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The slab dynamics of the subducted Izanagi-Pacific plate is still a subject of controversy and its relationship with the tectonic evolution of Eastern Asia remains not well explored. Here, we perform 3-D global convection models to investigate the slab dynamics of the Izanagi-Pacific plate beneath Eastern Asia since the Mesozoic time. We introduce a tracking technique in numerical models to explicitly distinguish the Izanagi slab and the Pacific slab during their subduction processes. We find that all subducted Izanagi slabs have completely fallen into the lower mantle until the late Cenozoic and the stagnant slabs currently observed at the mantle transition zone depth beneath Eastern Asia are entirely from the Pacific plate. We also find that multiple slab stagnation events have occurred during the subduction of the Izanagi plate in the Mesozoic time (∼150–120 Ma, 90–70 Ma) with a timescale of tens of million years. The stagnation of the subducted slabs facilitates the formation of a big mantle wedge beneath the overriding lithosphere and the time periods of the mantle wedge are consistent with the episodes of magmatic activities in Eastern Asia.
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INTRODUCTION
The tectonic units in East Asia mainly consist of four terrain blocks: the Siberia Craton to the north, the North China Craton (NCC) in the middle, the South China Block (SCB) on the south and the Central Asian Orogenic Belt (CAOB) in between (Domeier and Torsvik, 2014; Figure 1). These four blocks were separately drifting on their own at least before the Triassic (e.g., Domeier and Torsvik, 2014; Matthews et al., 2016). Since the Late Paleozoic, the NCC amalgamated with the CAOB during the Late Permian to Early Triassic and collided with the SCB in the Triassic, while the northeast China combined with the Siberia Craton during the Jurassic to Early Cretaceous, and these four terrains converged together to become part of the Eurasian plate (e.g., Sorokin et al., 2020). To the east, the western Pacific plate is actively subducting along the Kuril, Japan and Mariana trenches, whereas the Philippine Sea Plate is descending along the Nankai trough and the Ryukyu trench (e.g., Matthews et al., 2016; Figure 1).
[image: Figure 1]FIGURE 1 | Major tectonic settings of Eastern Asia. The blue, red and cyan lines denote the shapes of South China Block (SCB), North China Craton (NCC) and Amuria Block, respectively. The red lines with triangles denote the subduction zones. The white dashed lines denote locations of the vertical cross-sections P1-P4 shown in Figure 2. The start, center (red star) and end coordinates with a great circle distance of 10o for each profile are marked (white circle) on each cross-section.
Since the early Mesozoic, extensive tectonic deformations have occurred in Eastern Asia (Zhu et al., 2012; Wang et al., 2018; Li et al., 2019). The northeast China experienced intensive extensional deformations in the Early Cretaceous which are characterized by widespread volcanism and extensional basins (Meng, 2003; Wu et al., 2005; Wang et al., 2006). The interior of the NCC had undergone extensive modification and reactivation from Mesozoic to Cenozoic as indicated by large-scale deformation, magmatic activities, and basin formation (Zhu et al., 2012; Wu et al., 2019). The mantle xenoliths studies show that the ancient lithospheric mantle of the SCB was replaced by the newly accreted mantle through lithospheric extension and asthenosphere upwelling during the Meso-Cenozoic time (Li et al., 2014a; Li et al., 2014b). The tectonic evolution of the Eastern Asia area has been suggested to be closely related to the subduction history of the Paleo-Pacific plate (i.e., the Izanagi plate) and the west Pacific plate (e.g., Zhu and Xu, 2019 and references therein). The large-scale extension and volcanic activities in northeast China are supposed to be associated with the slab rollback of the subducted Izanagi plate (e.g., Xu and Zheng, 2017; Li et al., 2019; Ma and Xu, 2021), and many researchers regard Izanagi-Pacific subduction as one of the principal triggers for the reactivation and destruction of the NCC (e.g., Zhu and Xu, 2019; Liu et al., 2021). It has also been proposed that the Pacific subduction influenced the SCB mainly during the middle to late Mesozoic and produced large-scale granitoid and volcanic rocks (Sun et al., 2007; Liu et al., 2012).
