
1.  Introduction
The term “stagnant slab” usually refers to the widely distributed fast seismic anomalies within the cir-
cum-Pacific mantle transition zones (MTZ) (Fukao et al., 2009; Huang & Zhao, 2006). There are several 
proposed mechanisms for why slabs can stagnate in the MTZ. The first one is related to the buoyancy associ-
ated with phase transformations of major mantle minerals, where both the negative Clapeyron slope of the 
ringwoodite-bridgmanite transformation (Christensen & Yuen, 1985; Tackley et al., 1993) and the delayed 
pyroxene-garnet transformation (King et al., 2015) tend to trap the slab within the MTZ. The second one is 
about the viscosity structure (Gurnis & Hager, 1988), where either a large viscosity increase into the lower 
mantle or a thin low-viscosity-layer right below the 660 km is invoked (Mao & Zhong, 2018). The third 
one concerns the age of the subducting plates, where a progressively older subducting slab tends to result 
in obvious trench retreat and stagnant slabs in the MTZ (Yang et al., 2018). The fourth one is the trench 
retreat, commonly attributed as an important reason for slab stagnation (Christensen, 1996; van der Hilst 
& Seno, 1993; Zhong & Gurnis, 1995). Some recent studies suggest the potential role of former subduction 
(Hu & Gurnis, 2020; Liu et al., 2021), but the dynamic nature remains elusive. There is still no systematic 
evaluation of these effects using a data-driven thermal-chemical modeling framework.

East Asia is an ideal location for studying subduction dynamics and slab stagnation. Numerous tomography 
models reveal high-velocity seismic anomalies in the MTZ beneath East Asia that are commonly interpreted 
as stagnant slabs (Huang & Zhao, 2006; Obayashi et al., 2013; van der Hilst et al., 1991). Regionally below 
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the North China Craton (NCC), the stagnant slab is found to be >1,500 km long east-west. Many surface 
tectonic events are suggested to be related to this abnormal subduction behavior (Ichiki et al., 2006). For 
example, the widespread intraplate volcanism since the Mesozoic (Richard et al., 2010; Zhao et al., 2009; 
Zheng et al., 2018) and the concurrent destruction of the NCC (Xu et al., 2009; Zhu et al., 2012) are often 
explained as a result of dehydration melting from the stagnant slabs that were assumed to be in existence 
since the Jurassic.

Despite the proposed significance of the East Asian stagnant slabs, the geological connections are mostly 
conceptual, and available geodynamic models supporting this idea are mostly two-dimensional (2D) in 
nature. There are some recent three-dimensional (3D) global models that reproduced the observed stagnant 
slabs (Ma et al., 2019; Mao & Zhong, 2018) but with different proposed mechanisms. This may reflect the 
fact that these studies used pure thermal models known to be incapable of emulating the dynamic evolution 
of upper-mantle slabs (Christensen, 1996; Hu et al., 2018). It is, therefore, important to study the 3D mantle 
evolution and far-field effects using more realistic thermal-chemical geodynamic models which can better 
simulate slab geometry and its evolution (Hu et al., 2018). In this study, we reproduced the spatial-temporal 
evolution of mantle flow and formation of stagnant slabs using global subduction models with a recent da-
ta-assimilation scheme (Supporting Information S1). The ∼1.8 billion versatile chemical tracers capture the 
key buoyancy and viscosity features of the dynamic Earth, especially those at the lithospheric depths that 
previous models omitted. In particular, the resulting large lateral viscosity variation (4 orders of magnitude) 
across the subduction interface is critical for properly modeling the dynamic pressure and horizontal man-
tle flow (Coltice et al., 2019). We also consider a weak oceanic crust that can effectively decouple the plate 
interface upon subduction, a function that is similar to a sticky air layer (Crameri et al., 2012) for producing 
asymmetric subduction. To evaluate the debated mechanisms of slab stagnation, we consider the phase 
transformation and viscosity changes at 660 km depth, and performed models with different plate recon-
structions, sea floor ages, and subduction histories. These data-driven models allow us to further explore 
previously unrealized mechanisms, such as our newly identified pressure-driven mantle wind that has been 
flowing westward around the Pacific and Philippine Sea slabs since the early Cenozoic.

