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ABSTRACT

East Asia is characterized by an east-west topographic dichotomy on the two sides of the North-South Gravity
Lineament (NSGL), a feature not associated with major basement boundaries. The NSGL also marks an abrupt
change in the thickness of the continental crust and the lithospheric mantle, as well as that in the associated
residual topography. Both the mechanism and timing for the formation of this unique East Asian lithospheric
property remain unclear. We reviewed the key tectonic records of East Asia since the early Mesozoic, with a
particular focus on the plausible underlying mantle dynamics. The observation that widespread Jurassic-Early
Cretaceous crustal extension occurred on both sides of the NSGL and that Cenozoic rift basins were predomi-
nantly to the east of the NSGL suggests that the seismically observed East Asian lithospheric structure came into
being no earlier than the Cretaceous. Several flat-slab models have been proposed. We suggest that a combi-
nation of these models could explain the unique East Asian lithospheric evolution since the Middle Mesozoic.
Further ground truth using quantitative geodynamic models with data assimilation demonstrates that a flat slab
could significantly reduce the thickness of the overriding plate by dislocating and entraining the lower mantle
lithosphere. Meanwhile, an advancing flat slab causes widespread upper-lithosphere compression and disap-
pearance of the mantle wedge, implying regional-scale surface uplift (or reduced subsidence) and magmatic
quiescence, respectively. We identify two episodes of Mesozoic flat slabs below East Asia, one during the
Jurassic-Early Cretaceous and the other during the Late Cretaceous. The former affected the eastern half of North
China and Northeast China, and the latter affected the entire region east of the NSGL from Northeast China to
South China. These two flat-slab cycles largely determined the evolution of the lithosphere and topography
within East Asia since the Mesozoic.

1. Introduction

Final Triassic amalgamation of these tectonic unites results in a
complex network of sutures and fault zones throughout East Asia. The

The tectonic units in East Asia largely coalesced during the early
Mesozoic (Maruyama et al., 1989). Among these units, the major ones
include the Archean-aged Siberia Craton to the north, the Archean-
Paleoproterozoic North China Craton (NCC) in the middle, and the
Neoproterozoic Yangtze - Cathaysia Blocks on the south, while there are
also some Phanerozoic units with sedimentary covers including the
Erguna - Songnen Massifs in Northeast China, and the Bureya-Jiamusi-
Khanka Terranes along the east coast (Fig. 1).
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Qinling-Dabie-Sulu Orogen commenced during the collision between
the South China and North China blocks and finished in the Late Triassic
(Meng and Zhang, 1999). The Yanshan-Yinshan Orogen between
Northeast China and North China formed in the early-middle Mesozoic
associated with episodes of magmatism and crustal deformation. It’s
worth noting that these two main tectonic boundaries (the Yanshan-
Yinshan Orogen and Qingling-Dabie Orogen) are oriented largely in
the east-west direction, almost orthogonal to the topographic stepping
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characterizing the present-day East Asia (Fig. 2). The relatively minor
terranes (Bureya, Jiamusi and Khanka) in Northeast Asia accreted onto
Eurasia during Jurassic to Early Cretaceous (Wu et al., 2011; Zhou and
Li, 2017; Guo et al., 2015; Li et al., 2019). Most of these sutures entered
dormancy after the continental blocks merged together. During the
Jurassic-Early Cretaceous Yanshanian intraplate tectonism, commonly
referred to the widespread middle-Mesozoic tectonism throughout
Northeast China and North China, extensive strike-slip faults with pre-
dominantly sinistral transpressions were formed or reactivated (Fig. 1).
Among these, many fault zones remain tectonically active into the
Cenozoic, with the exemplary Tan-Lu Faults experiencing multiple
stages of deformation with alternating senses of motion since the
Jurassic (Ren et al., 2002).

Since the early Mesozoic, extensive intraplate tectonism has
occurred (Wu et al., 2008; Xu, 2007; Xu et al., 2009; Zhu et al., 2011,
2012; Zheng et al., 2018; Dong et al., 2018; Li et al., 2019). This is
characterized by widespread Mesozoic felsic magmatism within North-
east China and North China (Wu et al., 2007, 2011) and more localized
Cenozoic basaltic magmatism in Northeast China and along the eastern
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continental margin (Ren et al., 2002; Wu et al., 2019; Zhu and Xu,
2019). Temporally and spatially correlated with these volcanic activities
are large-scale basin formation (Fig. 1), many of which were associated
with prominent crustal extension and rifting (Ma and Wu, 1987; Ren
et al., 2002; Suo et al., 2014; Liu et al., 2017). Among these, the
Mesozoic basins (the Ordos, Sichuan, Jianghan, Erlian, Songliao, and
Sanjiang basins) were extensively distributed within East Asia. In
contrast, the Cenozoic basins are mainly restricted to the eastern part of
East Asia and largely confined to within North China and South China
(Suo et al., 2020). It is evident that these continental basins were
generally controlled by localized normal faults. Although mechanisms
for the extensive East Asian intraplate tectonism have remained
debated, most proposed models involve contemporaneous subduction
processes at the surrounding margins (Meng, 2003; Windley et al.,
2010), with the recent emphasis on the subduction history along the
western Pacific margin (Wu et al., 2019; Zhu and Xu, 2019; Li et al.,
2019; Suo et al., 2019).

