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The tectonic evolution of northeast China is closely related to the subduction of the Pacific plate. The dehydration of the slab subduction process produces metasomatic agents that have important effects on the physical and chemical properties of the mantle wedge, including the decrease of seismic wave velocity and the increase of Poisson’s ratio and electrical conductivity. In order to investigate the tectonic evolution and fluid action of northeast China, this paper compares the previous seismic and electromagnetic imaging results of northeast China and explores the relationship between the genesis of Cenozoic volcanoes and fluid action in northeast China through rheological analysis. The results show that the western Pacific plate subducted into the mantle transition zone beneath northeast China, and sustained dehydration occurred. The upward migration of these released water caused partial melting at the base of the upper mantle. Some of the upwelling streams pierced the weak tectonic boundary under the buoyancy effect, which finally formed the large-scale Cenozoic volcanic events in northeast China.
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INTRODUCTION
In northeast China, the northern margin of the Songliao Basin and its eastern and western flanks have developed many volcanoes, such as Changbaishan volcano, Longgang volcano, Jingpohu volcano, Abaga volcano, Halaha volcano, Wudalianchi volcano, and Nuominhe volcano. The formation mechanism of these volcanoes involves the core scientific problem of multi-layer interaction of the Earth system in Northeast Asia. Furthermore, it is the key to advancing the solution of major geoscientific issues related to the deep subduction of plates.
To investigate the volcano genesis of northeast China, many researchers have done much work and put forward some hypotheses about the formation mechanism of these volcanoes. Turcotte and Schubert (1982) suggested that the volcanoes in northeast China are hotspot volcanism formed by magma in the tail of the mantle column. (Miyashiro, 1986). proposed a “hot region” hypothesis, suggesting that the “hot region” transported beneath northeast China provided the source of volcanic activities. Tatsumi et al. (1990) explained the volcano genesis of northeast China using large-scale material injection into the crust from the Asthenosphere. Iwamori (1992) suggested that the deep primitive mantle became a molten “wet region” due to the lowering of solidus temperature by adding fluids. Buoyancy transported the partially molten mantle upward, causing crustal melting and volcanic activity near the upwelling center. Tatsumi and Eggins (1995) suggested that the thermal upwelling of mantle peridotite separated from the stagnant slab lowered the solidus temperature of the shallow mantle and eventually triggered volcanic activity.
With more and more geophysical imaging work in northeast China, low-velocity and high-conductivity anomalies have been found in the upper mantle beneath the volcanoes in northeast China, which are located above the Pacific plate where the mantle transition has stalled. These results suggested that these volcanoes are back-arc intraplate volcanos closely linked to the subduction process of the Pacific plate (Ichiki et al., 2001; Zhao, 2004). Meanwhile, arc magmatism is usually due to corner flows in the mantle wedge and dehydration reactions during subduction. The rocks and minerals in the subduction zone contain some amount of water. During subduction, temperature and pressure changes, hydrous minerals decompose, and water is released by dehydration of the subducted crust, leading to partial melting of the subducted crust itself or the overlying mantle wedge. These processes may have led to large-scale upwelling of material from the northeast China Asthenosphere, resulting in intraplate volcanism (Zhao et al., 2011). In addition, the numerical simulation result of (Yang and Faccenda, 2020) also indicates that the Cenozoic volcanism in northeast China is the result of the interaction between the subducting Pacific slab and the hydrous mantle transition zone.
The water released during plate subduction will be metasomatic with the overlying mantle wedge minerals. The agents for mantle metasomatism will have important effects on the physical and chemical properties of the mantle wedge, including the decrease of seismic wave velocity and the increase of Poisson’s ratio and conductivity (Zheng et al., 2016). To this end, this paper explores the relationship between volcano genesis and fluid action in northeast China by sorting out previous seismic and electromagnetic imaging results and extracting information on geological processes and fluid action reflected by geophysical imaging results through rheological analysis.
REGIONAL GEOLOGICAL BACKGROUND
Northeast China locates on the eastern edge of the Central Asian Orogenic Belt, surrounded by the Siberian plate in the north, the North China plate in the south, and the West Pacific plate in the east. Its internal geology is intricate and complex, forming a tectonic framework of mainly stretching and local extrusion. The general geomorphology shows a geotectonic pattern of basins and mountains arranged in an interlocking way along the northeast (Li et al., 2018).
