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Abstract

The existence of historical flat slabs remains debated. We evaluate past subduction since 200 Ma using global models with
data assimilation. By reproducing major Mesozoic slabs whose dip angles satisfy geological constraints, the model suggests
a previously unrecognized continental-scale flat slab during the Late Cretaceous beneath East Asia, a result independent of
plate reconstructions, continental lithospheric thickness, convergence rate, and seafloor age. Tests show that the pre-Cretaceous
subduction history, both along the western Pacific and Tethyan trenches, is the most important reason for the formation of
this prominent flat Izanagi slab. Physically, continuing subduction increases the gravitational torque, which, through balancing
the suction torque, progressively reduces dynamic pressure above the slab and decreases the slab dip angle. The flat Izanagi
slab explains the observed East Asian lithospheric thinning that led to the formation of the North-South Gravity Lineament,
tectonic inversion of sedimentary basins, uplift of the Greater Xing’an-Taihang-Xuefeng mountains and the abrupt termination

of intraplate volcanism during the Late Cretaceous.
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Key points:

e Global data-assimilation models reproducing past subduction discovered a previously
unrecognized continental-scale flat Izanagi slab.

e The flat Izanagi slab caused the unique East Asian lithospheric structure, basin inversion
and regional uplift during the Late Cretaceous.

e The key mechanism of this flat slab is dynamic suction due to long-lived prior subduction

along the west Pacific and south Asian margins.
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Abstract

The existence of historical flat slabs remains debated. We evaluate past subduction since 200 Ma
using global models with data assimilation. By reproducing major Mesozoic slabs whose dip
angles satisfy geological constraints, the model suggests a previously unrecognized continental-
scale flat slab during the Late Cretaceous beneath East Asia, a result independent of plate
reconstructions, continental lithospheric thickness, convergence rate, and seafloor age. Tests
show that the pre-Cretaceous subduction history, both along the western Pacific and Tethyan
trenches, is the most important reason for the formation of this prominent flat 1zanagi slab.
Physically, continuing subduction increases the gravitational torque, which, through balancing
the suction torque, progressively reduces dynamic pressure above the slab and decreases the slab
dip angle. The flat I1zanagi slab explains the observed East Asian lithospheric thinning that led to
the formation of the North-South Gravity Lineament, tectonic inversion of sedimentary basins,
uplift of the Greater Xing’an-Taihang-Xuefeng mountains and the abrupt termination of

intraplate volcanism during the Late Cretaceous.

1. Introduction

Different from normal subduction, flat slabs have small dip angles and lie nearly
horizontally beneath an overriding plate. The best examples for ongoing flat subduction are those
beneath South America, clearly seen in geophysical images (Gutscher et al., 2000; Hayes et al.,
2012) and likely caused by subducting oceanic plateaus and nearby cratonic roots (Hu & Liu,
2016; Manea et al., 2012). However, due to sparse observational constraints, the existence and
mechanisms of flat slabs during the geological past remain debated, especially in regions with a
complex tectonic history. A notable example is the Late Cretaceous-Early Cenozoic Farallon flat
slab beneath the western North America (Liu et al., 2010; Saleeby, 2003). This phase of flat
subduction is confirmed from many aspects, including the Laramide orogeny (DeCelles, 2004; Fan
& Carrapa, 2014; Saleeby, 2003), the migrating magmatic arc (Coney & Reynolds, 1977,
Henderson et al., 1984; Liu et al., 2021), the widespread Cretaceous marine inundation (Bond,
1976; Heller & Liu, 2016; Chang & Liu, 2020), and confirmation from both forward and adjoint
geodynamic modeling (English et al., 2003; Liu et al., 2008; Liu & Currie, 2016). Other examples
include the Mesozoic flat subduction in East Asia (Li & Li, 2007; Liuetal., 2019; Wu et al., 2019;
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Xu, 2001), although questions still remain on the temporal and spatial extents of these events as

well as their mechanisms (Liu et al., 2021).

Although uncertainties exist about past flat subduction, several lines of consensus emerge
from previous studies. Besides the above mentioned upper-plate behaviors, including orogenic
uplift in the hinterland (e.g., Fan & Carrapa, 2014), migration or shutoff of magmatic arcs (e.g.,
Henderson et al., 1984; Liu, 2015), and contemporary inland subsidence (e.g., Davila & Lithgow-
Bertelloni, 2015; Heller & Liu, 2016), another growing agreement is that flat slab subduction could
efficiently deform and thin the overriding continental lithosphere (Axen et al., 2018; Bird, 1988;
Liuetal., in review). Indeed, all or some of these characteristics have been directing the search for
past events of flat subduction, especially in regions with a complex tectonic history and imperfect
mantle seismic images like East Asia (Li & Li, 2007; Wu et al., 2019).

The past decades of research also presented multiple potential mechanisms for the
formation of flat slabs. These can be summarized in the following four categories. (1) Fast
convergence rate, especially with the trench-ward movement of a thick overriding plate (van
Hunen et al., 2000). This mechanism was used to explain both the Cretaceous western U.S.
Laramide slab (Coney & Reynolds, 1977; Liu & Currie, 2016) and the Cenozoic South American
flat slabs (Hu et al., 2016). (2) Increased slab buoyancy, including young seafloor ages and
subduction of an oceanic plateau. This is exemplified by the Laramide-type flat slabs in the
Americas (Gutscher et al., 2000; Liu et al., 2010) and East Asia (Li & Li, 2007; Wu et al., 2019).
(3) Hydrodynamic suction force within the mantle wedge (Stevenson & Turner, 1977), which
could be enhanced by an approaching cratonic root, with an example being the central Chillean
flat slab (Hu et al., 2016; Manea et al., 2012). (4) Effects due to long-lasting prior subduction, a
recently proposed mechanism based mostly on observing present-day subduction properties (Hu
& Gurnis, 2020) and generic numerical models (Schellart, 2020). The physics and dynamics of

this last mechanism still needs more work.