The deformation sequence since the early Mesozoic should have
significantly altered the East Asian continental lithosphere and
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Fig. 1. Major tectonic features of Mesozoic-Cenozoic East Asia (after Li et al., 2019). Mesozoic craton basins include Ordos, Jianghan and Sichuan Basins formed on
stable Precambrian platforms, with little crustal extension. Mesozoic rift basins (ELB, SLB & SJB) in northeast Asia are largely underlain by Phanerozoic basement.
Cenozoic basins (BBB, NYSB, ECSB) are generally controlled by localized normal faults. Two major tectonic boundaries include the Qinling-Dabie-Sulu Orogen
between North China and South China, and the Yanshan-Yinshan Orogen between Northeast China and North China. Bureya, Jiamusi and Khanka are terranes
accreted onto Eurasia in Northeast Asia. JHB-Jianghan Basin. HLB- Helong Basin. ELB- Erlian Basin. SLB- Songliao Basin; SJB- Sanjiang Basin. BBB- Bohai Bay Basin.
NYSB- North Yellow Sea Basin. ECSB- East China Sea Basin. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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ultimately shaped its present-day surface topography (Fig. 2) (Xu, 2001;
Niu, 2005; Zhang et al., 2013). The East Asian topography is charac-
terized by a prominent east-west contrast across a N-S-trending chain of
topographic highs that consist of the Great Xing’an-Taihang-Xuefeng
Mountains. This topographic boundary is also commonly referred to as
the North-South Gravity Lineament (NSGL), across which the Bouguer
gravity anomaly (free-air gravity anomaly removed by the effect of
surface topography) demonstrates a marked increase on the east. Since
Bouguer gravity anomaly reflects subsurface mass anomaly, the NSGL
outlines the location where depth-integrated sub-surface mass increases
abruptly from the west to the east. Tectonically, this could correspond to
either a sharp step in crustal/lithospheric thickness, or a lateral change
of lithospheric/mantle density, or a combination of the two. Although
the NSGL represents an important physiographic feature for the tectonic
evolution of East Asia, both the timing and physical mechanism for the
formation of the NSGL and associated topographic stepping remain
elusive.

Here, we reviewed the current understanding on East Asian litho-
spheric structure and its relationship to past tectonic deformation. Based
on these observational constraints and a few geodynamic models
including one that we recently developed, we propose an updated view
on the evolution of the East Asian lithosphere since the Mesozoic.

2. East Asian lithospheric structure and surface topography

Topography is arguably the most direct indication of lithospheric
structure. In theory, the observed surface topography is a combined
effect of isostatic topography due to lithospheric or crustal buoyancy
and dynamic topography due to sub-lithospheric mantle convection
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Fig. 2. Present topography of East Asia with major
physiographic features. Basins with dominant Meso-
zoic sedimentation: Ordo, Sichuan, Erlian, Helong,
Songliao, and Sanjiang. Basins with dominant Ceno-
zoic sedimentation: Bohai Bay, Jianghan, Yellow Sea,
and East China Sea. The NSGL (bold gray dashed line)
is geographically overlapping with several N-S ori-
ented mountains: Great Xing’an, Taihang, and Xue-
feng, all of which experienced prominent Late-
Cretaceous exhumation (Qing et al., 2008; Li et al.,
2011; Tang et al., 2014; Ge et al., 2016; Clinkscales
et al., 2020; Pang et al., 2020). White dashed lines
represent major tectonic boundaries of the region.
(For interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)

(Braun, 2010; Flament et al., 2013; Liu, 2015; Liu, 2020). Among these,
whether the topographic contribution from the mantle lithosphere
should be considered isostatic or dynamic has remained debated. Here,
we define this component as part of the isostatic topography. In this
section, we review the lithospheric structure of East Asia using mostly
seismic constraints and their associated topographic contributions.

At the moment, our knowledge on the present-day lithosphere
thickness mostly comes from seismic observations. Over the past years,
many seismic studies, mostly using receiver function analysis, have
collectively contributed to an updated mapping of crustal and litho-
spheric thickness beneath East Asia. Fig. 3 summarizes the present-day
crustal thickness map of the study area and three representative litho-
spheric profiles showing the depths of the Moho and the lithosphere-
asthenosphere boundary (LAB).

The most prominent crustal feature in Fig. 3 is the east-west contrast
of crustal thickness that occurs almost exactly along the NSGL. Within
the study area, defined as regions east of the high-elevation Tibetan
Plateau and Tarim Basin, crustal thickness to the west of the NSGL
ranges from 37 to 50 km, with an average value of ~40 km. In contrast,
the continental crust east of the NSGL has a significantly reduced
thickness that varies from 25 to 35 km, with an average value of ~30
km. This observation is clearly independent of the basement type and
geological history, since the different tectonic blocks (Northeast China,
North China, and South China) demonstrate a similar crustal thickness
contrast across the NSGL. The strong similarity between topography
(Fig. 2) and crustal thickness (Fig. 3a) suggests a plausible causal rela-
tionship between the two.