However, the subduction history of the Izanagi-Pacific plate is poorly constrained and remains controversial (e.g., Sun et al., 2007; Yang, 2013; Domeier and Torsvik, 2014; Matthews et al., 2016; Müller et al., 2019). The link between the Izanagi-Pacific plate subduction and the tectonic evolution of Eastern Asia has not been fully explored, especially lack of geodynamical verifications for the Mesozoic time. Based on seismic tomography studies many scholars have argued that the Pacific slab, and perhaps the older Paleo-Pacific slab are stagnant in the mantle transition zone beneath Eastern Asia (Fukao et al., 2009; Zhao et al., 2011) to form a “big mantle wedge” (BMW) that the overriding lithosphere evolved in response to subduction dynamics of the BMW (Zhao et al., 2011; Xu et al., 2018; Zhu and Xu, 2019). Some recent studies on magmatic activities in Eastern Asia have also indicated the development of a big mantle wedge between 145–120 Ma (e.g., Ma and Xu, 2021). On the other hand, recent studies have proposed that the present-day stagnant slab in the mantle transition zone beneath Eastern Asia is the subducted Pacific slab rather than the Izanagi slab (Ma et al., 2019). In addition, global mantle convection models show that the stagnant slab under Eastern Asia largely results from subduction in the past 20–30 Myr (Mao and Zhong, 2018). The stagnation of the Izanagi-Pacific slab beneath Eastern Asia has been investigated in many numerical experiments (e.g., Seton et al., 2015; Peng et al., 2021a; Liu et al., 2021). However, most of these studies have focused on the stagnation of the Pacific slab in the Cenozoic time, while whether the Izanagi slab in the Mesozoic time could be stagnant or not remains unclear. Therefore, some remaining questions that 1) how does the Izanagi-Pacific plate evolve beneath Eastern Asia since the Mesozoic time, and 2) how its subduction dynamics would potentially affect the formation of the BMW, especially in the Mesozoic time, deserve to be well explored from a geodynamical perspective.
In this study, we perform 3-D global mantle convection models to study the slab dynamics of the subducted Izanagi-Pacific plate and its influence on the tectonic evolution of Eastern Asia. In numerical models, the plate motion history is incorporated to 1) constrain the boundary conditions and 2) track the Izanagi and the Pacific plate separately to distinguish their evolutionary processes.
METHODS
The dynamical evolution of the mantle convection system is governed by partial differential equations for conservation of mass, momentum and energy and advection of composition (McNamara and Zhong, 2004). We assume the mantle is incompressible and solve the governing equations under the Boussinesq approximation with modified numerical code CitcomS (Zhong et al., 2008) and the non-dimensional governing equations are:
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where [image: image] is the velocity, P is the dynamic pressure, [image: image] is the viscosity, [image: image] is the strain rate, Ra is the Rayleigh number, T is the temperature, [image: image] is the unit vector in the radial direction, t is the time, Q is the internal heating. The thermal Rayleigh number Ra and the phase-change Rayleigh number Rbk are defined as:
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where [image: image] are dimensional parameters for the reference thermal expansivity, density, gravitational acceleration, temperature difference between the bottom and the surface, thermal diffusivity and viscosity, respectively. [image: image] is the density jump for the kth phase change and R is the radius of the Earth. Notice that the Rayleigh number is defined using the radius of the Earth and is ∼10 times larger than that defined using the mantle thickness.
A phase-change function formulation is used here to represent phase changes as in earlier studies (Christensen and Yuen, 1985; Zhong and Gurnis, 1994). Γk is defined in dimensionless form as:
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where δ is the phase change width that measures the depth segment of phase change, and πk is the dimensionless “excess pressure” as
[image: image]
where d is the depth, dk and Tk are the reference depth and temperature of phase change k, and γk is the Clapeyron slope. The Clapeyron slope is normalized by ρgR/ΔT. The phase change at 670 km depth from spinel to post-spinel changes is included in our models. All relevant physical parameters are listed in Table 1.
TABLE 1 | Physical parameters of numerical models.