Carrying the above spirit of searching and understanding unknown flat subduction events,
we reproduce the past subduction history on Earth since the early Mesozoic using a high-resolution
global simulation, where we consider thermal-chemical convection (e.g., Hu et al., 2018b) that
better represent realistic subduction processes than previous models that are always regional in

scale and generic in nature (e.g., Huangfu et al., 2016; van Hunen et al., 2004; Schellart, 2020).
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Our global subduction models are more Earth-like because they are also based on a sophisticated
data-assimilation technique (Hu et al., 2016, 2018b; Liu & Stegman, 2011) such that the model
inputs are consistent with recent plate reconstructions (e.g., Muller et al., 2016; Seton et al., 2012).
Based on these models, we look for possible historical flat slabs. As shown later, the model
properly reproduced Mesozoic past subduction along all major convergent boundaries, with the
resulting slab dip angles consistent with geological constraints. Among these, both western North
America and East Asia experienced a phase of continental-scale flat slab during the Late
Cretaceous. The latter represents a previously unrecognized scenario of flat subduction that can
explain multiple aspects of the enigmatic tectonic history of East Asia. We further demonstrate

that formation of this flat slab results from a combination of multiple proposed mechanisms.
2. Methods and model setup

Previous geodynamic studies on flat slab subduction mostly utilized regional models with
idealized initial and boundary conditions. To better understand global subduction since the early
Mesozoic, especially the existence and mechanisms of flat slabs, we quantitatively reproduced
subduction history during the past 200 Ma using 4D global thermal-chemical models with data
assimilation (Hu et al., 2016; Hu et al., 2018b; Liu & Stegman, 2011). The numerical simulations
are carried out with the spherical mantle code CitcomS (McNamara & Zhong, 2004; Tan et al.,
2006; Zhong et al., 2008). The mantle is discretized into a high-resolution mesh with 12
spherical caps each having 257x257x113x12 nodes in latitudexlongitudexradius. The lateral
resolution is ~23 km at the surface that reduces to ~12 km at the core-mantle boundary (CMB).
In the vertical direction, an uneven mesh is used with a ~12 km resolution near the surface, ~26
km near the CMB, and ~31 km in the mid-mantle.

2.1. Governing equations

We assume an incompressible mantle that satisfies the Boussinesq approximation. The

equations for the conservation of mass, momentum and energy are:

V-i=0, (1)
—VP+ V-[n(Vu + VT)] + (pnaAT + Ap.)g = 0, (2)
4+ VT = KV, 3)
ac | - _

E4+1-vC=0, (4)
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where u is the velocity, P is dynamic pressure, i is dynamic viscosity, p,, is the density of the
ambient mantle, « is thermal expansion coefficient, AT is temperature anomaly, Ap,. is

compositional density anomaly, g is gravitational acceleration, and C is composition.
2.2. Boundary conditions

The base of the mantle is assumed to be free slip. The surface assimilates velocities based
on recent plate reconstructions. To quantify the influence of surface boundary conditions on
mantle dynamics and slab evolution, we adopted several different plate reconstruction models
(Mdller et al., 2016; Muller et al., 2019; Seton et al., 2012) into our global simulations and and
compared their results. We also considered another recent reconstruction (Torsvik et al., 2019)

for a comprehensive comparison of the Mesozoic kinematics in the western Pacific (Fig. S1).

The temperature profile for the oceanic plates follows a modified plate model (Hu et al.,
2018b; Liu & Stegman, 2011) (Fig. S2a). This way, the temperature difference across the
thermal boundary is reduced to ~700°C from ~1300°C, in order to better resolve the evolving
slab dynamics while conserving energy with a finite resolution of a discretized mesh. The
convection vigor in our models remains similar to that in studies with a larger temperature
contrast (Ma et al., 2019; Mao & Zhong, 2018), but whose upper-mantle dynamics is
compromised with either semi-vertical slabs or parameterized slab geometry and kinematics. The
evolving seafloor age that determines oceanic plate’s thermal profile is based on plate
reconstructions (Mdller et al., 2016; Mdller et al., 2019; Seton et al., 2012).

The continental plates have an initial steady-state geotherm, whose structure
subsequently evolves in response to subduction dynamics. The initial thickness of the continental
lithosphere varies among models, for testing their effect on slab dynamics. The CMB
temperature is fixed at 500°C higher than the that of the ambient mantle. This is lower than that
in some earlier studies (Hassan et al., 2016; Zhang & Li, 2018), but it has little effect on
subduction dynamics, due to the relatively short model history and the existence of a dense

compositional layer above the CMB that prohibits excessive plume formation.
2.3. Compositional structure

We considered the effects of third different chemical compositions to reproduce realistic

mantle dynamics, where a total number of about 1.8 billion chemical tracers are used. The
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continental lithosphere consists of a 2-layer crust and 3-layer mantle lithosphere. The average
density of continental crust is about 2.8 g/cm?®with the lower crust being weaker than the upper
crust, in order to minimize the effect of imposed surface kinematics on lithospheric deformation
at depth. The mantle lithosphere has a chemically buoyant upper layer, a neutrally buoyant
middle layer and a dense lower layer, all relative to the ambient mantle, following a recent
inference (Hu et al., 2018a). The overall buoyancy of the continental mantle lithosphere is
similar to that of a purely thermal mantle lithosphere, such that the resulting continental

topography resembles that observed.

The oceanic plate is approximated with three different compositions: a weak surface
layer, a basaltic crustal layer and the underlying lithospheric mantle. The top 7-km of thickness
mimics the viscosity effect of a weak and lubricating plate interface upon subduction. Further
below, we define a 21-km thick (due to the limited vertical resolution) crustal layer whose total
buoyancy is the same as that for a 7-km thick oceanic crust with a density of 3.0 g/cm®. When
the chemically buoyant oceanic crust subducted to 120 km or deeper, its composition and density
change following the basalt-to-eclogite phase transformation.