It is generally accepted that northeast China has undergone two periods of tectonic evolution. During the Paleozoic, the tectonic evolution was mainly influenced by the Paleo-Asian Ocean between the Siberian Craton and the North China Craton; Since the Late Mesozoic, the East Asian continent has transitioned from the Paleo-Asian Ocean tectonic domain to the continental margin, and the lithosphere underwent multiple periods of extensional deformation. During this period, the Pacific plate subduction was the main factor controlling the tectonic evolution of the region. In the Early Cretaceous, the North China Craton was destroyed by the subduction of the Paleo-Pacific plate (should have already collapsed into the lower mantle). And the present stagnant Pacific slab in the mantle transition zone has contributed to the Cenozoic destruction of the East Asian continental lithosphere. (Zhou et al., 2014; Sun et al., 2015; Zhou and Li, 2017; Liu X et al., 2017; Liu Y et al., 2017). Volcanoes in northeast China are distributed linearly around the Songliao Basin. The main distribution zones are the Mishan-Dunhua Fault, the Yilan-Yitong Fault, the Heihe-Hegenshan Suture Zone, the Xiao Hinggan Mountains, and the Greater Khingan Range. Moreover, the confirmed Cenozoic volcanoes are the Changbaishan volcano, the Longgang volcano, the Jingpohu volcano, the Wudalianchi volcano, the Abaga volcano, Nuominhe volcano, among others (Figure 1).
[image: Figure 1]FIGURE 1 | Distribution of Cenozoic volcanoes in northeast China. Red areas represent volcanoes, CBS-Changbaishan volcano; LG-Longgang volcano; JPH-Jingpohu volcano; WDLC-Wudalianchi volcano; NMH-Nuominhe volcano; HLH -Halaha volcano; ABG - Abaga volcano; CF - Chifeng volcano; DT - Datong volcano. Blue lines indicate major fault, YL-YT Fault: Yilan-Yitong Fault; MS-DH Fault: Mishan-Dunhua Fault. Blue lines indicate major suture.
SEISMIC IMAGING RESULTS
Global and regional seismic tomography results (Fukao et al., 1992; Zhao, 2004; Zhao et al., 2011; Fukao and Obayashi, 2013; Chen et al., 2017; Zhao, 2021) generally show that the northwest Pacific plate starts to subduct from the Japan Trench, and the subducted plate is as deep as the mantle transition zone and stalled above the 660-km velocity discontinuity. It can be seen in the images that there are apparent low-velocity anomalies in the upper mantle beneath northeast China. The corresponding mantle transition zone shows high-velocity anomalies (Figures 2, 3). Meanwhile, for the accurate portrayal of the subduction plate morphology, regarding the westward extension distance and thickness of the Pacific slab stagnation, the P-wave imaging models of Wei et al. (2012) and Fukao and Obayashi (2013) showed that the leading edge of the stagnant slab could reach near below Abaga volcano. Li et al. (2013) and Lai et al. (2019) inferred the western boundary of the stagnant Pacific slab to be about 118°E (the stagnant slab in the mantle transition zone is about 1,200 km long and 140 km thick) by triplicated waveform modeling.
[image: Figure 2]FIGURE 2 | Horizontal depth slices of P-wave velocity perturbation beneath the UU-P07 model in northeast China (Amaru, 2007). Figure (A), (B), (C), and (D) respectively represents the horizontal depth slice of 235.00 km, 385.00 km, 500.00 km, and 627.00 km. Red triangles represent Cenozoic volcanoes. The white circles represent seismic events larger than magnitude 4 that occurred at this depth (±20 km) during 2019.7-2021.7.
[image: Figure 3]FIGURE 3 | Vertical depth profiles of P-wave velocity perturbation beneath the UU-P07 model in northeast China (Amaru, 2007). Figure (A) indicates the location of the four measurement lines. Figure (B), (C), (D), and (E) respectively represents the vertical depth slice of measurement line AA′, measurement line BB′, measurement line CC′, and measurement line DD′. Red triangles represent Cenozoic volcanoes. The white circles represent seismic events larger than magnitude 4 that occurred in this profile (±1°) during 2019.7-2021.7.