To estimate the extent of crustal compensation (the amount of sur-
face topography due to crustal thickness and density variations), we
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Fig. 3. Lithospheric structure of East Asia. (a) Crustal thickness distribution of the study area. The crustal thickness data for mainland China are from Li et al. (2014)
and Wei et al. (2016), and those for other regions are from Crust 1.0 model (Laske et al., 2013). Black lines outline major tectonic boundaries. The bold yellow dashed
line marks the NSGL, and thin gray lines represent the Tan-Lu Fault Zone. The three red lines mark the locations of vertical lithospheric profiles shown on the right.
(b) Elevation, crustal thickness and LAB depth along three profiles through Northeast China, North China and South China, respectively. The crustal thickness data
are from the map in a, and the LAB depth estimates along profiles A-A’, B-B’ and C-C' are from Zhang et al. (2014, 2018, 2019), respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

calculated the residual topography (Fig. 4a, b), which represents the
difference between observed topography and that due to crustal isostasy
following the equation:

Nres = hops—hiso (@]

Here, hj, is estimated as

1
hiso = E ( /P(z)dz - mref) 2

where Ap is the density difference at the surface, assuming a mantle-
water interface in oceans and mantle-air interface on continents; p(2)
is the depth-dependent density distribution within each 100-km-thick
mass column; s is the total mass of the reference column. For conti-
nental regions, we used crustal density and thickness (e.g., from
CRUST1.0; Laske et al., 2013) to calculate the total mass of continental
crusts, and assumed a uniform density for the underlying mantle. For
oceanic regions, we assumed a plate cooling model (Hasterok, 2013) for
the mantle lithospheric density structure via

P(z) = py(1—aT), &)

where pq is the mantle density (3.3 g/cm®) at surface conditions. Water
depth from CRUST1.0 is also included as a top layer. To highlight the
topographic contrast across the NSGL, we chose a reference continental
mass column with a 33.6-km-thick crust that results in near-zero resid-
ual topography along the NSGL (Fig. 4a, 4b).

To capture the uncertainty of residual topography (thus, that of the
buoyancy anomaly within the mantle lithosphere), we performed two
different calculations. One is based entirely on Crust 1.0, and the other
utilizes the high-resolution crustal thickness map in Fig. 3a and the
crustal density distribution from Crust 1.0 in East Asia. The resulting
residual topography in both cases show a remarkable agreement by
demonstrating a sharp transition across the NSGL, where the eastern
side is up to 2 km higher in residual topography than the western side.
These results are also largely consistent with an earlier study (Wang
etal., 2016). The elevated residual topography on the eastern side of the
NSGL indicates that 1) the thin crust east of the NSGL would generate an
isostatic topography that is too low compared to the observed topog-
raphy, and 2) its mantle should be relatively buoyant compared to that
on the west, so as to partially compensate the topographic effect of the
crust. This buoyancy could originate from either the continental mantle
lithosphere (i.e., lithospheric isostatic contribution) or the sub-
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Fig. 4. Residual topography and dynamic topography of East Asia. (a) Residual topography using the crustal thickness and density structure from CRUST1.0. (b)
Same as (a) but with the updated crustal thickness map shown in Fig. 3a. The mean topography along the NSGL is chosen as the reference topography for both
calculations. Note the sharp contrast in residual topography across the NSGL. (¢) Dynamic topography calculated based on a global subduction model (Hu et al.,

2018a). Note the lack of sharp topographic change around the NSGL.

lithospheric convective mantle (i.e., dynamic topography).

We further estimated the dynamic topography contribution from the
convective mantle using a recently developed global subduction model
(Hu et al., 2018a). Dynamic topography represents the vertical stress
imposed at the base of the lithosphere from the underlying mantle
convection. The resulting dynamic topography within East Asia (Fig. 4c)
is overall negative (about —1.0 km), as is driven by the large volume of
subducted slabs below the region. Although there is a general trend for
reduced dynamic subsidence from west to east, the magnitude of dy-
namic topography variation (<0.5 km) across East Asia is much smaller
than that in the residual topography (up to 2 km). More importantly, a
sharp topographic gradient along the NSGL is clearly absent in the
pattern of dynamic topography. This dynamic topography pattern is also
consistent with another recent study (Cao et al., 2018). Therefore, we
conclude that the observe east-west contrast in residual topography
across the NSGL has to be mostly originated from the underlying mantle
lithosphere. If we assume the topography is due to lithospheric thermal
buoyancy, this further implies that the lithosphere on the east of the
NSGL should be thinner than that on the west.

In order to validate the above calculation, we further collected
seismological constraints on the lithosphere thickness across East Asia.
Fig. 3b presents three east-west oriented depth profiles of the conti-
nental lithosphere through Northeast China, North China and South
China, respectively. The crustal thicknesses along these profiles are also
shown based on data in Fig. 3a. The observed LAB depths across
Northeast China, North China and South China are based on three recent
studies by Zhang et al. (2014, 2018, 2019), respectively. Although these
results are from different studies, a consistent pattern of crustal and
lithospheric structure is observed along all these profiles. First, the
lithosphere is significantly thinned in the eastern part, with as much as
>50% reduction in LAB depth (e.g., North China). Second, thinning of
the lithosphere is regionally coherent in that similar amounts of material
were removed from the lower lithosphere along the same profile. Last
but not least, the largest gradient of Moho and LAB depths all occur
around the location of the NSGL that also coincides with a sharp
gradient in surface topography. These findings confirm the above im-
plications of the contrasting residual topography across the NSGL as
being controlled by the buoyancy contrast of the mantle lithosphere. A
simple model of thermal isostasy implies that the thinner lithosphere on
the eastern side implies a higher mean lithospheric temperature, which
results in a positive contribution to surface topography. However, the
observed lithospheric thickness contrast of ~100 km across the NSGL
(Fig. 3b) cannot fully explain the large residual topography difference if

only thermal buoyancy is considered, which, for ~100 km reduction in
lower lithosphere’s thickness, implies <1 km of elevation change (Liu
et al., 2019). Consequently, compositional density contrast within the
mantle lithosphere across the NSGL should also affect the topography,
consistent with our recent inference on the density of cratonic mantle
lithosphere (Hu et al., 2018b).