At the base of the mantle, we also define an initial 250-km thick chemical layer whose
compositional density anomaly is about +2.4%. This layer evolves in response to subducting
slabs and its internal thermal structure, that also generates hot plumes from time to time. By
solving both thermal and compositional evolution of the mantle, our models are more capable to
reproduce the multiple-scale slab dynamics, especially at shallow mantle depths, compare to the

pure-thermal simulations commonly used in earlier studies.
2.4. Viscosity structure

The models incorporate a 3D viscosity structure that depends on depth, temperature and
composition (Fig. S2b), following

n=1ny-Cexp(- - —1

T+Ty  Tm+Ty

), ()

where 7 is the effective viscosity, n, is the background viscosity (Fig. S2b), C is the
compositional multiplier, E,, is the activation energy, T, is the activation temperature, T is
temperature and T, is the background temperature. The reference viscosity is 10?* Pa-s, and the

resulting lateral viscosity variation is up to 4 orders of magnitude. We choose the values of other
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physical parameters to best match the present-day seismic image for subducted slabs. More

details about the model setup and subduction simulation are in Hu et al. (2018b).
3. Results

Due to the many sophisticated model features, both in composition and viscosity, these
global thermal-chemical models are very expensive to achieve. For a standard case, one full
simulation starting from 200 Ma takes ~300,000 core-hours to finish. On the other hand, these
simulations also better present the real Earth in that the resolved subducting slabs are strictly
one-sided with sharp viscosity and density variations across the subduction zone. More
importantly, the modeled slabs could readily deflect and deform in response to lateral mantle
dynamics, such as pressure gradients and mantle flow. Consequently, we observe a rich history
of slab evolution and morphology, ranging from normal to flat subduction, and from continuous
to segmented slabs. As shown later, thus reproduced subduction history largely matches those
observed/inferred along major subduction zones around the globe since the early Mesozoic.
Another important outcome of these models is the temporal variation of the overriding plate,
especially in the case of continental lithosphere. These allow a wide-range comparison of model

results with geophysical and geologic data constraints.

We present a total of eleven global models, with a focus on slab evolution under different
tectonic conditions. Model 1 is the reference case, which is fully analyzed in this study. This
model assimilates the surface velocity and seafloor age from Miller et al. (2016), and runs from
200 Ma to the present. The initial continental lithospheric thickness is 160 km. Models 2 and 3
have the same setting as Model 1 except that the surface boundary conditions are constrained by
Seton et al. (2012) and Muller et al. (2019), respectively. Models 4 and 5 are used to test the
effect of the continental lithospheric thickness, which is 200 km and 120 km, respectively.
Models 6-8 differ from Model 1 in that: Model 6 starts from 160 Ma (to test the effect of trench
migration), Model 7 has a maximum subduction rate of 12 cm/yr after 120 Ma (to test the effect
of subduction rate), Model 8 has a uniform sea floor age of 50 Myrs old after 120 Ma (to test the
effect of seafloor age). Models 9-11 are to test the effect of duration of continuous subduction,
with the starting age being 120, 100 and 80 Ma, respectively.

3.1. Simulated global subduction since the middle Mesozoic
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In an earlier attempt to reproduce past global subduction (Hu et al., 2018b), we show that
the predicted present-day slab geometry and location below major subduction zones closely match
those from seismic tomography. The new model (Model 1) presented here has a further improved
fit to tomography, especially in regions with uncertain Mesozoic plate kinematics, such as East
Asia. Consequently, the fit to the present mantle structures lends credibility to the simulated past
subduction (Fig. 1).

Since 200 Ma, subduction along major trenches (North America, South America, East Asia
and South Asia) has been predominantly normal, with a >30° dip angle in general, with brief
fluctuations of slab dip angle resulting in steep to shallow dipping subduction. For example, the
predicted overall normal slab dip angles during the Mesozoic along the South American and
Tethyan trenches are consistent with the locations of their respective volcanic arcs during this
history (Kapp & Decelles, 2019; Trumbull et al., 2006). Next, we will focus on the continental-

scale behavior of slab dip variations, especially flat subduction (e.g., Fig. 1).

During the entire model history, we observe the occurrence of two prominent (extending
no less than 1000 km inland) flat slabs, both at a continental scale (>1000 km wide along trench),
long lasting (for 40-50 Myrs), and occurring in the Late Cretaceous to Early Cenozoic. One is the
well-studied Farallon flat slab from 90 to 40 Ma within the western North America (Figs. 1, S3).
The modeled flat Farallon slab reached an inland distance of ~1000 km at the maximum, consistent
with but slightly shorter than inferences from structural deformation (Saleeby, 2003) and that in
time-reversed convection models based on tomography images (Liu et al., 2008; Liu et al., 2010).
Formation of the flat Farallon slab has been commonly attributed to the fast motion of the
overriding plate (e.g., van Hunen et al., 2000; Liu & Currie, 2016). Consideration of a buoyant
oceanic plateau (Liu et al., 2010), a process not modeled here, may further increase the width of
the flat slab. The reproduction of the Laramide flat slab in Model 1 confirms its improved

capability for resolving past subduction over similar previous studies.

The other prominent flat slab occurred within the western Pacific, where the subducting
Izanagi slab broadly underplated East Asia during the Late Cretaceous (100-60 Ma). The landward
extent (up to 1600 km) of the flat 1zanagi slab was even larger than that of the flat Farallon slab
(Fig. 1). This flat slab was neither previously recognized nor reproduced in any earlier geodynamic

models. An important way to constrain past subduction is to compare with the present-day mantle
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structure (Hu et al., 2018b; Liu & Stegman, 2011). Figure 2 shows this comparison with seismic
tomography MIT-P08 (Li et al., 2008). The Mesozoic slabs are predominantly within the lower
mantle at the present, where both predicted geometry and location of the lower-mantle slabs match
those revealed in tomography, providing an additional support for the modeled Mesozoic

subduction within the western Pacific.

Another inference of late-Mesozoic flat subduction directly comes from the seismic image
itself. The majority of the lower mantle slabs is located far west to the present-day trench, with a
distance of up to 3000 km (Fig. 2c,d). However, the Eurasian Plate has experienced limited
eastward translation (<1000 km) since the Mesozoic (Fig. S1), as demonstrated in several recent
plate reconstructions (Mdiller et al., 2016; Muller et al., 2019; Seton et al., 2012; Torsvik et al.,
2019). This large east-west offset between the Mesozoic slab and present-day trench location
suggests a significant horizontal displacement of the slab during the past. From the evolution of
different major slabs (Fig. S3), a broad Mesozoic flat slab provides a natural explanation for the
present-day seismic image. This reasoning is effectively the same as the inference of the flat
Farallon slab during the Late Cretaceous (Figs. 1, S3) based on geodynamic modeling using
seismic images (Bunge & Grand, 2000; Liu et al., 2008).