Lei and Zhao (2005) obtained the velocity structure of the upper mantle beneath Changbaishan volcano by processing the data from 19 portable stations and three permanent stations through the seismic body wave traveltime tomography method. The results showed apparent low-velocity anomalies about 10 km below Changbaishan volcano, and their extension direction corresponds well with Longgang volcano in the west and Xianjingdao volcano in the south. Moreover, these low-velocity anomalies extend to about 400 km, and high-velocity anomalies appear in the mantle transition zone. They thought that the Western Pacific subduction slab stalled in the mantle transition zone. The deep dehydration process of the plate and the convective circulation process in the big mantle wedge led to the upwelling of high-temperature asthenosphere material. And, the hot upwelling material to about 180 km was transported upwards from east to west and from north to south respectively, which became the material source of Changbaishan volcano (Figure 4). However, Tang et al. (2014) gained seismic images and triplicated waveform modeling results from the NECESSArray experiment. The result showed a low-velocity anomaly beneath Changbaishan volcano that continues below 660 km, with a “gap” in the stagnant Pacific slab in the transition zone. They thought that the volcanic activity of Changbaishan may be caused by the upwelling of the lower mantle material through the “gap” in the stagnant slab and decompression melting in the asthenosphere (Figure 5).
[image: Figure 4]FIGURE 4 | Cartoon diagram of the model of plate dehydration in the large mantle wedge model induced volcanism in northeast China. See text for details.
[image: Figure 5]FIGURE 5 | Cartoon diagram of the model of volcanism in northeastern China induced by decompression melting from the upwelling of lower mantle material. See text for details.
He and Santosh (2016) discovered the significant traces of mantle upwelling in northeast China through the receiver function and teleseismic P-wave tomography method. They speculated that these observed low-velocity anomalies might be vestiges of a mantle plume. He (2021) used the CCP (common-conversion-point) stacking technique of receiver function to delineate the structure of the upper mantle transition zone in northeast China more finely, and the study found the relics of an upwelling mantle plume beneath the Songliao basin. And combined with the finding of He et al. (2014) that the projection of the mantle plume at the surface overlies the lithosphere and crustal thinning and the location of the mafic-ultramafic regions, he speculated that the mantle plume triggered the large-scale volcanism in the Mesozoic in northeast China and may have led to the formation of the Songliao Basin. Further analysis revealed that the volcanism in northeast China showed a spatial shift from the center of the Songliao Basin to the basin margin from Mesozoic to Cenozoic. The age of volcanism products decreased from west to east in northeast China (Sun et al., 2020). These indicated that the Mesozoic mantle plume migrated and tilted toward Changbaishan in the southern Songliao Basin during the Mesozoic-Cenozoic. And finally, the mantle plume beneath the Changbaishan triggered the Cenozoic volcanism in northeast China.
The global seismic tomography results show that the Jingpohu volcano and Changbaishan volcano share similar structural features of the upper mantle and mantle transition zone. However, Duan et al. (2009) obtained the P-wave velocity structure beneath Jingpohu volcanic area by using the seismic body wave traveltime tomography method. They found that there is no obvious low-velocity anomaly in the crust, and seems to be a more apparent high-velocity anomaly extending down to the top of the mantle transition zone. Besides, the surface wave imaging results of Fu et al. (2016) and the S-wave imaging results of Fan and Chen (2019) show low-velocity anomalies from the bottom of the crust below Jingpohu volcano to the top of the asthenosphere. Still, no evident low-velocity bodies are found in the crust. These imply that partial melting may exist beneath Jingpohu volcano, but the degree of melting of the lithospheric mantle is lower than that of Changbaishan volcano (Chen et al., 2007).