[image: Table 1]The models have a dimensionless radius of 0.55 and 1.0 at the CMB and the surface, respectively. The computational domain is divided into 12 caps with each cap containing 128 × 128 × 80 elements and employs grid refinements near the surface (∼25 km), the phase transition (∼25 km) and the CMB (∼25 km) in the radial direction. The surface temperature is constant with nondimensional T = 0 (i.e., 273 K), whereas the CMB is thermally insulating (i.e., zero heat flux boundary condition) to prohibit the formation of upwelling plumes. The heat flux that is expected to come out of the core in our models is smaller due to the relatively small temperature drop (i.e., 2500 K, Table 1) than estimated constraints (Lay et al., 2008). However, since we focus on upper mantle slab dynamics and do not consider the bottom thermal boundary layer above the CMB, we, therefore, use a zero heat flux instead of isothermal condition for the bottom boundary and a relatively smaller temperature drop. Models are internally heated with a nondimensional internal heating rate of Q = 100 (i.e., ∼6 × 10–12 W/kg). The velocity boundary condition for the top boundary is time-dependent by imposing the plate velocity history from the reconstruction model (e.g., Matthews et al., 2016), while the CMB is free-slip. The initial temperature for the lithosphere (e.g., above 150 km) is obtained by following the half-space cooling model with a plate age of 100 Ma and below the lithosphere is 0.52 (or 1573 K) everywhere, respectively (Supplementary Figure S1).
The viscosity structure in our models is both depth and temperature-dependent, expressed as [image: image], where ηr is the depth-dependent pre-factor and A is the activation coefficient which is 9.21 in all cases (e.g., equivalent to ∼190 kJ/mol of activation energy dimensionalized by RgasΔT), leading to a maximum of 4 orders of viscosity change due to variation of temperature. The viscosity pre-factor ηr is 1.0, 0.02, 2.0 for the lithosphere, asthenosphere and the lower mantle, respectively. All cases in this study include a thin (∼60 km) weak layer (ηr is set to 0.002) below the phase change boundary to simulate the rheological effects of the phase change (e.g., Mitrovica and Forte, 2004), which is suggested to play an important role in producing horizontally deflected slabs in the transition zone (Mao and Zhong, 2018) (Supplementary Figure S1). Our models also include a linear increase of thermal diffusivity and a decrease of thermal expansivity from the surface to the CMB, as indicated from mineral physics experiments (Gibert et al., 2003; Katsura et al., 2009), by a factor of 2.18 and 2.5, respectively (e.g., Mao and Zhong, 2018).
In this study, we use ∼315 million tracers (20 per element) in numerical models to track the Izanagi plate and the Pacific plate separately. We introduce a tracking technique by which we can explicitly distinguish the evolution of the Izanagi slab and the Pacific slab in the mantle. The general tracking procedure is as follows: firstly, a time-dependent plateID that represents different plates at the surface is obtained by extracting the plateID information from the reconstruction model with a time interval of 1 Myr using the GPlates software (Müller et al., 2018); secondly, at each timestep, 1) we choose the closest time point to assign the plateID for each surface node, 2) for each tracer in an element above a given depth (e.g., above 150 km), and determine the corresponding surface element that is in the same vertical column with this tracer’s element; if the nodal plateID of this surface element matches the plate that we want to track, then we remark the tracer as the target plate with a given flavor, 3) for tracers below the given depth, we do not remark the tracers and leave the flavors of the tracers as they are and move to next timestep.
RESULTS
We present five models that differ in plate motion history model, initial setup and the presence of weak layer in the transition zone and use case 1 as reference (Table 2). Case 1 uses the plate model of Matthews et al. (2016) and starts to run from 410 Ma. Case 2 uses the plate reconstruction model of Young et al. (2019) and starts to run from 410 Ma. Case 3 is similar to case 1, except that the plate motion history after 90 Ma is replaced by that from Yang (2013), while the plate motion history before 90 Ma is the same as case 1 from Matthews et al. (2016). In case 3, the moving direction of the Izanagi plate was rotated by ∼20° clockwise after 90 Ma so that the plate moved north-northwestward at around 84 Ma. The average moving speed of the Izanagi plate during 90–77 Ma is ∼20 cm/yr. After 77 Ma the Izanagi plate subducted beneath northeast Asia and totally fell into the mantle around 55 Ma. Case 4 uses the plate model of Matthews et al. (2016) but starts to run from 300 Ma. Case 5 is the same as case 1 but without the weak layer at 670-km transition zone.
TABLE 2 | Numerical model parameters.