3.2. Geological constraints on a potential Late-Cretaceous flat 1zanagi slab

Here we further evaluate the predicted Late-Cretaceous flat 1zanagi slab following the
common exercises on constraining the flat Farallon slab (Axen et al., 2018; Liu et al., 2010;
Saleeby, 2003). We first emphasize that, due to the poorly known Mesozoic subduction history
in the western Pacific, our model result represents a previously unrecognized episode of flat slab
that could have significantly affected the tectonics of the region. However, before a final
conclusion is achieved, multiple additional aspects of the model and surface geology need to be
examined, similar to that done for the Farallon flat slab mentioned above.

Since there are considerable amounts of uncertainty in the Mesozoic plate motion (Fig.
S1), we further tested models (Model 2 and Model 3) constrained by two other plate
reconstructions (Muller et al., 2019; Seton et al., 2012). These reconstructions show quite
different histories of west Pacific subduction and East Asian motion from that use in Model 1
(Fig. S1). Although the resulting Late-Cretaceous slab geometries from Models 2 & 3 are not
identical to that in Model 1, both these models also clearly demonstrate a flab Izanagi slab (Fig.
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S4) whose location and timing are largely consistent with that in the reference case. Thus, we
conclude that the Late-Cretaceous East Asian flat slab represents a robust model result that is
independent of surface kinematic conditions.

Next, we focus on evaluating the flat I1zanagi subduction with several unique aspects of
the Mesozoic tectonic history of East Asia, including the enigmatic formation of the North-South
Gravity Lineament (NSGL), the abrupt inversion of major sedimentary basins east of the NSGL,
and the synchronous exhumation of the NSGL-parallel Greater Xing’an-Taihang-Xuefeng
mountains. Refer to a detailed review of the region’s Mesozoic tectonic history and possible

links to past flat subduction events (Liu et al., in review).

First, the NSGL highlights strong east-west contrasts in topography (Fig. 3a), Bouguer
gravity anomaly (Xu, 2007), crustal thickness (Li et al., 2014) and lithospheric thickness (Fig.
3b). It cuts through major east-west trending Early-Mesozoic tectonic belts (Yinshan-Yanshan
Orogen, Qinling-Dabie Orogen and Jiangnan Orogen) in East Asia (Fig. 3a). This implies that
the appearance of the NSGL is likely after the formation of these east-west tectonic belts. This
provides a first-order age constraint for the formation of the NSGL to be no earlier than the
Cretaceous (Xu, 2007). Previous studies show that a flat slab can result in thinning of the
overriding continental lithosphere, with the amount of thinning depending on the model setup
(Axen et al., 2018; Bird, 1988). Multiple conceptual models of East Asian flat subduction were
proposed (Li & Li, 2007; Liu et al., 2019; Wu et al., 2019; Zhang et al., 2010), but they all imply
more restricted spatial extents and at earlier times relative to those of the NSGL.

In contrast, the flat 1zanagi slab in our model underplated the entire N-S range of East
Asia (Fig. 4). During its development, the western edge of the flat slab advanced westward until
it reached the location of the NSGL by 70 Ma when the flat slab reached the maximum inland
extent (Fig. 4). This flat slab had an east-west length of ~1600 km in South China (e.g., 32°N)
and of ~1800 km in North China (e.g., 43°N). With the development of the flat slab, the
overriding Eurasian mantle lithosphere was eroded by the slab (Fig. 4c-e), leading to a much
reduced lithospheric thickness to the east of the NSGL. In addition, some eroded and displaced
continental lithospheric material accumulated at the western end of the flab slab to form a deep

root. This lithospheric root is also consistent with several seismic studies (Chen et al., 2014; Liu

10
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et al., 2004; Sun & Kennett, 2017). These observations suggest that lithosphere thinning due to
the newly revealed flat slab is a plausible mechanism for the formation of the NSGL.

During flat slab subduction, the overriding plate tends to experience lithospheric
compression, as seen in the typical Laramide Orogeny (DeCelles, 2004; Liu et al., 2010). In East
Asia, almost all major sedimentary east of the NSGL (e.g., Songliao Basin, Bohai Bay Basin and
Hefei Basin in Fig. 3 insert figure) experienced a ~30-Myr period of inversion during the Late
Cretaceous (Liu et al., 2017; Liu et al., 2020). Origin of this continental-scale basin inversion
remains elusive, where previous proposals including changing plate motion and/or trench
advance around this time (Liu et al., 2017; Song et al., 2014), both suggestions not supported by
recent plate reconstructions (e.g., Fig. S1). Our model, on the other hand, suggests that the flat
slab provides a direct mechanism for this event. Indeed, the transition from extensional/strike-
slip type of stress at 120 Ma (Fig. S5a) to strong east-west compressional stress at 70 Ma (Fig.
S5b) within East Asia is consistent with the change from rapid Early-Cretaceous deposition to
regional-scale Late-Cretaceous basin inversion. During this process, the flat subduction induced
compression thickened the buoyant upper mantle lithosphere (Fig. 4c-d), and likely thickened the
crust as well, the latter not simulated here due to imposed surface kinematics. Consequently, the

resulting surface uplift caused the basin inversion.

Another important indication for surface uplift is orogenic exhumation (e.g., Fan &
Carrapa, 2014). While the time for the formation of the NSGL is constrained to be Late
Mesozoic, Xu (2007) further used the time of Taihang Mountain uplift to suggest that the NSGL
formed in Early Cretaceous. In this study we revisited the cooling history of the Greater Xing’an-
Taihang-Xuefeng mountain chain that is goes along the NSGL. According to recent
thermochronology studies (Clinkscales et al., 2020; Ge et al., 2016; Pang et al., 2020; Qing et al.,
2008), all these mountains experienced rapid cooling during the Late Cretaceous (Fig. 3c). These
cooling events were previously attributed to different mechanisms, including orogenic uplifts
(Ge et al., 2016; Pang et al., 2020; Qing et al., 2008) and extension (Clinkscales et al., 2020).
Given that both the timing and spatial distribution of the flat slab in our model (Fig. 4) match
those of the basin inversion and orogenic exhumation (Fig. 1), we suggest the regional
compression and uplift due to flat subduction provides an ultimate mechanism to these surface
records. Formation of the deep lithospheric roots right below the Greater Xing’an-Taihang-

Xuefeng mountains (Fig. 4e) also seems to suggest a causal relationship.