2.  Reproducing Present-Day Slabs
We first present the results from a reference model (Model 1), whose present-day slab structure is compared 
with seismic tomography. Model 1 runs from 200 Ma to the present day using the plate motion history and 
sea floor ages in a recent plate reconstruction (Figure S1) from Müller et al. (2016). At 500 km depth, there 
are wide-spread cold anomalies beneath East China (Figure 1a) whose spatial distribution is generally con-
sistent with high-velocity P wave anomalies (Figures 1b and S2b) in GAP_P4 (Obayashi et al., 2013) and 
MIT_P08 (Li et al., 2008). The general consistency of the modeled cold anomalies with fast seismic anom-
alies beneath East Asia confirms the existence of stagnant slabs in the MTZ. Furthermore, we evaluate the 
model results from cross-sectional views. As seen in the temporal evolution of the Izanagi slab and Farallon 
slab (Figure S3), the slabs can evolve from high angle subduction to flat subduction, a key dynamic pro-
cess not produced in the recent pure-thermal models (Ma et al., 2019; Mao & Zhong, 2018). For example, 
the well-recognized latest Cretaceous flat subduction of the Farallon slab (Coney & Reynolds, 1977; Liu 
et al., 2010; Saleeby, 2003) is predicted in our model (Figures S3i and S3j), but missing in previous studies.

In the lower mantle, the modeled slabs below East Asia are mainly large-scale features (Figures 1c and 1e) 
whose position and geometry are overall consistent with those of observed high-velocity seismic anomalies 
(Figures 1d, 1f, S2d, and S2f), with an improved match (Figures S3e, S3f, S3k, and S3l) than published mod-
els (Hu et al., 2018; Ma et al., 2019; Mao & Zhong, 2018). That the lower mantle slab is far from the trench 
supports the existence of a Cretaceous flat slab, as is the key for the new mechanism revealed in this work. 
In the upper mantle, our modeled stagnant slabs (Figures 1c and 1e) are also comparable to the high-veloc-
ity features (Figures 1d and 1f). At 32°N there are pieces of modeled stagnant slabs in the MTZ (Figure 1c), 
representing subducted Pacific and Philippine Sea Plates. These slab segments also correspond to tomog-
raphy results with similarly segmented high-velocity anomalies above 660 km (Figures 1d and S2d). Along 
43°N not only the stagnant Pacific slab is reproduced, the model also captures the increasing slab dip angle 
from the surface into the MTZ (Figure 1e), which is shown by tomography results (Figures 1f and S2f). 
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The variations in slab morphology mostly reflect the effect of the upper-mantle viscosity structure (Liu & 
Stegman, 2011).

To demonstrate that the formation of stagnant slabs is robust under different plate reconstructions, we 
present Model 2 whose surface kinematics are from Seton et al. (2012). Both the temporal evolution of slabs 
in this model (Figure S4) and the resulting present-day slab configuration are very similar to Model 1. In 
addition, the associated mantle flow and the formation of the stagnant slab remain largely unchanged too.

Figure 1.  Comparison of Model 1 results and tomography. (a) Map view of modeled temperature at 500 km and velocities at 500 km, 300 km and on the 
surface. Magenta dashed lines mark the positions of two cross-sections along 32°N and 43°N. (b) Observed high-velocity P wave anomalies at 500 km in 
GAP_P4. Lateral migration of materials following the horizontal velocities (in the absence of vertical velocities) at 500 km (circles), 300 km (diamonds) and on 
the surface (stars) are shown with different colors representing different times. Trench locations at 30 Ma and the present day are also marked. (c) Present-day 
temperature and velocity along 32°N. (d) P wave anomalies in GAP_P4 along 32°N (e and f) same as (c and d) but along 43°N.
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3.  Evaluating Previous Mechanisms for Slab Stagnation
Next, we investigate the mechanism for the formation of these stagnant slabs. Earlier proposed mecha-
nisms include phase transformations near 660 km (Christensen & Yuen, 1985; King et al., 2015; Tackley 
et al., 1993), viscosity increasing from the MTZ to the lower mantle (Gurnis & Hager, 1988), a low viscosity 
layer below 660 km (Mao & Zhong, 2018), age effects of the subducting plate (Yang et al., 2018), trench re-
treat (Christensen, 1996; van der Hilst & Seno, 1993; Zhong & Gurnis, 1995), or a combination of different 
mechanisms (Ma et al., 2019; Mao & Zhong, 2018; Yang et al., 2018). In Model 1, we include the Ringwood-
ite-Bridgmanite phase transformation at 660 km assuming a Clapyron slope of −2 MPa/K (Marquardt & 
Miyagi, 2015) and a 30E  viscosity increase into the lower mantle (Figure S5). Both these factors tend to delay 
slabs from sinking into the lower mantle. However, they are apparently not enough to trap all slabs inside 
the MTZ, as can be clearly seen from the evolution of the Izanagi slab (Figures S3a and S3b) and the Faral-
lon slab (Figures S3g and S3h). In both cases, the slab-tip becomes slightly flattened when passing through 
the 660-km discontinuity, showing the resistance encountered at this depth, but both slabs smoothly pene-
trated into the lower mantle with no significant delay. Thus, the global effects of phase transformation and 
viscosity increase near the 660 km depth cannot be a generic mechanism for stagnant slab formation.