[image: Table 2]Slab Structure of the Izanagi-Pacific Plate
We first show the results of case 1 which uses the plate model of Matthews et al. (2016) started from 410 Ma. Figure 2 shows several cross-sections of the temperature and compositional fields at different locations for this case at t = 0.0 Ma, i.e., present-day time. The P-wave velocity perturbations from two seismic tomography models TX2019slab (Lu et al., 2019) and GAP_P4 (Fukao and Obayashi, 2013) are also shown in Figure 2. The slabs show a variety of morphologies at different locations beneath Eastern Asia. The slab subducts nearly vertically into the transition zone depth along the Mariana Trench in southeast Asia (Figures 2A,B, columns 1 and 2). However, beneath the north and northeast Asia, the slabs are horizontally deflected and tend to stagnate near the transition zone depth (Figures 2C,D, columns 1 and 2). The general slab structures in the upper mantle beneath Eastern Asia are quite similar for different seismic models (Figure 2, columns 1 and 2). For case 1, the structures of the subducted slabs as represented by the cold thermal anomalies and the compositional fields show good first-order consistency with the structures of fast velocity anomalies in seismic models, especially the existence of stagnant slabs beneath Eastern Asia in the mantle transition zone (Figure 2, columns 3 and 4).
[image: Figure 2]FIGURE 2 | Cross-sections of P-wave velocity perturbations from seismic tomography models TX2019slab (first column) (Lu et al., 2019) and GAP_P4 (second column) (Fukao and Obayashi, 2013), and the present-day non-dimensional residual temperature (third column) and composition (last column) from numerical model case 1. The black line in each cross-section corresponds to the 670-km depth. The locations of (A–D) correspond to profiles P1-P4 as shown in Figure 1, respectively. In figures of tomography models (i.e., first and second columns) the green lines indicate contours of non-dimensional residual temperature δT of −0.05 from the third columns, i.e., material 5% colder than the ambient mantle that supposed to be associated with subducted slabs. In figures of compositional field, the blue and red colors represent the Izanagi Plate and the Pacific Plate, respectively.
However, although the seismic observations show fast velocity anomalies beneath Eastern Asia, they do not tell whether the velocity anomalies are associated with the Izanagi plate or the Pacific plate. By tracking the Izanagi plate and the Pacific plate separately in our models (Methods), we find that at the present-day time, most of the Izanagi slabs beneath the Eastern Asia region have entered the lower mantle, except a few regional slab fragments left near the 670-km depth (Figure 2, column 4). The fast velocity anomalies at the 670-km transition zone are associated with the new Pacific plate rather than the old Izanagi plate (Figure 2, column 4), which is consistent with other previous studies (Ma et al., 2019; Liu et al., 2021).
Figure 3 shows some snapshots of the temperature and composition fields at 670 km depth for case 1 together with a cross-section showing slab structures beneath Eastern Asia, and a full-time evolution is provided in Supplementary Figure S2. In the early Mesozoic (e.g., 250 Ma), the mantle structure beneath Eastern Asia is rather complex and abundant Izanagi slabs are trapped and accumulate at 670 km depth before falling into the lower mantle (Figure 3A and Supplementary Figure S2). The subducted slabs distribute not only at the leading edge of the trench but also at the trailing edge due to slab rollback (Figure 3A and Supplementary Figure S2). From early to middle Mesozoic (∼150 Ma), the Izanagi plate continues to subduct westward beneath the Eurasian plate and the slabs mostly distribute at the leading edge of the trench, while many of the previously accumulated Izanagi slabs have fallen into the lower mantle (Figure 3B and Supplementay Figure S2). To the late Mesozoic, the subducted slabs generally first accumulate at the transition zone depth before entering the lower mantle, which results in a buckling morphology when they sink to greater depths (Figures 3C,D and Supplementary Figure S2). Meanwhile, the middle ocean ridge of the Izanagi-Pacific plate also moves westward closely to the Eurasian plate while no subduction initiates for the Pacific plate (Figure 3D and Supplementary Figure S2).
[image: Figure 3]FIGURE 3 | Slab structures of the Izanagi-Pacific plate from case 1 at (A) 250 Ma, (B) 150 Ma, (C) 80 Ma, (D) 60 Ma, (E) 40 Ma and (F) 10 Ma. The first column shows the 3D slab structures of the Izanagi plate (blue) and the Pacific plate (red) at the Eastern Aisa region. The second and third columns show the residual temperature and composition fields at 670 km depth, respectively. Convergent and ridge and transform boundaries are represented by magenta and black lines, respectively. The fourth and fifth columns show the cross-section of residual temperature and composition fields at section P3 as shown in Figure 1. In figures of compositional fields, the blue and red colors denote the Izanagi plate and the Pacific plate, respectively. A full-time evolution of the slab structures is provided in Supplementary Figure S2.
