thickness in the study 136 

region have been extracted (Fig. 5 e, f and g). The results show a deepened region for the 137 

410 km discontinuity (Fig. 5e, white circle region) and an elevated region for the 660 km 138 

discontinuity (Fig. 5 f, white circle region), resulting in thinning of the MTZ thickness (Fig. 5 139 

g, white circle region) in the centre of NE China (specifically, the Songliao Basin). At 140 

southern part of the Songliao Basin, the 410 km discontinuity appears to be relatively 141 

deep, with slight shallowing in a localized region (Fig. 5e, green circle region); the 660 km 142 

discontinuity appears to be relatively shallow (Fig. 5f, green circle region); and the MTZ is 143 

therefore relatively thin (Fig. 5g, green circle region). 144 

 145 

Meanwhile, a local 3-D velocity model (He and Santosh, 2016) was used to correct the 146 

CCP stacking results of the receiver function, and the S-wave velocity was calculated from 147 

the Vp/Vs ratio of the AK135 velocity model (Kennett et al., 1995). The results indicate 148 

that the topographies of the 410 and 660 km discontinuities and the MTZ thickness 149 

beneath the centre of NE China and its southern part inferred from this model are 150 

basically consistent with those from the 3-D global P- and S-wave velocity model (Lu et al., 151 

2019). 152 



 153 

4. Discussion 154 

 155 

4.1 Mesozoic mantle plume and migration of the mantle plume 156 

 157 

Receiver functions are the most popular tool for investigating the 410 and 660 km 158 

discontinuities and the structure of the MTZ (Agius et al., 2017). Imaging the topographies 159 

of the 410 and 660 km discontinuities and the MTZ thickness plays a key role in 160 

understanding the thermal conditions of the MTZ (He et al., 2014; Zhang et al., 2019), 161 

thereby providing an indication of mantle convection within the Earth (Foulger, 2012). 162 

 163 

Based on seismic imaging and mineral physical experiments (Katsura and Ito,1989; 164 

Ito and Takahashi, 1989; Ringwood, 1975; Deuss, 2006), the 410 discontinuity, which 165 

exhibits a positive Clapeyron slope, involves the phase transition of olivine to wadsleyite 166 

(Helffrich, 2000; Kawai et al., 2013; Jenkins et al., 2016; Frost, 2008), and the 167 

temperature increases with increasing depth. In contrast, the 660 discontinuity, which 168 

exhibits a negative Clapeyron slope, is likely associated with the phase transition of 169 

ringwoodite to perovskite and magnesiowüsite (Helffrich, 2000; Kawai et al., 2013; 170 

Jenkins et al., 2016), and the temperature increases with decreasing depth. 171 

 172 

Mantle plumes are expected to affect the topographies of the 410 and 660 km 173 

discontinuities and the MTZ thickness because they pass through the MTZ and have 174 



higher temperatures than the surrounding mantle (Deuss, 2007). Consequently, mantle 175 

plumes might deepen the topography of the 410 km discontinuity (deepening 15-20 km) 176 

and elevate the topography of the 660 km discontinuity, resulting in MTZ thinning (Shen et 177 

al., 2002). Thus, the results identified in this study show that the features of the 410 and 178 

660 km discontinuities and the MTZ in the centre of NE China (specifically, the Songliao 179 

Basin) may be related to mantle plume upwelling (Fig. 5, Fig. 6). 180 

 181 

Upwelling mantle plumes can generate lower crustal underplating (Pirajno, 2007), 182 

which led to high Vp/Vs ratio in the crust (or lower crust). A previous receiver function (He 183 

et al., 2016) study concluded that high Vp/Vs ratios (possibly related to lower crustal 184 

magmatic underplating induced by upwelling mantle plume) and crustal thinning exists in 185 

the centre of NE China (the Songliao Basin) (Fig. 7a, b). The large areas of continental rift 186 

basalt that formed in NE China during the Late Jurassic to Late Cretaceous are 187 

associated with an upwelling mantle plume (Ren et al., 2002). Geological studies have 188 

also found that basalts erupted from more than 590 volcanoes across an area of 189 

approximately 50,000 km
2
 in the Songliao Basin in the Mesozoic (Liu et al., 2001), which 190 

may be related to upwelling mantle plume; in contrast, volcanism was relatively rare on 191 

the margins of the Songliao Basin in the Mesozoic (Liu et al., 2001). These results support 192 

the interpretation that the MTZ structure beneath NE China (specifically, the Songliao 193 