11
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Based on the strong consistency between the modeled flat Izanagi slab and various
tectonic observations, we suggest that uplift of the Greater Xing’an-Taihang-Xuefeng mountains
and thinning of the lithosphere to the east characterize the formation of the NSGL during the

Late Cretaceous.
3.3. Evaluating proposed mechanisms for slab flattening

While a Late-Cretaceous flat 1zanagi slab was consistently produced in models
assimilating constraints from different plate reconstructions, the mechanism for the observed slab
flattening still remains to be investigated. Here we will evaluate all previously proposed
mechanisms including (1) enhanced hydrodynamic suction, (2) large convergence rate, (3)
increased slab buoyancy, and (4) long-existing prior subduction. The first mechanism mainly
concerns the effect of a thick cratonic overriding plate that helps to increase the suction force and
reduce to slab dip (Hu et al., 2016; Jones, 2012; Liu & Currie, 2016; Manea et al., 2012). In
Model 1, all continents have the same initial thickness (160 km), with no thick cratonic roots
included. As shown above (Figs. 4, S3), flat subduction in East Asia did not appear within the
first 100-Myr of model time, and the Late-Cretaceous slab flattening was not assisted by any
nearby thick craton. Therefore, increased suction due to thick overriding cratonic plate is not the
reason for the flat 1zanagi slab. We further run Model 4 and Model 5, with overriding plate
lithospheric thickness being 200 km and 120 km, respectively. The observation that both these
two models result in a similar flab 1zanagi slab confirms that the lithospheric thickness of the
overriding plate is not important for the formation of flat subduction (Fig. 5a-c).

The convergence rate is the sum of the overriding plate motion (equal to trench migration
rate if neglecting intraplate deformation) and subducting plate motion. To test the potential effect
of trench motion prior to the formation of the flat slab, we performed another model (Model 6),
which started from 160 Ma instead of 200 Ma. Since the net trench migration during 160-60 Ma
is very small (<10° arc length, Fig. S1), this model also represents a scenario where the long-
term trench effect is negligible. Surprisingly, Model 6 also generated a flat 1zanagi slab (Fig. 5d)
with almost identical geometry to that in Model 1 (Fig. 5a). Based on these model results (Fig.
5a,d), we confirm that trench migration is not the reason for the formation of the Late-Cretaceous

flat 1zanagi slab.

12
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Another key component of the convergence rate is the speed of the subducting plate.
Recent plate reconstructions suggest that the subduction speed of the lzanagi plate increased
significantly during the Late Cretaceous (Miller et al., 2016; Mdller et al., 2019; Seton et al.,
2012). According to Muller et al. (2016), the average Izanagi plate velocity during 120-100 Ma
is about 12 cm/yr (Fig. S6). After that the l1zanagi plate sped up, with the velocity going up to 23
cm/yr by 80 Ma. The fast subduction speed was also proposed as a possible reason for the Late-
Cretaceous flat subduction of the Farallon plate (Coney & Reynolds, 1977). Since the modeled
slab became flattened after ~100 Ma (Fig. S3), which corresponds to the time of Izanagi
speeding up (Fig. S6), we performed another model (Model 7), in which the upper limit of the
subduction speed is capped at 12 cm/yr after 120 Ma but other model setup remains the same as
that in the reference model. However, we observe that without the period of fast Izanagi plate
motion, the flat 1zanagi slab still came into being during the Late Cretaceous, where the resulting
slab geometry (Fig. 5e) is almost identical to that in the reference case (Fig. 5a). This additional
model result suggests that the fast subduction speed is not causing the predicted flat slab.
Collectively, the results from these cross sections (Fig. 5a,d,e) imply that the convergence rate is

not the reason for the formation of the flat I1zanagi subduction.

Increased slab buoyancy force is another popular mechanism to explain the origin of flat
subduction (van Hunen et al., 2002; Liu et al., 2010). Common approaches for increasing slab
buoyancy include the presence of oceanic plateaus within the ambient seafloor and the presence
of young seafloor age. In our models, the thermal structure of the oceanic lithosphere follows the
plate model, where the lithospheric thickness varies when seafloor age is less than 80 Myrs.
However, no oceanic plateau is included within the Izanagi plate for any time during the
simulation. This proves that an oceanic plateau is not required for the occurrence of the flat
subduction. Regarding the effect of young seafloor age, a consensus based on multiple plate
reconstructions (Muller et al., 2016; Mller et al., 2019; Seton et al., 2012) is that the lzanagi
plate became younger at the trench during the Late Cretaceous, prior to the 1zanagi-Pacific mid-
ocean ridge entering the subduction zone at around 55 Ma. Thus, the slab age could be as young
as 10 Ma during the latest Cretaceous. Since the average seafloor age of the Izanagi Plate during
the Late Cretaceous is about 50 Myrs, we designed a new model (Model 8) whose seafloor age
remained as 50 Myr-old after 120 Ma. Model 8 is otherwise the same as the reference model.

Interestingly, this model still reproduced the Late-Cretaceous flat slab (Fig. 5f). Although minor
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differences in slab thickness and geometry exist in this simulation, the length of the resulting flat
slab is very similar to that in Model 1 (Fig. 5a). Based on these results, we conclude that the slab
age is not a dominant control on the generation of the flat I1zanagi slab as well.

3.4. The role of former subducted slabs

Active subduction will generate low (high) dynamic pressure above (below) the slab
(Stevenson & Turner, 1977). The resulting pressure-gradient across the slab, also called
hydrodynamic suction, is balanced by the negative buoyancy of the slab to maintain a certain dip
angle. Consequently, a larger pressure-gradient results in a smaller slab dip (Stevenson & Turner,
1977). This dynamic relationship is commonly observed in our model. Take the reference model
for an example (Fig. 6), at 160 Ma (40 Myrs after subduction initiated), the dynamic pressure in
the mantle wedge was only slightly lower than that below the slab hinge, as correlated with a
relative steep Izanagi slab (Fig. 6a). By 120 Ma (80 Myrs of continuous subduction), the low
pressure within the mantle wedge became more prominent, and meanwhile the slab dip was also
notably reduced (Fig. 6b). This trend progressed further into the Late Cretaceous, during which
the slab became progressively flatter while the dynamic pressure above the slab continued to
decrease (Fig. 6¢,d). A similar evolution history of dynamic pressure and slab dip also occurred

along the Tethyan subduction zone in South Asia (Figs. 6, S3).