To the early Cenozoic (∼40 Ma), the entire Izanagi plate has subducted to the mantle including the ridge and the subduction of the Pacific plate has initiated (Figure 3E and Supplementary Figure S2). Although most Izanagi slabs have fallen to the lower mantle, some remnants are still preserved in the upper mantle at transition zone depth, while the slabs of the Pacific plate remain at a shallower depth (Figure 3E and Supplementary Figure S2). Since then, the residuals of the Izanagi slabs continue to sink from the transition zone until they have completely entered the lower mantle at the present-day time (Figure 3F and Supplementary Figure S2). Meanwhile, the subduction of the Pacific plate has fully developed, and the slabs are mostly trapped or flattened above the transition zone instead of penetrating to the lower mantle (Figure 3F and Supplementary Figure S2).
Time-Dependent Slab Structure Beneath the NCC and the SCB
Here, we present the slab structures of the Izanagi-Pacific plate beneath the NCC and the SCB. Figure 4 shows some snapshots of the temperature and composition fields beneath the NCC and the SCB from case 1, in which the locations of the cross-sections are not fixed but move along with the NCC and SCB over time. The fully-time evolution of slab structures is provided in Supplementary Figures S3, S4, respectively. From early to middle Mesozoic, the slab structures beneath the NCC and the SCB are quite similar, that is the subducted slabs of the Izanagi plate mostly directly pass through the 670-km boundary into the lower mantle and tend to be stirred into small pieces by mantle convection (e.g., 250–180 Ma, Figure 4A, Supplementary Figures S3, S4). From middle to late Mesozoic, instead of directly penetrating to the lower mantle, some of the subducted slabs of the Izanagi plate are trapped or stagnant above the mantle transition zone depth beneath the NCC and spread westward to the central part of the NCC (e.g., ∼130 Ma, Figure 4B, left columns). Similar slab structures are also observed beneath the SCB at this stage but with a different time of slab stagnation (e.g., ∼140 Ma, Figure 4B, right columns). The stagnation of the subducted slabs which extends with a horizontal length of 800–1,000 km facilitates the formation of a big mantle wedge beneath the lithosphere of the NCC and the SCB (Figure 4B).
[image: Figure 4]FIGURE 4 | Slab structures of the Izanagi-Pacific plate beneath the North China Craton (left columns) and the South China Block (right columns) at some time snapshots from case 1. In (A–F), the left and right columns are cross-sections of the residual temperature and composition fields across the NCC and the SCB, respectively. The fully-time evolution of the slab structures for the NCC and the SCB are provided in Supplementary Figures S3, S4, respectively.
With time, more and more slab materials accumulate at the transition zone depth and eventually they pass through the 670-km boundary to sink into the lower mantle (e.g., Figure 4C). The mantle wedge is thus destroyed due to this subsequent accumulation and sinking of Izanagi slabs in the middle Mesozoic (∼110 Ma, Figure 4C). From the middle to the late Mesozoic (∼70 Ma), another slab stagnation event has developed beneath both the NCC and the SCB, although the duration times are somewhat different beneath these two blocks (Figure 4D, Supplementary Figures S3, S4). The timescales of these multiple slab stagnation events, however, are quite similar with a magnitude on the order of tens of million years (Supplementary Figures S3, S4). In the early Cenozoic (∼40 Ma), most of the Izanagi slabs beneath the NCC and the SCB have completely fallen into the lower mantle (Figure 4E). From the middle Cenozoic to the present, the subducted slabs of the Pacific plate are mostly trapped and lie horizontally at the 670-km mantle transition zone depth (Figure 4F, Supplementary Figures S3, S4). However, abundant slabs of the Pacific plate have subducted and spread to the center part of the NCC which promotes the formation of a big mantle wedge beneath the lithosphere, while there are fewer Pacific slabs beneath the SCB due to the block of the Philippine plate (Supplementary Figures S3, S4).