Basin) may be a relic of Mesozoic mantle plume upwelling, which might be related to the 194 

formation of the Songliao Basin (He et al., 2014).  195 

 196 



However, tomographic data do not reveal a relic of mantle plume upwelling beneath 197 

the Songliao Basin; in contrast, tomographic data define a relic of mantle plume upwelling 198 

under the southern margin of the Songliao Basin (Fig. S4 e, f) (Tang et al., 2014; He and 199 

Santosh, 2016). Relics of upwelling mantle plumes can be retained for several million to 200 

several billion years (Burk and Torsvik, 2004; Chang and Van der Lee, 2011). Thus, the 201 

relic of the upwelling Mesozoic mantle plume should not have disappeared. Therefore, it is 202 

proposed that the upwelling mantle plume beneath the Songliao Basin may have migrated 203 

to the current position defined by tomography (He and Santosh, 2016) (Fig. 8). Based on 204 

the results identified in the tomography (He and Santosh, 2016) (Fig. 3), it is suggested 205 

that the upwelling mantle plume might occur title from west to east during the migration 206 

process.  207 

 208 

Volcanism showed a spatial shift from the centre of the Songliao Basin to the edges of 209 

the basin, and the products of this volcanism decrease in age from west to the east in NE 210 

China (Sun et al., 2020), which may be related to the migration and tilte of the upwelling 211 

mantle plume. Recent seismic studies have reported that the plume beneath Hawaii has 212 

also migrated rather than remaining stationary (Torsvik et al., 2017). 213 

 214 

4.2. Cenozoic mantle plume 215 

 216 

Since approximately 2.77 Ma, the CBS, located on the eastern margin of the Songliao 217 

Basin, has produced a series of eruptions (Wang et al., 2003) that have affected an area 218 



with a diameter of 300 km (Kuritani et al., 1982). The distinctive structure of the MTZ (Fig. 219 

2 e, f, Fig. 5 and Fig. 6) identified in this study might be indicative of an upwelling mantle 220 

plume at the southern part of the Songliao Basin (Fig. 8); moreover, the surface projection 221 

of the upwelling mantle plume identified by tomography (He and Santosh, 2016) 222 

corresponds to the CBS (Fig. 1; Fig. S4, profile e and f). Therefore, mantle plume 223 

upwelling may have contributed to the Cenozoic volcanism of the CBS (Turcotte and 224 

Schubert, 1982). Rare earth element (REE) studies indicate that the magmatism of the 225 

CBS is related to a mantle source and might be associated with mantle plume upwelling in 226 

the Cenozoic (Fan et al., 2007; Basu et al., 1991). 227 

 228 

5. Conclusions 229 

 230 

The results identified in this study indicate that a relic of an upwelling mantle plume 231 

exists beneath the Songliao Basin, which may be related to large-scale volcanism and 232 

Songliao Basin formation in the Mesozoic. There is a possibility that the Mesozoic plume 233 

may have migrated to the southern part of the Songliao Basin and occured title. 234 