To further test these viscosity effects, we perform three additional models (Models 3–5) that are similar to 
Model 1 but with modified viscosity structures (Figure S5b). Models 3 and 4 have a viscosity increase into 
the lower mantle by 10 and 100 times, respectively. Model 5 has a low viscosity layer below 660 km, as pro-
posed in a recent global study (Mao & Zhong, 2018). Interestingly, all these models reproduce stagnant slabs 
(Figures 2b–2d) similar to those in Model 1 (Figure 2a). This means that slab stagnation is not very sensitive 
to the overall magnitude of lower mantle viscosity.

We also test the age effect of the subducting plate on slab evolution using the flexible data assimilation func-
tions. The sea-floor age of the down-going Pacific plate has become progressively older toward the present 
day since the early Cenozoic (Figure S1), an observation recently proposed to cause slab stagnation beneath 
East Asia (Yang et al., 2018). To test this hypothesis, we design Model 6, which is identical to Model 1 except 
that the Pacific plate has a uniform age (50 Myr old) since 50 Ma. In this case, significant amounts of cold 
anomalies still accumulate in the MTZ forming stagnant structures (Figure 2e). Although the slab geometry 
has local differences relative to Model 1, the similar stagnant slabs suggest that the temporal change of the 
seafloor age is not the primary reason for the formation of these stagnant slabs.

Trench retreat has also been considered an important mechanism for the formation of stagnant slabs (Chris-
tensen, 1996; Goes et al., 2017; Ma et al., 2019; Mao & Zhong, 2018; van der Hilst & Seno, 1993; Zhong & 
Gurnis, 1995). Different from other hypotheses that focus on vertical forces, trench retreat emphasizes rel-
ative motion in the horizontal direction, thus representing an intuitive mechanism to explain the stagnant 
slabs. In a typical situation, the ocean-ward migration of the trench and the largely vertical sinking of the 
subducting plate cause a slab to lay flat in the MTZ (Christensen, 1996). Consequently, the horizontal length 
of the slab should be largely equivalent to the amount of trench retreat (Christensen, 1996). Recent plate 
reconstructions reveal that East Asia did experience trench retreat during the Cenozoic, but the amount of 
retreat is far less compared to the observed length of the stagnant slab. Beneath East Asia, the length of the 
stagnant part of the slab can exceed 1,500 km. As both our models and recent studies (Ma et al., 2019; Mao 
& Zhong, 2018) suggest, the stagnant slab is formed during the past 30 Ma. The corresponding amount of 
trench retreat is limited (Müller et al., 2016; Seton et al., 2012), as shown by the surface locations of the 
trenches over time (Figure 1b). Along 43°N, the maximum amount of trench retreat is about 7° during the 
past 30 Ma (Figure 1b), corresponding to a distance of <600 km, which is far less than the length of stagnant 
slabs (Figures 1e and 1f). The same is true for the entire East Asia, where the amount of trench retreat is 
significantly less than the length of stagnant slabs (Fig. 1b). Thus, although trench retreat does contribute 
to the formation of stagnant slabs, it should not be the main mechanism.