Effect of Plate Reconstruction Models and Model Setup
The motion histories of many plates at the early stage have been destroyed, and the reconstructions of the plate motion history remain under debate. Here we test the influences of different plate motion history models on our results. Case 2 uses the same model setup as case 1 but with surface plate motion history from a different plate reconstruction model of Young et al. (2019). The present-day upper mantle slab structures beneath Eastern Asia in case 2 are quite similar to case 1, although some differences exist for slab morphologies in the lower mantle depths (Figures 2A–D, 5A–D). However, the slab dynamics of the Izanagi plate for case 2 reveal some significant differences in the Mesozoic time compared to case 1. For example, there is no slab stagnation in the middle Mesozoic (∼130 Ma) beneath the NCC for case 2 to facilitate the formation of a big mantle wedge (Figure 5E), while the horizontal extent of the stagnant slabs beneath the SCB (∼140 Ma) in case 2 seems to be also smaller than that in case 1 (Figures 4B, 5G). On the other hand, the slab dynamics of the Izanagi plate in the late Mesozoic time in case 2 is similar to case 1, in which the slabs tend to be temporarily stagnant above the transition zone beneath both the NCC and the SCB (Figures 5F,H).
[image: Figure 5]FIGURE 5 | Slab structures of the Izanagi-Pacific Plate beneath the Eastern Aisa for case 2 in which the plate motion history is from Young et al. (2019). (A–D) are present-day temperature and composition of slab structures for cross-sections P1-P4 in Figure 1, respectively. (E,F) are temperature and compositional fields from cross-sections through the NCC at 130 Ma and 70 Ma, respectively. (G,H) are temperature and compositional fields from cross-sections through the SCB at 140 Ma and 70 Ma, respectively. In panels of temperature fields, the green lines indicate contours of non-dimensional residual temperature δT of -0.05 from case 1 at the same time and cross-section. In panels of compositional fields, the magenta and green lines indicate compositional contours of -0.5 and 0.5 from case 1 which associated with the Izanagi slab and the Pacific slab, respectively.
There are also some debates on the subduction history on the Izanagi-Pacific plate: one view suggests that the ridge system of the Izanagi plate is parallel to the coastline and subducts to the west together with the Izanagi plate (e.g., Matthews et al., 2016), whereas another view suggests that the ridge system is perpendicular to the coastline, and the Izanagi plate subducts to the north and finally extinct (e.g., Yang, 2013). Case 3 uses the same model setup as case 1, except that the plate motion history after 90 Ma is replaced by that from Yang (2013), while the plate motion history before 90 Ma is the same as case 1 from Matthews et al. (2016). The general slab structures beneath Eastern Asia at present-day for case 3 are consistent with case 1, especially in the upper mantle depths (Figures 6A–D). However, from the late Mesozoic to early Cenozoic, the slabs of the Izanagi plate in case 3 tend to only subduct to the northern part of Eastern Asia, while in the southern part (e.g., beneath the SCB) there are no remnants of the Izanagi slabs left at the transition zone depths (Figures 6E,F). To the middle Cenozoic, there are no Izanagi slabs left in the upper mantle beneath the NCC and SCB in case 3 and the subducted slabs of the Pacific plate have reached the margin of the Eastern Asia region, which is earlier than that in case 1 (Figures 3E, 6G). The slabs of the Pacific plate in the late Cenozoic for case 3 are similar to case 1 while all Izanagi slabs have sunk to the lower mantle (Figures 3F, 6H).
[image: Figure 6]FIGURE 6 | Slab structures of the Izanagi-Pacific Plate beneath the Eastern Aisa for case 3 in which the plate motion history after 90 Ma is from Yang (2013). (A–D) are present-day temperature and composition of slab structures for cross-sections P1-P4 in Figure 1, respectively. (E–H) are some time snapshots of the residual temperature and composition fields at 670 km depth, respectively. Line descriptions are the same as that in Figure 5.
In this study, we use a simple initial temperature condition and let the model run very earlier to obtain well-developed mantle convection and subduction pattern before the Mesozoic. To justify this model setup we also run another case, case 4, which uses the same initial condition as case 1 except that the model runs starting at 300 Ma with plate motion history from Matthews et al. (2016). In the Mesozoic time, the slab structures of the subducted Izanagi plate beneath the NCC and SCB are quite similar between case 4 and case 1, both in the upper mantle and in the lower mantle, except that there are some remnants of the Izanagi slabs near the core-mantle boundary in case 1 rather than in case 4 (Figures 4, 7). The slab stagnation events of the Izanagi plate beneath the NCC (∼130 Ma) and the SCB (∼140 Ma) are also observed in case 4 which are consistent with that in case 1 (Figure 7). To the Cenozoic, the slab structures beneath the NCC and the SCB in case 4 are nearly identical to case 1 (Figures 4, 7).