Throughout the rest of this paper, we attempt to review the various
past tectonic processes, and discuss the potential relationship between
the tectonic history and the present-day East Asian lithospheric struc-
ture. Finally, we present a plausible geodynamic framework that dic-
tates the evolution of the mantle lithosphere beneath East Asia since the
middle Jurassic.

3. Mesozoic intraplate tectonism in East Asia

The present-day lithospheric structure and surface topography
should reflect the cumulative effect of previous tectonic events. Here we
review the East Asian tectonism since the early Mesozoic. In order to
understand the formation of the contrasting lithospheric thickness
across the NSGL, we focus on the timing and location of intraplate
compressional and extensional deformation, as well as the associated
underlying geodynamic processes.

Early in the East Asian tectonic history were multiple stages of
orogenic deformation accompanying the assembly of major micro-
blocks (Li et al., 2018). Specifically, the assembly of the NCC with the
South China Block led to the formation of the prominent east-west ori-
ented Qinling-Dabie Orogeny (Li et al., 2017), a process that largely
completed by ~210 Ma (Yin and Nie, 1993; Meng and Zhang, 1999).
Consolidation of the Phanerozoic terranes in the Northeast China and
their amalgamation onto the NCC occurred in the late Paleozoic, fol-
lowed by Jurassic intraplate orogenic processes that formed the Yinshan
Orogen and Yanshan Orogen (Figs. 1, 2, 5). Further to the north, the
closure of the Mongol-Okhotsk Ocean prior to the middle Cretaceous
drew the Siberia craton southward toward the Northeast China, leading
to the broad Central Asian Orogenic Belt (Xiao et al., 2008). Compres-
sive structures like these should have locally thickened the crust along
the orogens, given their elevated topography lasting to the present
(Fig. 2). It is possible that these convergent events also impacted the
lithospheric structures, at least locally. However, most of these orogenic
features are oriented in the east-west direction, largely orthogonal to
that of the NSGL, dismissing these orogenic events as a causative factor
for the observed lithospheric thickness and topography contrast at the
present.
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Fig. 5. Mesozoic structural features and sedimentary basins. Mesozoic sedimentation occurred on both sides of the present-day NSGL. The spatial extent of the
Mesozoic crustal extension (basins) does not explain the formation of NSGL, because 1) predominant rifting mostly occurred in the central and northern part of East

Asia, and 2) these basins straddled instead of being on one side of the NSGL.

Widespread intracontinental extension intervened with regional
shortening commenced during the Late Jurassic and lasted till Early
Cretaceous (Li et al., 2019; Liu et al., 2017), with the most severe
extension observed within and north of the North China (Fig. 5). As a
result, a sequence of contemporary rift basins came into being. Those
with the most voluminous sedimentation include the Songliao, Erlian,
Hailar, Sanjiang, and parts of the Bohai Bay and Jianghan Basins
(Figs. 2, 5; Ren et al., 2002; Li et al., 2019). Among these basins, the
Bohai Bay and Jianghan also host significant amounts of Cenozoic
deposition, so their exact Mesozoic rifting and subsidence are less clearly
documented compared to the northerly basins. It is worth noting that the
two cratonic basins, Ordos and Sichuan, had been continuously
accepting sediments till the end of the Cretaceous, indicating their
relatively low surface elevation by then. The spatially extensive Meso-
zoic sedimentation within East Asia, especially to the west of the NSGL,
suggests a paleo-topographic pattern dramatically different from that of
the Cenozoic (Fig. 2) (Xu et al., 2009; Meng et al., 2019), during which
syn-rifting deposition preferentially occurred on the eastern side of the
NSGL (Fig. 1; Li et al., 2019). The waning of sedimentation in regions
west of the NSGL and enhanced sedimentation to the east during the
Cenozoic outlines a continental-scale topographic reversal within East
Asia, which should have occurred between the Early Cretaceous and the
Eocene. Once finished, this topographic reversal should have formed the

NSGL, meaning the sharp topographic step similar to that observed
today.

According to the traditional theory for sedimentary basin formation
(McKenzie, 1978), intra-continental basins could be attributed to
isostatic subsidence due to finite extension of the crust and the under-
lying mantle lithosphere. This prediction, however, does not entirely
conform to the seismically observed crustal and lithospheric thickness
distribution today, where significant thinning is absent below most
Mesozoic basins west of the NSGL (Fig. 3). Consequently, this may
suggest that other geodynamic processes were responsible for the for-
mation of some of or all these basins (e.g., Meng, 2003; Liu et al., 2019).
On the other hand, the consistently thinned crust and lithosphere east of
the NSGL (Fig. 3) is not everywhere correlated with preserved sedi-
mentation (Figs. 1, 5; Li et al., 2019), although it does clearly correlate
with surface topography (Fig. 2). This suggests that the observed spatial
pattern of Mesozoic basins is not a direct indication for lithospheric/
crustal thinning associated with the NSGL.