4.  A Cenozoic Mantle Wind Causing the Stagnant Slab
To better understand the dynamics of slab stagnation in our models, we analyze the mantle flow and the dy-
namic pressure which drives the flow. It has been shown (Hu et al., 2017) that the mantle below a subduct-
ing plate tends to experience a Couette-type flow driven by the surface plate motion (Figure S6a), and that 
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below an overriding plate tends to display a trench-ward Poiseuille-type flow driven by the lateral pressure 
gradient (Figure S6b). According to our model results, continuous Cretaceous subduction of the Izanagi 
slab progressively reduced the dynamic pressure above the slab (Figures 3a–3c, Stevenson & Turner, 1977). 
By 100 Ma, the pressure gradient across the slab hinge was strong enough to reduce the dip angle of the 
Izanagi slab, which eventually became flat at 70 Ma (detailed discussion can be found in Peng & Liu, 2021). 
Such slab dip angle variation in response to the evolving gradient of the dynamic pressure is a natural result 
in our model, thus allowing us to study the dynamic evolution of the slabs. This represents a major improve-
ment relative to studies with prescribed upper mantle slabs (e.g., Ma et al., 2019).

Before the arrival of the Izanagi-Pacific mid-ocean ridge (MOR) to the trench (Figures  3a–3c), the low 
pressure above the Izanagi slab excited a trench-ward Poiseuille-type flow beneath the overriding Asian 
plate (Figures 3b, 3c, and S7a). In contrast, beneath the subducting slab, the flow is of Couette-type, where 
the velocity magnitude decreases with depth, suggesting that the slab motion was driving the flow under-
neath. In this case, the Izanagi slab behaved as a mechanical barrier that separates the flow fields above it 
from those below. After the Izanagi-Pacific MOR entered the trench around 50 Ma (Müller et al., 2016), the 
Izanagi slab started to detach from the surface plate (Figures 3d and S7b). The gradual disappearance of the 
mechanical barrier (i.e., the strong slab) connected the low-pressure mantle above the Izanagi slab directly 

Figure 2.  Vertical cross-sections of results in different models. (a–f) Present-day temperature and velocity along 32°N in models 1, 3–7, respectively. Note that 
model 3 and 4 has a viscosity increase into the lower mantle by 10 and 100 times, respectively. Model 5 has a low viscosity layer beneath 660 km. Model 6 has a 
50-Myr-old seafloor after 50 Ma. Model 7 starts from 50 Ma with other parameters identical to Model 1.
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with the high-pressure asthenosphere beneath the sinking MOR (Figures 3d and S7b). Consequently, the 
flow beneath the incoming Pacific Plate became dramatically different from before. This is because the 
newly established sharp lateral pressure-gradient across the MOR excited a fast westward Poiseuille-type 
flow from below the incoming Pacific Plate to above the sinking Izanagi slab (Figure 3d). This westward 
Poiseuille-type flow originating from beneath both the subducting Pacific Plate and Philippine Sea Plate 
covered most of East Asia (Figure 1a) and was maintained throughout the Cenozoic (Figures 3d–3f, S7b, 
and S7c). During this course, sinking of the Izanagi slabe extended the low-pressure mantle wedge down-
ward, causing the westward flow to expand from initially within the upper mantle (Figure 3d) to the MTZ 
and uppermost lower mantle at the present (Figure 3e).

A close examination reveals that the Tethyan subduction on the west since the Mesozoic (Figure 3) also 
contributes to the broad low dynamic pressure region beneath the Asian continent, forming an asymmet-
ric, whole-mantle scale flow pattern beneath East Asia with a net westward velocity throughout the entire 
mantle depth. This evolving dynamic pressure and mantle flow occurred beneath most of East Asia, largely 
following the trajectory of the sinking Izanagi slab (Figures 1 and 3). In a map view, the mantle velocities 
at 500 and 300 km below the entire East Asian continent are notably larger in amplitude than those at the 