While the above corner-flow analysis explains the instantaneous force balance of an
evolving subducting slab, it remains unclear what drives the progressive pressure reduction
above the slab and the reduction in slab dip during the late Mesozoic. With more tests, we found
that the duration of continuous prior subduction along the same trench is the key reason for the
observed slab flattening. To illustrate this causal relationship, we compared the model results
(i.e., dynamic pressure and slab geometry) at 70 Ma from four models that have different starting
ages of subduction (Fig. 7): 200 Ma (Model 1), 160 Ma (Model 6), 120 Ma (Model 9), 100 Ma
(Model 10) and 80 Ma (Model 11), respectively. Overall, with an earlier starting age, the
resulting Late-Cretaceous slab dip is smaller (Figs. 7, S7, S8). When subduction started at 80
Ma, the slab by 70 Ma was steeply subducting and barely reached the base of the upper mantle
(Figs. 7e, S7e). As the starting age increases to 100 Ma, the slab at 70 Ma was more shallowly
dipping but not flattened, with its lower end entering the lower mantle (Figs. 7d, S7d). An upper-
mantle flat-slab started to form at 70 Ma as we push the starting age back to 120 Ma (Figs. 7c,
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S7c¢). In this case (Model 9), the length of the flat slab is notably smaller than that in Model 1
(Fig. 7a). This relationship is further confirmed with Model 6 whose subduction started at 160
Ma (Fig. 7b), where the length of the 70-Ma flat slab is almost identical to that in Model 1 (Fig.
7a). Another way to understand the above statement is through analyzing the mean slab dip angle
at different depth ranges (Fig. 7f). The shallow portions of the slab (0-300 km) demonstrate a
clear trend with the dip angle decreasing as the subduction duration increases. This finding
suggests that the deep mantle dynamics associated with different subduction durations strongly
controls the slab dip above 300 km depth, where the resulting dynamic pressure plays a dominant
role. The actively descending slabs, regardless of their depths, are affecting the upper mantle
dynamic pressure distribution and thus the slab dip at shallow depth. According to Wu et al.
(2019), the Late-Jurassic flat slab below North China started to steepen after 160 Ma, a process
not modeled here. The fact that Model 1 and 6 have similar results (Figs. 7a,b, S8a,b)
demonstrates that subduction prior to 160 Ma has little effect on the formation of the 70-Ma flat
slab. Therefore, the Late-Cretaceous flat slab represents an independent result from subduction
prior to the Cretaceous.

Importantly, these models reveal that the dynamic pressure above the 70-Ma slab became
progressively more negative as the initial subduction occurred earlier (Fig. 7). This suggests that
a longer subduction history, thus a greater length of the downgoing slab, exerts a stronger
downward pull and exacerbate depressurization of the mantle above the slab. Consequently, this
leads to a greater dynamic pressure-gradient across the slab, which, by preferentially affecting
the upper-mantle portion of the slab, causes continuous reduction in the slab dip angle over time.
A more quantitative analysis of this mechanical process is presented later in the discussion part.
This reasoning is also consistent with the steady increase of pressure-gradient across the slab and
temporal decrease of slab dip angle during the Cretaceous in the reference model (Fig. 6).
Mechanically, the scenarios in Figure 6a,b are similar to the proposed shallowing of the South
American slab from the Cretaceous to the Cenozoic (Schellart, 2017). Furthermore, our study
explains the recent finding that the subduction duration negatively correlates with the slab dip
angle observed at the present day (Hu & Gurnis, 2020) and is consistent with a recent regional
study (Schellart, 2020).

Regarding the formation of the Late-Cretaceous flat Izanagi slab, nearby subduction may

also have played a role. Besides the western Pacific, another major subduction zone, the Tethyan
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trench along South Asia, has been active since the early Mesozoic (Mller et al., 2016).
Although the Tethyan subducting slab was more segmented than the 1zanagi slab due to
intervening terrane accretion, a broad low-pressure mantle region above the Tethyan slab formed
prior to that above the Izanagi slab (Fig. 6a), and the pressure also became progressively more
negative over time (Fig. 6b-d). The Tethyan low-pressure zone expanded to merge with that
along East Asia by ~140 Ma and excited notable westward flow beneath East Asia throughout
the deep mantle since then (Figs. 6, S3). We suggest that this augmented hydrodynamic suction
force across the East Asian subduction system further facilitated the ultimate flattening of the

Izanagi slab during the Late Cretaceous (Fig. 6).

An examination of global subduction suggests that most of the normal slab dip scenarios
were associated with intermittent subduction or when the continuous slab length was small. For
example, in South Asia and South America, the slabs were generally short with intermittent
subduction periods, and the dip angles were large (Figs. 1, S3). For South America, the shallow
slab dip angle decreased during the Cenozoic because of the continuous subduction (Fig. S3).
These are in contrast to the lzanagi slab (at 70 Ma) and the Farallon slab (at 40 Ma) that evolved
into long, continental scale flat slabs, before which both regions had a continuous subduction
duration of 130 Myr (Figs. 1, S3). Besides previous mechanisms for the flat Farallon slab such as
oceanic plateau subduction (Liu et al., 2010) and fast overriding plate motion (Liu & Currie,
2016), this study suggests that the long subduction duration may have also contributed to the
flattening of the Farallon slab. These global slab behaviors further support our new mechanism
that long prior subduction duration is important for flat subduction to occur, with a newly

identified widespread flat slab below the Late Cretaceous East Asia (Figs. 1, 4).
3.5. Physical mechanism for the flat 1zanagi slab

To further understand the physical mechanism, we will take a closer look at the suction
torque and gravity torque whose balance determines the slab dip angle. As shown above, the slab
dip at shallow mantle depth strongly depends on subduction duration. This mechanism could be
more quantitatively explained through the evolving force and torque balance between dynamic
pressure and slab dip angle. For simplicity, we assume a stationary trench, where the slab
subducts at velocity U, with a depth-invariant dip angle 6 over a slab length L (Fig. 8a).