Many of the Mesozoic basins were also accompanied with intraplate
magmatism, which, for most regions, demonstrates predominant felsic
composition during the Mesozoic period that gradually evolved to
become mafic-dominant into the Cenozoic (Ren et al., 2002; Zhu et al.,
2012; Zheng et al., 2018). This transition largely followed the topo-
graphic reorganization of the region, as described above. Petrologic
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analysis of these intraplate volcanic rocks also provides important in-
formation on the temporal variation of lithospheric thickness and
composition. For example, lithospheric evolution for the NCC has been
well studied. Kimberlite thermobarometry suggests that the NCC mantle
lithosphere has thinned by >50% since the Paleozoic (Menzies et al.,
1993), during which much of the mantle lithosphere has lost its cratonic
properties (Xu, 2001). Temporal evolution of major and trace elements
of mafic magmas (Griffin et al., 1998; Wu et al., 2008) further pins down
the peak time of NCC lithospheric thinning to be ~125 Ma (Zheng et al.,
2018). Recent estimates on the melting degree of Cenozoic basaltic rocks
across the NSGL confirm the already thinned lithosphere on the eastern
side (Guo et al., 2020). In contrast to the NCC, fewer similar studies are
available for Northeast China and South China, especially regarding how
and why the crust and lithosphere thinned through time.

4. Mechanical models for Mesozoic subduction and lithospheric
deformation in East Asia

The apparent thinning of the NCC lithosphere has invoked many
different models, the majority of which are based on geologic and
petrologic data. The earlier proposed models mostly focused on local
processes, and fall into several different types. To name a few, the first
type involves crustal and/or lithospheric delamination (Gao et al., 2004;
Deng et al., 2007; Wu et al., 2008; Liu et al., 2018a; Li et al., 2019). The
second type of models concern thermo-chemical erosion of the sub-
continental lithospheric mantle (Xu, 2001, Xu et al., 2004). A third type
argues for the effect of peridotite-melt/fluid interaction which

Earth-Science Reviews 217 (2021) 103621

ultimately thinned the mantle lithosphere (Zheng et al., 2007; Zhang
et al.,, 2007; Niu, 2005). Although informative, none of these models
provide a holistic view on the evolution of the regional to continental-
scale topography (Fig. 2) and lithospheric structure (Fig. 3) across the
entire NSGL.

Recently, several models concerning the large-scale mantle dynamics
were proposed that are more straightforward for explaining the broader-
scale lithospheric evolution of the region. Again, taking the NCC as an
example, the temporal-spatial pattern and petrological characteristics of
the Jurassic-Early Cretaceous intraplate volcanism were used to support
the advancing and retreating of a regional-scale flat slab beneath the
region (red contour in Fig. 6; Zheng et al., 2018; Wu et al., 2019; Liet al.,
2019). The Wu et al. (2019) study further proposed that the flat slab was
due to a subducting oceanic plateau, similar to the formation of the
Laramide flat slab below North America (Liu et al., 2010). Since a flat
slab can significantly deform the upper plate (Coney and Reynolds,
1977; Saleeby, 2003; Liu et al., 2010), a flat NCC slab could readily
contribute to the widespread crustal shortening and extension during
the Yanshanian tectonism. During this process, modeled deformation of
the overriding mantle lithosphere ranged from being slightly displaced
(Axen et al., 2018) to entirely removed (Bird, 1988), both leading to a
reduced lithospheric thickness.

In addition, a conceptual flat-slab model was also proposed to
explain the intraplate volcanism and rift basin in Northeast China during
a similar time of middle Mesozoic (Zhang et al., 2010). Recently, Liu
et al. (2021) proposed another flat slab model whose spatial extent
covers both Northeast China and North China. In this case, the broad flat

This study
(anes (complex)

(compleX)

Fig. 6. Maximum landward extent of Mesozoic flat slabs from three different studies. The red (Zheng et al., 2018; Wu et al., 2019) and brown (Zhang et al., 2010; Liu
et al., 2021) contours outline two proposed flat slabs during Jurassic-Early Cretaceous. The cyan contour shows the slab front at 70 Ma from our new geodynamic
model. The green-blue shaded region marks palinspastically restored Mesozoic-aged accreted terranes (Khanchuk et al., 2016; Liu et al., 2017; Kabir et al., 2018; Li
et al., 2019). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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slab was proposed to result from a wide segment of buoyant continental
lithosphere as it initially subducted below and subsequently retreated
along the East Asian margin (brown contour in Fig. 6). In all the above
models, the maximum extent of the flat slabs could have reached the
present-day location of the NSGL. This suggests that Mesozoic flat slab
subduction could have contributed to the thinning of the lithosphere as
presently observed (Fig. 3). Furthermore, these models also provide a
plausible timing (Jurassic to Early Cretaceous) of the key geodynamic
processes that led to initial lithospheric thinning.

Although all the models mentioned above could have played a role in
the Mesozoic thinning and/or alteration of the mantle lithosphere, these
studies focus on the region from North China to Northeast China. In
contrast, much less is known about the mechanism for the thinned
lithosphere in eastern South China. As the poor spatial relation between
Mesozoic rift basins (Fig. 5) and present-day lithospheric thickness
suggests, the Jurassic-Early Cretaceous is unlikely to be the time for the
formation of the sharp lithospheric and topographic contrasts along the
entire NSGL (Fig. 2). Below we present another quantitative geodynamic
model where we show that the Izanagi plate had been flatly subducting
beneath most of East Asia during the Late Cretaceous, when the flat slab
occupied regions from South China to Northeast China east of the NSGL.
This younger flat slab could have largely reshaped the lithospheric
structure and established a new starting point for subsequent litho-
spheric evolution toward the present.