Figure 3.  Evolution of the dynamic pressure and mantle flow in Model 1 (a–e) Dynamic pressure and velocity along 43°N at 140 Ma, 100 Ma, 70 Ma, 40 Ma, 
and the present day. Magenta contours show non-dimensional geotherms at 0.3 (−400°C) and 0.6 (−100°C). Black triangles show the trench positions. 
Annotations indicate different flow patterns and show a switch of mantle flow patterns below East Asia from being Couette-type in the latest Cretaceous to 
Poiseuille-type in the Cenozoic. (f) 3D view of the present-day slabs and velocity and observed topography. Slabs colored by depth are represented as isovolumes 
with non-dimensional temperature lower than 0.45 (−250°C). The vertical cross-section shows temperature.
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surface (Figure 1a). Effectively, this strong Poiseuille-type flow acted as a regional mantle wind that carried 
the subducting Pacific and Philippine Sea slabs toward the west while the pressure gradient across the slabs 
was lifting them and thus preventing them from entering the lower mantle. Calculations show that the 
East Asian upper mantle flowed westward for a distance well over 1,000 km since 30 Ma, comparable to 
the length of the observed stagnant slab (Figure 1b). Carried by this mantle wind, the slab can travel west-
ward easily to form a >1,500-km-long stagnant slab. This mantle wind has also been consistently generated 
in other models using different plate reconstructions and viscosity structures (Models 2–5; Figures 2b–2d 
and S4). These results suggest that this mantle wind is a robust feature which acts as the key mechanism for 
the observed slab stagnation.

In order to further verify that the westward mantle wind is necessary for the formation of stagnant slabs, we 
run Model 7 which starts only from 50 Ma but with other parameters identical to Model 1. Since no prior 
subduction is included, there are no former slabs to induce the Poiseuille-type flow beneath East Asia. Con-
sequently, the lack of a regional mantle wind causes the Pacific and Philippine Sea slabs to subduct more 
steeply (Figure S8) than that in Model 1 (Figures 1c and 1e). Eventually, both slabs penetrated the 660 km 
discontinuity at the present day (Figures 2f and S8). Since Model 7 has the same phase transformations, 
viscosity structure, sea floor age, and amount of Cenozoic trench retreat as in Model 1, and the contrasting 
fates of the western Pacific slabs in these two models confirm that the westward mantle wind, driven by 
former slabs, is key for the slab stagnation.

An important validation for the existence and effects of the above identified mantle wind comes from seis-
mic anisotropy. Since seismic anisotropy reflects the cumulative deformation of the mantle during the geo-
logical past (Faccenda & Capitanio, 2013; Hu et al., 2017), we calculate the present-day anisotropy based on 
mantle flow since 40 Ma in Model 1 (Supporting Information S1). The comparison between the predicted 
flow-induced lattice preferred orientation (LPO) and observed surface wave anisotropy (Yuan & Beghe-
in, 2013) at the asthenosphere depth reveals a remarkably good match of directions with an average misfit 
of 23.6° beneath most of East Asia (Figure 4a). The dominantly east-west fast anisotropy directions in East 
Asia (Figure 4a) are due to the westward mantle wind (Figure 1a).

In addition, land-based shear wave splitting (SWS) measurements provide an independent constraint on 
the depth-integrated rock fabrics due to mantle deformation (Hu et al., 2017; Long & Becker, 2010). Due 
to the small lithosphere thickness in East Asia (Zhang et al., 2019), the lithospheric contribution to SWS 
is likely minor. Therefore, we use this region to further examine our geodynamic model with SWS data 
(Supporting Information S1). Remarkably, the predicted SWS in East Asia matches the observed SWS an-
isotropy in the fast directions throughout the region, with a 23.9° angular misfit (Figures 4b and S9). This 
region is also where the prominent mantle wind occurs at depth (Figure 1a). It is important to note that 
the pattern of SWS (Figure 4b) closely follows that of surface wave anisotropy (Figure 4a) across East Asia, 
an observation further verifying the similar direction of the westward mantle wind through upper-mantle 
depth (Figures 1a, 3d and 3e). Consequently, these seismic anisotropy analyses strongly support the role of 
the westward mantle wind in shaping the observed stagnant slabs.