Wei et al. (2019) gained the P-wave velocity structure beneath the Wudalianchi volcano and Halaha volcano utilizing a teleseismic tomography imaging method on data from two roughly parallel linear north-west oriented seismic arrays in northeast China. The results showed that a low-velocity anomaly with a width of about 80 km exists beneath the Wudalianchi volcano, which extends vertically from about 35 km to about 200 km and further southeast to the top of the mantle transition zone, and an apparent high-velocity anomaly is visible in the mantle transition zone. A low-velocity body extending into the mantle transition zone can be observed below the Halaha volcano, while a high-velocity anomaly is still visible in the mantle transition zone. Comparing global and regional seismic tomography results (Zhao, 2004; Li et al., 2013; Li et al., 2016; Lai et al., 2019), they inferred that the high-velocity anomalies in the mantle transition zone beneath Wudalianchi volcano and Halaha volcano are the Pacific subduction slab, indicating that their genesis is closely related the Pacific subduction slab. They further speculated that the formation of the Wudalianchi volcano is connected with convective circulation in the big mantle wedge above the Pacific stagnant slab. In contrast, the source of the Halacha volcano was supplied by local upwelling caused by the collapse of the stagnant slab into the lower mantle for dehydration (Schmandt et al., 2014).
Guo et al. (2016) acquired the surface wave velocity structure of the crust and upper mantle within 200 km in northeast China by seismic noise imaging. The results showed that the velocity in the Songliao Basin is relatively high in the upper mantle 50–200 km. Low-velocity anomalies extending up to 200 km can be seen beneath Changbaishan volcano and Jingpohu volcano on the eastern edge of the Songliao Basin. Low-velocity anomalies also reach about 200 km under the Halaha volcano on the western edge of the Songliao Basin. The low-velocity anomaly beneath the Abaga volcano only extends to about 150 km. Based on the observed surface wave velocity structure and the S-wave velocity imaging results, Tang et al. (2014) proposed a small-scale upper mantle convection model to explain the genesis of intraplate volcanoes in northeast China. Among them, the upwelling from the mantle transition zone or deeper mantle below Changbaishan volcano caused local convection in the upper mantle of northeast China: the low-velocity anomaly in the upper mantle below Changbaishan volcano corresponds to the upward branch of this convective unit, and the high-velocity anomaly in the upper mantle below Songliao Basin corresponds to the downward branch of this convective unit, and the downwelling below Songliao Basin may have induced the secondary local convection in the asthenosphere below the western Greater Khingan Range, and the rising secondary local convection triggered the volcanic activities of Halaha and Abaga (Figure 6).
[image: Figure 6]FIGURE 6 | Cartoon diagram of the model of small-scale upper mantle convection induced volcanism in northeast China. See text for details.
Fan et al. (2021) used ambient noise and earthquake two-plane wave tomography methods to obtain high-precision three-dimensional S-wave velocity structures of the crust and upper mantle in northeast China. The imaging results showed that the top of the upper mantle beneath Changbaishan volcano, Longgang volcano, Jingpohu volcano, Abaga volcano, Halaha volcano exhibits significant low-velocity anomalies, indicating that the upwelling asthenosphere may have reached (or approached) the Moho surface; while, the top of the upper mantle beneath Wudalianchi volcano and Nuominhe volcano exhibits relatively high-velocity anomalies, which may indicate the presence of the lithospheric mantle in the region. Combined with the results of previous petrological and geochemical studies (Foley et al., 1987), they hypothesized that the sodic basalts of a series of volcanoes, including Changbaishan volcano, are mainly from the upwelling asthenosphere mantle, while the high potassium basalts of Wudalianchi and Nuominhe volcanoes are the products of the interaction between the low degree melt of the asthenosphere and the overlying lithospheric mantle. The results of this study reveal that the significant spatial variability in intensity and scale of asthenospheric-lithospheric mantle interactions beneath northeast China due to continuous subduction of the western Pacific plate since the late Mesozoic controlled the origin of the Quaternary sodic and potassic intraplate volcanism. Zhang et al. (2021) jointly inverted new surface-wave dispersion data, surface heat flow, geoid height, and elevation data to image the fine-scale thermal and compositional structure of northeast China and inferred partial melt regions of the mantle. It was found that the location and composition of basaltic volcanism correlate well with the anomalous hot asthenosphere regions and the shallow lithosphere-asthenosphere boundary. These results suggest that intraplate volcanism’s occurrence, location, and composition are controlled by the interaction of shallow asthenospheric circulation and lithospheric thickness.