This new geodynamic model is based on a data assimilation tech-
nique, closely following the approach in Hu et al. (2018a). More infor-
mation about model setup can be found in the Supplementary material.
This type of models differ from the traditional generic models in that
they attempt to better represent the real Earth by considering various
natural complexities including the past subduction location and trench
geometry, the temporally and spatially varying subduction velocities, as
well as the evolving seafloor age of the subducting plates, based on
recent plate reconstructions (e.g., Miiller et al., 2016, 2019). These
model inputs enter the geodynamic model following their temporal
order through a sequential data-assimilation technique (Liu and Steg-
man, 2011; Hu et al., 2018a). Another important constraint is the
present-day mantle seismic image, which the model attempts to predict
by simulating the past history of subduction. Compared to the generic
models, the data-assimilation models could minimize many more un-
certain tectonic parameters, including the locations of subduction zones,
speeds of overriding and subducting plates, the viscosity of the slab and
the ambient mantle (Liu and Stegman, 2011; Hu et al., 2016, 2018a), as
well as the density structure and flow regime of the mantle (Hu et al.,
2017; Zhou and Liu, 2017, Zhou et al., 2018a, 2018b). The utilization of
a global-scale mantle domain also avoids artificial flow seen in regional-
scale models due to the assumed non-penetrative vertical walls along the
side boundaries. This is particularly important given the large temporal
(~200 Myr) and spatial domain (>10,000 km) of the problem investi-
gated here.

With this realistic subduction simulation, we find that a giant flat
slab formed beneath continental East Asia during the Late Cretaceous
(cyan line in Fig. 6). This flat slab extended from Northeast China to
South China with the front of the flat flab largely parallel to that of the
NSGL. The flat slab progressively migrated landward starting as early as
100 Ma, and reached its maximum inland extent by ~60 Ma, when the
slab front arrived at the location of the present-day NSGL. This model
result is also consistent with the coeval deformation in East China (Li
et al., 2019). Mechanically, this giant flat slab formed as a consequence
of prolonged westward dynamic push by the increasing pressure
gradient across the downgoing slab, due to the sustained prior subduc-
tion along the western Pacific trench (Fig. S1). This dynamic effect has
been recently proposed in some other studies (Schellart, 2017; Hu and
Gurnis, 2020).

With more tests based on several different plate reconstructions
(Seton et al., 2012; Miiller et al., 2016, 2019) whose estimated sub-
duction history in East Asia differs from each other, we find that all
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models predict a flat Izanagi slab around the same time, with the overall
orientation of the slab and the maximum inboard extent similar to each
other. This confirms the existence and robustness of a continental-wide
Izanagi flat slab. Based on our understanding on the plausible effects of a
flat slab on upper plate tectonics, we further propose that this newly
discovered Late-Cretaceous flat slab has the potential of explaining the
formation of the NSGL and associated lithospheric and topographic
evolution, especially in regions not addressed in previous models (i.e.,
South China). In comparison, our newly proposed Izanagi flat slab is
wider than all previously reported flat slabs, including the Late-
Cretaceous Laramide flat slab (Liu et al., 2008), the Jurassic-Early
Cretaceous North China flat slab (Zheng et al., 2018; Wu et al., 2019),
and one that possibly covered Northeast China as well (e.g., Zhang et al.,
2010). The Late-Cretaceous Izanagi flat slab overs a NE-SW distance of
~3000 km that precisely measures the NSGL (Fig. 6). Consequently, this
should represent the widest flat slab ever reported to date.

5. Impacts of flat slab subduction on lithospheric evolution

Flat slab subduction is arguably a most efficient way for reshaping
the geology of the overriding plate. However, the exact style and extent
of impacts remain debated. In this section, we review several tectonic
aspects of the upper plate associated with flat slab subduction.

5.1. Magmatism as a proxy for abnormal subduction

Among the many different types of tectonic consequences, the
abnormal behavior of the volcanic arc are often used to approximate
unusual slab dynamics. Among these, two types of abnormal arc char-
acteristics have been widely noticed and studied. Hereafter, we refer to
the volcanic behaviors using both the word magmatism and volcanism
interchangeably, as they were strongly correlated with each other
throughout the Mesozoic (Li et al., 2019).

The first unusual behavior is the landward (trenchward) migration of
the magmatic arc during the advancement (retreat) of the flat slab
(Fig. 7a). Since dehydration reaction of a subducting slab largely ter-
minates at 150-200 km depth (Faccenda, 2014), progressive landward
arc migration can be intuitively interpreted as a continuous reduction in
the slab dip angle. This arc behavior was well documented above several
flat slabs, including the Cretaceous Laramide slab in the western U.S.
(Coney and Reynolds, 1977; Liu, 2015), the late-Cenozoic Yakutat slab
in southern Alaska (Finzel et al., 2011), the early Mesozoic South China
flat slab (Li and Li, 2007; Dai et al., 2020), and the middle Mesozoic flat
slab covering Northeast China (Zhang et al., 2010) and North China (Wu
et al., 2019). However, landward migration of the magmatic arc is
clearly absent for the multiple ongoing South American flat slabs
(Gutscher et al., 1999; Hu and Liu, 2016).