5.  Conclusion and Implications
Collectively, our results show that the enduring dynamic pressure gradient, as a result of former subduc-
tion, drives the slab dip angle variation since the Mesozoic. The Cenozoic mantle wind beneath East Asia 
induced by this pressure gradient during the transition from Mesozoic Izanagi and Tethyan to Cenozoic 
Pacific subduction is critical for the formation of the stagnant slab beneath East Asia. During this process, 
the Izanagi-Pacific MOR subduction is a turning point for the change of the flow pattern beneath the slabs 
subducting below the east coast of Asia. Although the exact timing of the MOR subduction is debated (Ar-
culus et al., 2015; Li et al., 2012; Miyazaki et al., 2015; Seton et al., 2015), these works agree that it happened 
60-50 Ma. This uncertainty will not affect our conclusion about the formation of the westward mantle wind 
and slab stagnation. The finding that the Mesozoic Izanagi slab still controls the Cenozoic subduction and 
mantle evolution echoes the recent findings that the former Farallon slab now mostly under the east coast 
of North America still plays an important role in mantle processes below the western United States (Zhou, 
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Hu, et al., 2018; Zhou, Liu, et al., 2018). Consequently, this reveals the long-lasting dynamic effect of ancient 
subduction.

This study also generates several other new insights on mantle dynamics and regional tectonics. First, many 
previous hypotheses for stagnant slab formation emphasize the vertical resistance (such as the viscosity 
jump at 660 km) for slab penetration into the lower mantle. By showing that the East Asian stagnant slab 
represents a combined result of ridge subduction and long-lasting Mesozoic subduction, we reveal that ver-
tical mantle resistance plays a limited role in prohibiting slab penetration into the lower mantle, and also 
explains why slabs at other times and locations can smoothly sink into the lower mantle. Second, it is still 
unclear why and how the Izanagi-Pacific MOR and adjacent young seafloors can subduct during the early 
Cenozoic, given their apparent buoyancy that resists subduction. The presence of the Poiseuille-type flow 
below the western Pacific could have actively entrained the buoyant MOR into the subduction zone during 
early Cenozoic (Figure 3). Therefore, the landward mantle wind may act as a generic driving force of ridge 
subduction (Sun et al., 2018). Finally, the model results showing that the East Asian stagnant slab formed 
only during the late-Cenozoic suggest no direct connection between this slab and the Mesozoic tectonics of 
East Asia as speculated in previous studies (Zheng et al., 2018; Zhu et al., 2012).

Data Availability Statement
The original version of CitcomS is available at www.geodynamics.org/cig/software/citcoms/. GPlates 
can be accessed at www.gplates.org/. Tools used to make the figures are available at https://www.gener-
ic-mapping-tools.org/ and www.paraview.org/. The anisotropy code DRex is available at http://www.ipgp.
fr/∼kaminski/ and FSTRACK is available at http://www-udc.ig.utexas.edu/external/becker/data.html. 
The P-wave tomography model GAP_P4 is available at http://d-earth.jamstec.go.jp/GAP_P4/. The P-wave 

Figure 4.  Predicted and observed seismic anisotropy. The prediction is based on the mantle flow in Model 1. (a) 
Comparison of the observed (Yuan & Beghein, 2013) and predicted azimuthal anisotropy beneath East Asia at an 
asthenosphere depth (230 km). Black bars show observed anisotropy. Color bars show predicted anisotropy represented 
by the orientation of the TI axis (symmetry axis of the transverse isotropy) of the lattice preferred orientation (LPO). 
Model results are projected to the observation points, with color showing angular misfit with data. (b) Comparison 
between observed and predicted SWS anisotropy. Black bars show predicted shear wave splitting (SWS). Color bars 
show regionally smoothed SWS data (see Figure S9 for the full data collection) and angular misfit with prediction.
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http://www-udc.ig.utexas.edu/external/becker/data.html
http://d-earth.jamstec.go.jp/GAP_P4/
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tomography model MIT_P08 is within the paper and its Supporting Information S1. The surface wave aniso-
tropy models YB13SVani (Yuan & Beghein, 2013) are available at https://faculty.epss.ucla.edu/∼cbeghein/
research/global-tomography/sv-anisotropy-mantle-transition-zone. SWS splitting data (Chang et al., 2017; 
Chen et al., 2017; Li et al., 2018; Qiang et al., 2017; Shi et al., 2015; Yang et al., 2019; Yu & Chen, 2016) can 
be accessed at https://ds.iris.edu/spud/swsmeasurement/. The data for numerical results of Model 1 and 
related plotting scripts are available at Zenodo (https://doi.org/10.5281/zenodo.3884294).
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