[image: Figure 7]FIGURE 7 | Slab structures of the Izanagi-Pacific Plate beneath the North China Craton (left columns) and the South China Block (right columns) at some time snapshots for case 4. In (A–F), the left and right columns are cross-sections of the residual temperature and composition fields across the NCC and the SCB, respectively. Line descriptions are the same as those in Figure 5.
In most of our models, we include a weak viscosity layer that is associated with the phase transition at 670 km depth, which has been suggested to be crucial for slab stagnation in the mantle transition zone (e.g., Mao and Zhong, 2018). Case 5 uses the same model setup as case 1 except that the weak layer due to phase transition at 670 depth is removed. Although in case 5 the slab structures in the upper mantle beneath the NCC and SCB are similar with case 1, the slab stagnation of the subducted slabs has not well developed as prominent as that in case 1, especially for the Izanagi slabs in the Mesozoic time (Figure 8). However, the Pacific slabs are still mostly stagnant in the mantle transition zone even without the presence of the weak layer which is consistent with that in case 1 (Figures 4, 8).
[image: Figure 8]FIGURE 8 | Slab structures of the Izanagi-Pacific Plate beneath the North China Craton (left columns) and the South China Block (right columns) at some time snapshots for case 5. In (A–F), the left and right columns are cross-sections of the residual temperature and composition fields across the NCC and the SCB, respectively. Line descriptions are the same as those in Figure 5.
DISCUSSIONS
In this study, we perform global mantle convection models to examine the behaviors of the Izanagi plate and the Pacific plate since the Mesozoic time. We introduce a tracking procedure in numerical models to explicitly distinguish the slab materials of the two plates, which provides a more robust demonstration of slab dynamics in their evolutionary processes than identifying slabs solely from thermal structures as in many previous studies (e.g., Seton et al., 2015; Peng et al., 2021a; Liu et al., 2021). Our results show a general match of present-day slab structures beneath Eastern Asia with those inferred from seismic tomography observations, especially in the upper-to-middle mantle depths. Although a quantitative comparison between the predicted and seismic imaged slabs (e.g., Seton et al., 2015; Flament, 2019) could be helpful, our models still show a first-order consistency which is valid for the current study. There may be uncertainties in plate reconstruction models which could affect the structures of the subducting slabs, such as the poor-constrained motion history of the Izanagi plate, but the one we used here (i.e., Matthews et al., 2016) has reproduced the consistent mantle structures. In addition, in our models we use a uniform upper thermal boundary layer as the initial condition and let the models run fully self-consistent, rather than constraining the thermal structure of the lithosphere and the slabs in the upper mantle through data assimilation (e.g., Bower et al., 2015). However, we have performed models with different initial conditions which show little difference in the time evolution of slab structures in the upper mantle beneath Eastern Asia. Moreover, although double-sided subduction could potentially develop in our models which can be restrained by imposing slab dip in shallower depths (e.g., Bower et al., 2015) or a lubricating oceanic crust (e.g., Hu et al., 2018) as in data assimilation method, our models have revealed a more fully self-consistent mantle convection system without introducing other artificial constraints.