Another important arc characteristic during flat slab subduction is
the eventual development of a prominent, syn-flat slab magmatic lull,
which represents an enduring period of near-complete shutdown of arc
volcanism within the upper plate along the trench segment where the
flat slab occurs (shaded regions in Fig. 7a, b). It is generally believed that
a flat slab shuts down the mantle wedge and loses most of its volatile as it
reaches far inland, during which flux melting above the slab will stop.
This is also reflected as a dramatic reduction or termination of magma
flux during the time of flat slab. This phenomenon has been well
documented above many flat slabs, such as the Cretaceous Laramide slab
(Henderson et al., 1984; Liu, 2015), the late-Cenozoic Yakutat slab
(Finzel et al., 2011), and the ongoing Peruvian and Chilean flat slabs in
South America (Gutscher et al., 1999; Hu and Liu, 2016). The middle
Mesozoic East Asian flat slab, however, was not associated with a
prominent magmatic lull (Fig. 8b, c), except in the northernmost
segment where a magmatic quiescence existed between 170 and 140
Ma, the proposed time period of slab advance (Zhang et al., 2010; Wu
et al., 2019).

Based on the above analysis of arc characteristics, we attempt to
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Fig. 7. Three representative arc behaviors during proposed flat slab scenarios.
The thick dashed lines represent locations of the volcanic arc, with blue for pre-
flat slab and red for syn-flat slab. The gray shaded regions outline the along-
trench location of the flat slab. The three flat-slab scenarios include (a) the
Cretaceous Laramide slab (Henderson et al., 1984) and Cenozoic Yakutat slab
(Finzel et al., 2011), (b) the present Peruvian and Chilean flat slabs (Gutscher
et al., 1999), and (c) the middle Mesozoic East Asia flat slab (Zhang et al., 2010;
Wu et al., 2019). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

categorize three type-models for flat slab subduction: 1) the North
American type, which demonstrates both arc migration and a prominent
magmatic lull during the development of a flat slab, with examples being
the Laramide and Yakutat slabs; 2) the South American type, which
demonstrates a clear magmatic lull but no arc migration, with examples
being the ongoing Peruvian and Chilean flat slabs; 3) the East Asian type,
which demonstrates clear arc migration but no prominent magmatic
lull, with an example being the middle-Mesozoic Yanshanian flat slab.
These differences likely reflect the distinction in the mechanisms and
dimensions of these flat slab, as briefly discussed in Section 4. A more
detailed discussion on the mechanisms of flat slab is beyond the scope of
this paper. Below, we attempt to further understand the volcanic records
of East Asia since the middle Mesozoic using this knowledge.

The Jurassic-Early Cretaceous East Asian intraplate volcanisms
display a clear landward migration over time (Wu et al., 2019), during
which the volcanism is the most voluminous in the latest Jurassic-
earliest Cretaceous (Fig. 8 a-c), a time when the volcanism also
reached its maximum inland distance (Liu et al., 2021). Such a temporal-
spatial volcanic behavior is largely absent in South China, an observa-
tion consistent with the notion that the Jurassic-Early Cretaceous flat
slab was restricted to the north of South China (e.g., Wu et al., 2019).
However, the absence of a prolonged magmatic lull above the East Asian
flat slab (Fig. 8), such as that observed during the Laramide flat slab
(Henderson et al., 1984) and present South American flat slabs
(Gutscher et al., 1999), is puzzling. This suggests that the proposed
middle Mesozoic East Asian flat slab likely had a different formation
mechanism from that of the Laramide slab. Consequently, this allows Liu
et al. (2021) to propose that the middle Mesozoic flat slab was due to a
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buoyant continental lithosphere, whose subducted lower crust that has a
melting point lower than that of the oceanic crust (Sarafian et al., 2017;
Ackerson et al., 2018) generated larger volumes of adakitic magmas (Xu
et al., 2008; Ma et al., 2015) during the advance of the flat slab.
Regardless of the mechanism, the NSGL-parallel intraplate magmatism
distribution (e.g., Liu et al., 2021) suggests a potential link between this
Mesozoic tectonism and the formation of the East Asian lithospheric
structure (Fig. 3).

Subsequently during the Late Cretaceous, widespread magmatism
started to wane after ~100 Ma and came to a complete stop by ~80 Ma,
a behavior uniformly observed throughout the entire region from
Northeast China to South China (Fig. 8 a-d). This volcanic behavior, if
interpreted as a continental-scale magmatic lull (Fig. 7), directly sup-
ports our newly discovered giant Late-Cretaceous flat slab (cyan contour
in Fig. 6) that also strongly correlates with the NSGL. This reasoning is
conceptually similar to the recognition of the Laramide slab in North
America (Liu, 2015), the Yakutat slab in Alaska (Finzel et al., 2011), and
the multiple flat slabs in South America (Gutscher et al., 1999).

Collectively, these volcanic records of East Asia provide a strong
indication that the present-day lithospheric structure likely inherits the
Mesozoic intraplate tectonic activities. To better understand this rela-
tionship, we need to further investigate the mechanical deformation of
the lithosphere during the Mesozoic, as discussed below.

5.2. Lithospheric evolution during flat slab subduction

Although it is generally believed that a flat slab could significantly
deform the overriding continental lithosphere, the exact style of defor-
mation remains largely unknown. For example, the pioneering work by
Bird (1988) suggests that the entire mantle lithosphere would be
scrapped off by the advancing slab front, leaving behind an over-
thickened crust. On the other hand, a recent model proposed that only a
very small volume of the lowermost lithosphere would be displaced
landward (Axen et al., 2018). These different model behaviors likely
reside in the assume mechanical properties of the continental litho-
sphere: a weak lithosphere is easily deformed and vice versa. However,
lithospheric strength consistent with geological and geophysical obser-
vations suggests a complex lateral and depth distribution of effective
viscosity (Liu and Hasterok, 2016). Consequently, this topic still requires
much future investigation.