According to Stevenson and Turner (1977), the dynamic pressure at a given depth in the sub-slab
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region A is higher than that in the mantle wedge B, forming a pressure gradient across the slab,
whose magnitude is positively correlated with U, negatively with 8, but independent of L. This
pressure difference, when integrated along the slab length L, leads to a hydrodynamic suction
torque (per unit trench length) defined around the trench:

T, = 2nUL [(n_sine sin? 0 ]

0)+sinf = 062-sinZ 0

(6)

This torque tends to rotate the slab to reduce its dip 8. On the other hand, the gravity force due to

negative buoyancy of the slab exerts an opposite-sensed torque

T; = %bL2 cos 6, (7)
where b is the average negative buoyancy per unit slab area. The balance between Ty and Ty

determine the slab dip 6, as shown in Figure 8b.

To understand the effect of slab length L on slab dip 8, we first define a reference
scenario of torque balance: for a given value of L, there exists a value of b that satisfies Ty = T;
this corresponds to a critical slab buoyancy b, = 20nU /L and to a critical dip angle 8, ~ 63°
(Stevenson & Turner, 1977). While the suction term (Tw/2nUL) in Figure 8 only depends on 6,
the gravitational term is affected by more factors, including mantle viscosity (1), subduction rate
(U), slab length (L), slab thickness and density. For convenience, we use the ratio 1, = b/b, to
evaluate the torque balance. Assuming that mantle viscosity, subduction rate, slab thickness and
density are constants during subduction, the ratio r;, will depend only on slab length L. As L
increases, b becomes larger than b., which will result in two balancing points, one with a smaller
dip angle and the other with a larger dip angle. These two balancing points will move
progressively away from 6, as L keeps increasing, with the slab eventually becoming flat (6 =
0°) or vertical (6 = 90°).

We suggest that the latter case (6 evolves toward 90° as L increases) is unlikely for East
Asian subduction. For this scenario to occur, the initial slab dip needs to reach the critical value
of 63°. Here this initial condition should be a scenario when L is significantly larger than the slab
thickness, in order to satisfy the thin-slab assumption (Stevenson & Turner, 1977). As recent
studies demonstrate, the slab is relatively steep before its downdip end gets anchored in the high-

viscosity lower mantle (e.g., Schellart, 2017), and the depth-averaged slab dip in this case

17



488
489
490
491
492
493
494
495
496
497
498
499
500

501
502
503
504
505
506

507

508
509
510
511
512
513
514
515

516
517

usually stays significantly lower than 60° (Hu & Gurnis, 2020). For East Asia, the dip angle was
large prior to 160 Ma due to the fast trench advance (Fig. S1). However, after that the slab dip
angle slowly decreased. From 140 to 120 Ma, the average upper-mantle slab dip kept less than
45° (e.g., Fig. S3). Consequently, the subsequent torque balance as subduction continues will
evolve toward lowering instead of increasing the slab dip (Fig. 8b). It is notable that this torque
balance promotes a positive feedback between the reducing slab dip and dynamic suction (Fig.
8b), which facilitates the eventual formation of a flat slab (Figs. 6, S3). In reality, slabs are not
infinitely rigid as assumed here. Therefore, the increasing suction torque with growing L will
cause the slab to internally bend, a process that should follow the local dynamic pressure
gradient. The observed increasing pressure gradient with decreasing depth (Figs. 6, 7) means that
the shallowest slab is most susceptible to flattening (Fig. S3). This is also consistent with the
finding that the slab above 300 km depth demonstrates the strongest dependence on the

accumulating dynamic pressure over time (Fig. 7).

Consequently, the mechanism for this newly discovered Late-Cretaceous Izanagi flat slab
represents a combination of two existing hypotheses: the long-existing prior subduction
gradually builds up the hydrodynamic suction force within the mantle wedge that eventually
leads to the continental-scale flat slab beneath East Asia. Therefore, both our discovery of the
flat East Asian slab and its physical mechanism present new knowledge to the field of

geodynamics and tectonics.
4. Discussion and conclusion

In this study, we investigated the Mesozoic subduction of the western Pacific with global
data-assimilation models. A robust model result is the flattening of the I1zanagi slab during the
Late Cretaceous as long as western Pacific subduction started prior to the Cretaceous, a finding
largely independent of the chosen plate reconstruction, continental lithospheric thickness,
convergence rate and seafloor age evolution. More tests suggest that the former slabs generated
along the same and nearby subduction zones are the key reason for the formation of this flat slab.
The flat Izanagi slab during the Late Cretaceous represents a previously unrecognized subduction

scenario.

The lithospheric thinning to form the NSGL, the inversion of eastern China sedimentary

basins and the uplift of Greater Xing’an-Taihang-Xuefeng mountains may have all resulted from
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the flab subduction. These geological implications are supported by some previous studies which
revealed that flat subduction could cause orogenic uplift (Espurt et al., 2008; Liu et al., 2010) and
lithospheric thinning (Axen et al., 2018; Bird, 1988). There are also other proposed mechanisms
for the formation of the NSGL, among which the stagnant slab is a popular one (e.g., Liu et al.,
2019; Xu, 2007). Recent modeling studies show that the presently observed stagnant slab did not
form until the late Miocene, too late compared to the major tectonic events (Fig. 1). The flat
Izanagi slab provides an alternative mechanism, as summarized in Figure 9, where the flat slab,
thinned lithosphere and low present-day elevation east of the NSGL strongly correlate with each

other.

Another common surface response during flat slab subduction is abnormal arc
magmatism (Gutscher et al., 2000; Henderson et al., 1984; Liu et al., 2021). Within East Asia,
widespread intraplate volcanisms, much of which had an arc affinity, sustained since the middle
Mesozoic. These volcanisms rapidly waned during the Late Cretaceous and disappeared
throughout most of East Asia by 80 Ma (Li, 2000; Liu et al., 2021; Liu et al., 2020; Tang et al.,
2018; Zhou & Li, 2000). A definitive mechanism for this continental-scale magmatic shutdown
is still lacking. Based on the match with many other independent Late-Cretaceous tectonic
events, we suggest that our flat slab model provides an intuitive solution: During the period of
flat subduction, the replacement of the former hot mantle wedge by the cold flat oceanic slab

shut down preexisting volcanisms, forming a widespread and long-lasting magmatic lull.