Generally speaking, there are three main models for the genesis of intraplate volcanoes in northeast China under different velocity structure backgrounds: 1) the plate dehydration model in the big mantle wedge model, which suggests that there is a horizontal spreading subduction slab in the mantle transition zone with high-velocity anomaly, and the water carried by the subduction slab is released into the large mantle wedge above it, and the mantle wedge material melts under the action of water, leading to volcanic activity. 2) the decompression melting model from the upwelling of material from the lower mantle, which suggests that hot material from deep in the lower mantle is upwelling beneath the volcano through the stagnant slab vacancy created by tearing, and forming a source of volcanic activity by decompression melting. 3) the small-scale upper mantle convection model, which argues that the upwelling of hot material from the mantle transition zone or deeper mantle triggers local convection in the upper mantle, leading to volcanic activity. The latter two models are based on the presence of low-velocity anomalies at the front end of the high-velocity subduction slab, suggesting that the deep velocity structure is an essential factor constraining the volcano genesis mechanism in northeast China.
ELECTROMAGNETIC IMAGING RESULTS
Seismic wave velocities are closely related to medium elastic constants, density, and lithology. It can be used to characterize the dynamics of the Earth’s interior, such as mantle convection, the evolution of subducted plates, and the origin of continents (Li and van der Hilst, 2010). However, seismic wave velocities are not sensitive to temperature, the presence of water and melt. Instead, the water content of the Earth’s interior strongly influences the evolution and dynamics of the Earth, which ultimately controls the occurrence of earthquakes and volcanoes (Munch et al., 2020). Electrical conductivity is a property of rocks that varies with temperature and water content. Therefore, the electrical structure obtained from electromagnetic imaging studies can provide complementary information to seismic imaging results to more fully understand the deep structure of volcanoes.
Ichiki et al. (2001) inferred the conductivity structure of the mantle in northeast China by long-period magnetotelluric and geomagnetic depth sounding experiments. Compared with the conductivity models of Carty Lake (CLC) in the Canadian Shield, Tucson (TUC) in the southwestern United States, and Honolulu (HON) in the north-central Pacific Ocean (Neal et al., 2000) (Figure 7), it was found that the conductivity of the mantle transition zone beneath northeast China is nearly an order of magnitude higher than that of other tectonic environments. It is speculated that this phenomenon is likely related to the presence of water in the stagnant slab. Moreover, the global mantle conductivity models of Kelbert et al. (2009) and Semenov and Kuvshinov (2012) also showed obvious high-conductivity anomalies in the mantle transition zone beneath northeast China. Similarly, Munch et al. (2020) used a joint probabilistic density inversion of the estimated global-to-local transfer functions of the ionospheric and magnetospheric electromagnetic signals to obtain the conductivity structure of the upper mantle and mantle transition zone beneath 20 geomagnetic stations, and combined it with the mantle thermochemical structure analyzed from seismic data to gain the mantle water content, which showed that a large amount of water([image: image]) exists in the transition zone beneath the North Asian. Combined with the seismic imaging results, it can be speculated that the water carried during the subduction of the western Pacific plate beneath northeast China was released due to changes in temperature and pressure conditions, which strongly influenced the tectonic evolution of northeast China.
[image: Figure 7]FIGURE 7 | One-dimensional electrical structure of northeast China (CHC) (Ichiki et al., 2001) compared with conductivity models of Carty Lake (CLC) in the Canadian Shield, Tucson (TUC) in the southwestern United States, and Honolulu (HON) region in the north-central Pacific Ocean (Neal et al., 2000).