We show that the subducted slabs of the Izanagi plate and the Pacific plate beneath Eastern Asia exhibit different slab behaviors since the Mesozoic time. In the Mesozoic, the subducted slabs of the Izanagi plate do not always directly pass through the 670-km boundary into the lower mantle, and sometimes they tend to first accumulate and spread laterally above the boundary before falling to the lower mantle. In some cases, the stagnation of the slabs promotes the formation of a big mantle wedge beneath the overriding lithosphere. In particular, we find that multiple stagnation events of the Izanagi slabs have occurred in the Mesozoic time beneath Eastern Asia, e.g., beneath the NCC at 150–120 Ma and 90–70 Ma, and beneath the SCB at 160–140 Ma and 90–70 Ma, respectively. These two stages of slab stagnation events correspond to the episodes of trench advance (170–150 Ma and 120–100 Ma) in plate reconstruction model (Matthews et al., 2016). Since the Mesozoic time, multistaged magmatism activities have been identified in Eastern Asia. For example, three main periods of magmatism formation are identified in NCC, e.g., 160–140 Ma, 130–110 Ma and 100–80 Ma, with the peak period at ∼125 Ma (Zhai et al., 2016). Regional igneous rocks in the SCB have been divided into four major emplacement episodes: 190–175 Ma, 165–155 Ma, 145–125 Ma and 105–95 Ma (Cao et al., 2021). The magmatism from Jurassic to Early Cretaceous in NCC has been attributed to flat-slab subduction followed by a rollback of the Izanagi plate during the late Mesozoic (Wu et al., 2019). However, the time periods of slab stagnation events beneath Eastern Asia in our numerical models also generally coincide with the episodes of magmatic activities in this region. The formation of such mantle wedge, which may lead to slab-triggered water release and vigorous mantle convective flow that could potentially weaken the lithosphere (e.g., Wang et al., 2016; Yang et al., 2017), is therefore supposed to be responsible for the Mesozoic evolution of the overriding plate that are characterized by magmatic activities and/or lithospheric instabilities in Eastern Asia (Ma and Xu, 2021). The intraplate magmatism along East Asia has disappeared in the Late Mesozoic (∼80 Ma) and a flat slab model has been proposed to explain this magmatic termination (Peng et al., 2021b). In contrast, our numerical results still show a stagnation event at 90–70 Ma, but the resultant mantle wedge seems to be smaller than that in the middle Mesozoic (∼130 Ma) which might be insufficient to cause large-scale magmatism. Moreover, the mantle wedge is later destroyed due to the subsequent sinking of the stagnant slabs within a duration timescale of ∼10–20 Myrs, suggesting a transient nature of slab stagnation which has also been revealed by previous global mantle convection studies (Mao and Zhong, 2018). To the middle Cenozoic, most slabs of the Izanagi plate have fallen into the lower mantle and currently, there are few remnants preserved in the upper mantle beneath the Eastern Asia region, which is consistent with recent studies (Liu et al., 2017). In comparison, the subducted slabs of the Pacific plate mostly lie horizontally in the mantle transition zone depth beneath Eastern Asia, which is supposed to be responsible for the Cenozoic magmatic activities and lithosphere evolution in this area (e.g., Zhu et al., 2012; Liu et al., 2017).
In this study, we apply a weak viscosity layer associated with the 670-km phase transition in our models, in which the stagnant slabs remain coherent as they spread horizontally along the 670-km boundary rather than dissolve in the weak viscosity layer (Supplementary Figure S5). Although some regional models have suggested that the weak layer has a small effect on slab stagnation (e.g., Li et al., 2019), global models have demonstrated that the weak layer is crucial to explain not only the stagnant slabs in the transition zone (e.g., East Asia) but also other slab structures (e.g., North America) that are observed in seismic tomography studies (Mao and Zhong, 2018). Recent numerical studies, on the other hand, have argued that a pressure-driven Cenozoic mantle wind is the dominant mechanism for the formation of the stagnant slabs beneath East Asia (Peng et al., 2021a). The linkage between the Izanagi plate subduction and the tectonic evolution of East Asia is still controversial because the slab dynamics of the Izanagi plate have not been well resolved. Previous studies have proposed flat-slab subduction of the Izanagi plate to be responsible for the East Asian lithospheric evolution in Mesozoic time (Liu et al., 2021; Peng et al., 2021b). Our numerical results, which reveal multiple stagnation events of the Izanagi slab in Mesozoic time as an alternative mechanism, provide new insight into the Izanagi slab dynamics and its relation with the East Asian tectonics. On the other hand, there are some potential limitations in our models. We assume an incompressible mantle under the Boussinesq approximation which may overpredict slab volumes particularly in the lower mantle (Flament, 2019). In this study, we focus on slab dynamics in the upper mantle and we suspect mantle compressibility may have a small effect on upper mantle slab dynamics.
CONCLUSION
Our 3-D global geodynamic model reproduces the typical slab structures as observed by seismic tomographic imaging beneath Eastern Asia. Our model also shows that multiple slab stagnation events, which facilitate the formation of big mantle wedge beneath Eastern Asia, have developed during the subduction of the Izanagi plate in Mesozoic time with a timescale on the order of tens of million years. Importantly, the duration times of those slab stagnation events generally coincide with the episodes of magmatic activities in Eastern Asia. Our model provides an attractive relationship between the subduction of the Izanagi-Pacific plate and the tectonic evolution of Eastern Asia.
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