Besides the balance of gravity torque and pressure torque as discussed before, there are
other factors that may effect the slab dip angle as well, including a global scale eastward mantle
flow (Doglioni, 1990) and toroidal flow around slab edges (Schellart et al., 2007; Liu &
Stegman, 2011). However, a global scale west to east mantle flow tends to increase the dip angle
of the Izanagi slab, opposite to the westward flattening of the slab that represents a robust result
in this study. Thus, we suggest such an eastward global mantle flow should not exist. The
toroidal flow, on the other hand, mainly affects the dip angel near the edges of the slab. For a
wide subduction zone like in this study, the width of the trench is enormous and the region we
focused on is far away from all the edges (Fig. 1). So, the toroidal flow should not play an

important role in the flat Izanagi subduction as well.
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For the case of East Asia, there are other relevant factors leading to the flat Izanagi slab.
First, the subduction speed of 1zanagi had been large during the late Mesozoic (Fig. S6). This
could help maintain a relatively strong pressure gradient across the slab, facilitating slab
flattening. Second, the adjacent Tethyan subduction could enhance the process of
depressurization of the East Asian mantle. This became especially relevant as both the Izanagi
and Tethyan slabs reach the deep mantle, when the strong slabs enclosed the East Asian mantle
to build up the low-pressure region above the downgoing slabs (Fig. 6). In our model, the
Tethyan and Izanagi slabs met each other to close up the mantle above them at about 100 Ma.
This is also when the Izanagi slab started to flatten. A recent study implied that the Tethyan slab
had a shallow slab dip during 85-65 Ma (Zhang et al., 2019a), a process also reproduced in our
model (Fig. 1). This time also closely correlates with the peak stage of the flat Izanagi slab

during 80-60 Ma (Fig. 4), supporting the mutual influence of the two giant subduction systems.
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Figure 1. A global view of subducting slabs at 70 Ma from Model 1. The map in the center
shows temperature at 250 km. The positions of the cross sections are marked on the map as green
arrowed lines. The arrows on the map show the left-to-right direction of the cross sections.
Along these major subduction zones, East Asia and North America had flat subduction during

the Late Cretaceous, while the Tethyan and South American slabs were not.
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Figure 2. Model results vs. tomographic image for the present mantle structure. (a, b) Model
predicted slab geometry and mantle flow at the present day along 32°N and 43°N, respectively.
(c, d) P wave anomalies from the tomography MIT-P08 (L. et al., 2008) along 32°N and 43°N,
respectively. The modeled lower-mantle slabs are mostly due to Mesozoic subduction, and are
highlighted using green contours showing two different isotherms at 100 °C and 400 °C colder
than the ambient mantle. Black triangles represent the present location of trenches. Note that the
location and geometry of modeled lower-mantle slabs are consistent with those of the seismic

image.
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Figure 3. Geological constrains for the flat Izanagi subduction during the Late Cretaceous. (a)
Topography of East Asia. The insert figure shows the evolution of Songliao Basin, Bohai Bay
Basin and Hefei Basin. The gray column bars show the stratum loss. The period of basin
inversion is marked by the magenta line. The NSGL (white dashed curve), which extends from
Northeast China to South China, cuts the east-west trending tectonic belts including the Yinsha
Yanshan Orogen, Qinling-Dabie Orogen and Jiangnan Orogen. (b) The elevation and
lithosphere-asthenosphere boundary (LAB) depth along AA’, BB’ and CC’ (based on Zhang et
al., 2014; Zhang et al., 2018; Zhang et al., 2019b), positions are marked in (a). To the eastern
side of the NSGL, the elevation is lower, and LAB is shallower. (c) Thermochronology models
for Greater Xing’an-Taihang-Xuefeng mountains (based on Clinkscales et al., 2020; Ge et al.,
2016; Pang et al., 2020; Qing et al., 2008). The shaded zones show the time periods with major

cooling events. At different locations, the time is consistent.
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Figure 4. Evolution of the Izanagi slab and mantle flow in Model 1. (a, b) Map view at the depth
of 250 km at 120 Ma and 70 Ma, respectively. The background temperature represents mantle
temperature anomaly. Arrows represent mantle flow. The gray dashed lines show the locations of
NSGL that are restored to the past following a plate reconstruction model (Muller et al., 2016).
(c-e) Cross-sectional view of the compositional field along 43°N at 120, 90 and 70 Ma,
respectively. The contours show nondimensional temperatures of 0.2 and 0.5. Black triangles in

(c-e) mark the trench locations. The gray bars show the NSGL locations.
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Figure 6. 3D view of the evolving dynamic pressure and slab geometry in Model 1. Slabs are
shown as isovolumes with a non-dimensional temperature lower than 0.45, where the color of the
slab represents depth, from 200 km to the CMB. On the spherical surface (at 100 km depth) and
the vertical cross sections, color represents dynamic pressure. White curves show coastlines and
tectonic provinces, while red curves show plate boundaries. Orange dash grid lines mark the

position of several cross-sections that cut the Izanagi slab and dynamic pressure field.
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and 9-11, respectively. The two levels of white contours within the slab mark non-dimensional

(a-e) Distribution of dynamic pressure, mantle velocities and slabs along 32°N in Models 1

34

temperature at 0.3 and 0.6, respectively. Black triangles show trench locations. (f) Horizontally

averaged slab dip for each model (M1 for Model 1) at three different depth intervals. Color-

coded squares show the mean dip angle at given depth ranges.
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Figure 8. Slab torque balance and its effect on slab dip angle. (a) A simplified subduction system
with a fixed trench, a subduction rate of U and a slab length of L. Zone A and zone B experience
positive and negative dynamic pressure, forming a pressure-gradient across the slab. (b) The
balance between the suction torque (blue) and the gravity torque (red) as slab buoyancy (via L)
changes determines the slab dip angle. The critical slab dip and buoyancy are defined as when
there is only one solution in slab dip for the torque balance.
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Figure 9. Flat slab, continental lithosphere thickness and topography. The slab geometry
(bottom) and continental lithosphere thickness (middle) at 70 Ma are plotted against the present-
day topography (top). The slab is shown as a volume at the inner part with the nondimensional
temperature lower than 0.2 (color denoting slab depth) and an isosurfae of temperature at 0.45 at
the outer part. Continental lithospheric thickness is calculated by tracing the composition of the
lower lithosphere. The NSGL is shown as the thick black line. Plate boundaries (thick black
lines), coastlines and tectonic outlines (thin white lines) were rotated following the continent
based on plate kinematics (Miller et al., 2016) for comparison between 70 Ma and the present

day.
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