At present, many magnetotelluric experiments have been carried out for Cenozoic volcanoes in northeast China. The electrical structures beneath Changbaishan volcano, Jingpohu volcano, Wudalianchi volcano, and Halaha volcano have been obtained. The electromagnetic imaging results of Changbaishan volcano showed an isolated low resistance body in the range of about 10–30 km with a downward trend beneath the north and east area of Tianchi crater, which is presumed to be a crustal magma capsule formed by magma transported up from below the earth’s crust (Tang et al., 2001; Qiu et al., 2014; Ruan et al., 2020). Zhu et al. (2001) conducted magnetotelluric experiments for 30 stations in the Jingpohu volcano. They found that the resistivity of the surrounding area below the volcano is high, and there is a low resistance vertical column with an irregular cross-section elongated in the northeast direction in the middle. The resistivity of this column is not uniform from top to bottom, with medium resistance at the top, high resistance at the middle, and low resistance at the bottom. It is presumed to be a former magma channel, so the resistivity is lower than the surrounding resistivity. When the volcano stopped erupting, the magma cooled, and the resistivity became higher, but it is still much lower than the resistivity on both sides. Zhan et al. (1999) processed seven magnetotelluric profiles of Wudalianchi volcano. The results showed that a rivet-like high resistance anomaly exists at a depth of several hundred meters to about 15–20 km below the surface, and the high resistance body has been connected to the upper mantle through the crust. Its resistivity gradually decreases with increasing depth, which is presumed to be a magma channel during consolidation. However, no obvious low resistance magma capsule is found in the crust. Tang et al. (2015) observed seven magnetotelluric sites at Halaha volcano. They found an alternating lateral distribution of high and low resistance in the lower and middle crust (9–30 km). The two low resistance zones are located just below two volcanic zones with the same subsurface magma pathway to the mantle.
Summarizing the results of electromagnetic studies on the individual volcano, it can be found that crustal magma capsules exist in the Changbaishan volcano. Moreover, the crustal magma capsule must directly connect with the deep mantle to ensure sufficient heat source replenishment to maintain the melt. Although no obvious crustal magma capsules are found in other volcanoes in northeast China, they all seem to have magma channels to the deep mantle. In order to explore the connection of volcanoes in northeast China at greater depths and to better understand the genesis of these volcanoes, a longer period of electromagnetic sounding is needed. Li et al. (2020) used long-period array magnetotelluric data to obtain the three-dimensional electrical structure of the upper mantle scale in northeast China. The results showed that there were several independent low-resistance anomalies in the lithospheric mantle. With the increase of depth, the scale of these low resistance anomalies became more significant. To the deep part of the upper mantle, the shape of these low resistance anomalies corresponded to the contour of the Songliao Basin. The petrophysical analysis showed that these low resistance anomalies were caused by high water content and partial melt material. We speculate that this is due to the continuous dehydration of the Pacific stagnant plate in the mantle transition zone below northeast China, which causes partial melting at the top of the mantle transition zone below Songliao Basin. The partially molten mantle hot materials were transported upward by buoyancy, melted through the asthenosphere, and bottomed out the bottom of the dry lithosphere. Finally, they pierced the weak tectonic boundary, which triggered the intraplate volcanism in northeast China (Figure 8). Xu et al. (2020) found that the distribution of Cenozoic high-Mg andesites in northeast China corresponds well with the leading edge of the stagnant slab in the mantle transition zone (Zhao et al., 2009), and the magnetotelluric imaging results show that there are obvious low- resistance anomalies in the mantle below the distribution area of high-Mg andesites (Li et al., 2020) by analyzing regional geophysical data. Moreover, geochemical signatures indicate that the high-Mg andesites in northeast China originated from partial melting of water-bearing mantle peridotite. Therefore, they suggest that the formation of high-Mg andesites was facilitated by the abundant recycled ancient sediments and water from the leading edge of the stagnant slab in the mantle transition zone, which provided the material source for the Cenozoic volcanism in northeast China.
[image: Figure 8]FIGURE 8 | Cartoon diagram of the model of mantle upwelling piercing the lithosphere induced volcanism in northeast China. See text for details.
DISCUSSION
During subduction, when the subducting slab reaches a certain depth, it is subjected to the high temperature and pressure of the environment. It undergoes dehydration of rocks due to phase transition, dehydration of hydrated minerals by extrusion, and water production by melting due to friction during subduction. Although most water is released from the oceanic crust at the depth of 150–200 km, in cold subduction environments such as the western Pacific slab, water can also enter the mantle transition zone or even deeper through storing in minerals such as lawsonite and dense hydrous magnesium silicates, or as nominally anhydrous minerals (Zheng et al., 2016).