 235 

A deepened region of the 410 km discontinuity and an elevated region of the 660 km 236 

discontinuity as well as the thinning of the MTZ in the southern part of the Songliao Basin 237 

identified in this study correspond to the mushroom-shaped low-velocity anomaly (or 238 

upwelling mantle plume) identified in the previous topographies. Its surface project 239 

correspond to the CBS, which implied that mantle plume upwelling might result in the 240 



formation of the Changbaishan volcanism in the Cenozoic. 241 

 242 
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 433 

Figure’s captions: 434 

 435 

Fig. 1. Left panel: location of the study region. Inset: distribution of events used in this 436 

study; blue dots: events collected from permanent seismic stations; red dots: events 437 

collected from the YP temporary seismic network; green dots: events collected from the XI 438 



temporary seismic network. Right panel: Tectonic framework of NE China. Black triangles: 439 

permanent seismic stations, blue triangles: YP temporary seismic network, green 440 

triangles: XI temporary seismic network; a-f: profiles of P-wave velocity perturbation and 441 

CCP stacking of receiver functions (the locations are the same as those in a previous 442 

receiver function study (He, 2019); g-l: CCP stacking profiles of receiver functions. WDL: 443 

Wudalianchi volcano region, CBS: Changbaishan volcano zone. White lines: tectonic 444 

boundaries. 445 

 446 

Fig. 2. CCP stacking profiles of the receiver functions (a-f). Blue rectangle: deepened 447 

region of the 410 km discontinuity and elevated region of the 660 km discontinuity at the 448 

centres of profiles c and d. The dataset was resampled and calculated with stacked 449 

amplitudes 2000 times by employing the bootstrapping method, and the final mean 450 

receiver functions corresponding to the 95% confidence level were calculated (Fig. S3). 451 

410 km and 660 km are the upper mantle discontinuities, respectively.  452 

 453 

Fig. 3. P-wave perturbation profiles overlain on CCP stacking profiles of receiver functions 454 

(profiles e and f of Fig. 2; for the locations of the profiles, please see Fig. 1). 455 

 456 

Fig. 4. CCP stacking profiles (g-l). The dataset was resampled and calculated with 457 

stacked amplitudes 2000 times by employing the bootstrapping method, and the final 458 

mean receiver functions corresponding to the 95% confidence level were calculated (Fig. 459 

S5). 410 km and 660 km are the upper mantle discontinuities. 460 



 461 

Fig. 5. Piercing points at depth of the 410 km (a) and depth of the 660 km (b), as 462 

calculated by the 1-D AK135 velocity model (Kennett et al., 1995). The piercing points are 463 

reasonably distributed at depths of 410 and 660 km (a and b). The numbers of stacking 464 

amplitudes at the 410 km discontinuity (c) and 660 km discontinuity (d), which are greater 465 

than 100. Depths of the 410 km discontinuity (e) and 660 km discontinuity (f) and the MTZ 466 

thickness (g). Depths of the 410 and 660 km discontinuities and the MTZ thickness after 467 

correction on the basis of a 3-D global P- and S-wave velocity model (Lu et al., 2019) and 468 

removal of the effects of velocity heterogeneities in the upper mantle. The dataset was 469 

resampled and calculated with stacked amplitudes 2000 times by employing the 470 

bootstrapping method, and the final mean receiver functions corresponding to the 95% 471 

confidence level were calculated. WDL: Wudalianchi volcano region; CBS: Changbaishan 472 

volcano zone. 473 

 474 

Fig. 6. Depths of the 410 km discontinuity (a) and 660 km discontinuity (b) and the MTZ 475 

thickness (c), which have been corrected on the basis of a local 3-D velocity model (He 476 

and Santosh, 2016) and have had the effects of velocity heterogeneities in the upper 477 

mantle removed. The number of stacking amplitude points is greater than 100. The 478 

dataset was resampled and calculated with stacked amplitudes 2000 times by employing 479 

the bootstrapping method, and the final mean receiver functions corresponding to the 95% 480 

confidence level were calculated. WDL: Wudalianchi volcano region; CBS: Changbaishan 481 

volcano zone. 482 



 483 

Fig. 7. Distribution of the crustal thickness (a) and Vp/Vs ratio (b) (He and Santosh, 2016). 484 

 485 

Fig. 8 Model defined in this study. Hollow arrow: migration direction of the upwelling 486 

mantle plume. Dashed line: original location of the upwelling mantle plume in the 487 

Mesozoic. 488 
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