The spatial resolution of seismic and electromagnetic models is a prerequisite for tectonic interpretations. The UU-P07 model, mentioned in the previous section, can resolve P-wave velocity anomalies with a horizontal variation of 0.4° in the crust and upper mantle and satisfactorily resolve the stagnant plate morphology in the upper mantle transition zone. The horizontal resolution of the big mantle wedge model proposed by Lei and Zhao (2005) is 2° × 2°, and the resolution is higher in the depth range of 10–400 km with the vertical grid node spacing is about 200 km. These indicate that the low-velocity anomalies extending to about 400 km beneath Changbaishan volcano are a reliable feature. Tang et al. (2014) confirmed the existence of the “gap” in the stagnant Pacific slab in the transition zone by examining the horizontally polarized (SH) displacement waveforms propagating through the mantle transition zone anomaly. Guo et al. (2016) performed a horizontal resolution of 2° × 2 ° detection plate test and S-wave velocity model constraint within a vertical depth of 300 km in proposing the small-scale upper mantle convection model. Similarly, Li et al. (2020) performed a resolution test, divided the electromagnetic model using a grid spacing of 30 km, and limited the model depth to 35–350 km based on the electromagnetic data period. These ensured the ability of the electromagnetic model to identify low-resistance anomalies in the mantle. In addition, most of the other seismic and electromagnetic models mentioned in the paper were also tested for the resolution to ensure the reliability of the anomaly structure.
The seismic and electromagnetic imaging results show low-velocity, high-conductivity anomalies associated with the volcanic magma system beneath the volcanoes in northeast China, and some of the low-velocity bodies extend to the top of the mantle transition zone at a depth of 410 km. There are three ways of magma production or mantle melting: 1) local mantle temperature increase (warming melting); 2) local mantle pressure decrease (depressurization melting); and 3) water released during subduction enters the overlying hot mantle peridotite by buoyancy, lowering its solidus temperature and eventually leading to partial melting of the mantle. Thus, the study of seismic wave velocities and electrical structure combined with rheological analysis suggests that the formation of volcanoes in northeast China is closely related to subduction zone structure and fluid action.
Northeast China is located in the eastern part of the Central Asian orogenic belt between the North China Craton and the Siberian plate, which consists of a succession of microcontinents including the Erguna Massif, Xing’an Massif, Songnun-Zhangguangcai Ling Massif, Jiamusi Massif, and Xingkai Massif (Zhou et al., 2018). Most of these microcontinents formed during the Rodinia supercontinent breakup. During the Paleozoic period, the mutual closure of ocean basins led to the complex collision between microcontinents. During the Mesozoic, the final closure of the Paleo-Asian Ocean transformed the tectonic system of northeast China, which was influenced by the subduction and retreat of the western Pacific Ocean plate, resulting in an overall tensional environment in northeast China, followed by collisional mountain building, extensional collapse, and post-arc extension. During this period, deep and sizeable lithospheric Fault developed in northeast China, such as the Dunhua-Mishan Fault and the Yitong-Yilan Fault (Tang et al., 2015). These suture zones and Faults provided channels for fluid upwelling in the asthenosphere, which eventually triggered volcanic activity in northeast China.
CONCLUSION
Seismic and electromagnetic imaging results show that the western Pacific subduction slab is stalled in the mantle transition zone beneath volcanoes in northeast China. There are obvious low-velocity and high-conductivity anomalies in the corresponding crust and upper mantle. Rheological analyses suggest that these anomalies are caused by the melt upwelling of deep mantle thermal materials due to the dehydration of the stagnant plate. These hot molten materials eventually punctured the weak tectonic zone of the lithosphere and triggered volcanic activity. This suggests that these volcanoes are back-arc intraplate volcanos and that their genesis is closely linked to the Pacific plate’s subduction processes and fluid action.
The accuracy of the velocity and electrical structure beneath volcanoes has important implications for constraints on volcanogenic mechanisms. However, due to differences in observational data and imaging resolution, variations in the physical structure beneath northeast China obtained from different studies result in multiple models remaining for the specific controls used to explain volcano genesis. Therefore, more extensive and fine-scale geophysical imaging work is needed to accurately derive volcanogenic mechanisms in northeast China.
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