Here we use the classic Laramide Orogeny as a reference to under-
stand East Asian lithospheric deformation during flat slab subduction.
The Laramide Orogeny is characterized by local-scale crustal shortening
and rock uplift, two typical tectonic behaviors that are commonly
observed in multiple other flat-slab regions as well. It is, however, un-
clear how the mantle lithosphere responded during the Laramide flat
slab, thus permitting contrasting scenarios to exist in numerical simu-
lations (Bird, 1988 vs. Axen et al., 2018). Here, we will first focus on the
crustal and surface expressions, and then discuss the possible behavior
of mantle lithospheric deformation during the development of a large-
scale flat slab.

5.2.1. Crustal deformation and basin evolution

Fig. 9 summarizes the tectonic responses of major East Asian rift
basins since the earliest Cretaceous. There are multiple synchronous
tectonic signals across all these basins, especially during the Mesozoic
period, reflecting synchronous region-wide crustal deformation. Several
regional-scale sedimentary hiatuses (e.g., 135 Ma, 110 Ma & 65 Ma)
separate major depositional periods, which could imply widespread
surface uplifts. Consistent basin subsidence and deposition occurred
during the Early Cretaceous, with most basins experiencing active
crustal rifting while Hefei Basin subsided mostly due to flexural loading.
Subsequent to this period of crustal rifting, starting around 110 Ma and
throughout the Late Cretaceous, most basins experienced reduced
deposition. Among this, an enduring period of basin inversion and/or
surface uplift throughout East Asia (Suo et al., 2020) commenced as
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Fig. 8. Temporal evolution of East Asian intraplate volcanism (from Wu et al., 2007; Niu et al., 2015; Kim et al., 2015; Yokoyama et al., 2016; Zhai et al., 2016). (a-d)
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early as 100 Ma in North China (the Bohai Bay, Laiyang and Hefei ba-
sins) and slightly later (90 Ma) in Northeast China. This phase of
apparent uplift, as a consistent behavior across most basins, lasted till
the end of the Cretaceous (Fig. 9).

The earliest sedimentary hiatuses including some prior to 135 Ma
(not shown in Fig. 9) were attributed to the advancement of the Jurassic-
Early Cretaceous flat slab, while the subsequent rifting (135-110 Ma) to
the retreat of the slab (Zhang et al., 2010; Wu et al., 2019; Li et al., 2019;
Suo et al., 2020; Liu et al., 2021). In contrast, the Late Cretaceous
(90-65 Ma) basin inversion and uplift have remained largely unex-
plained (Suo et al., 2020). Liu et al. (2017) proposed that this basin
inversion in the Songliao basin could be due to temporary trench
advance along the western Pacific margin. We notice that recent plate
reconstructions suggest different movement histories of the western
Pacific trench during 100-60 Ma (Cao et al., 2018), with net trench
advance suggested in Seton et al. (2012) and Torsvik et al. (2019), and
net trench retreat in Miiller et al. (2016, 2019). Acceptance of the un-
certain trench motion history of the western Pacific during this period
suggests that a different mechanism is needed to explain the Late
Cretaceous basin inversion throughout most of East Asia (Suo et al.,
2020).

Based on the new Izanagi flat slab model (cyan contour in Fig. 6), we
suggest that the enigmatic Late Cretaceous basin inversion could reflect
the Laramide-style horizontal lithosphere compression due to the flat
Izanagi slab underplating the entire East Asia, similar to that observed
within the Cretaceous western U.S. (DeCelles, 2004; Liu et al., 2010). To
verify this proposition, we further calculated the stress state of the
lithosphere during the peak time of the flat slab.

In practice, we utilize the density and viscosity structure from the
same flat-slab model (cyan contour in Figs. 6) as the driving force for the
stress calculation. The resulting crustal stress orientation and magnitude
during the Late Cretaceous (100 and 70 Ma) are shown in Fig. 10. First of
all, the large-scale stress orientation strongly correlated with the nearby
subduction: western Pacific subduction is associated with overall E-W
inland compression, and Tethyan subduction with N-S compression; this
large-scale stress pattern started to emerge at ~100 Ma (Fig. 10a), and
the magnitude of compressive stress in East Asia first increased till ~80
Ma and then decreased till the earliest Cenozoic (~60 Ma) when the flat
slab started to be removed. This intuitive stress configuration provides a
natural validation for the model result.

At 70 Ma, the most prominent crustal stress feature is associated with
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the flat Izanagi slab that almost reached its maximum inland position
(Fig. 6). At this time, the entire East Asia was under horizontal
compression oriented in the NE-SW direction due to the formation of the
continental-scale flat Izanagi slab, where the deviation of stress orien-
tation from the E-W direction likely reflects the interaction of the Pacific
and Tethyan subduction systems. Particularly, the maximum horizontal
compression occurs along a relatively narrow belt along the NSGL that
covers all major sedimentary basins of East Asia. The maximum crustal
compression zone sits right above the front portion of the flat slab
(compare Fig. 10b and Fig. 6). The maximum stress zone also reflects the
thickened mantle lithosphere west of the flat slab (Fig. 11) that con-
centrates horizontal compression induced by the downgoing slab.
Therefore, this model prediction provides a direct support to the above
hypothesis that the underlying flat slab led to the region-wide basin
inversion and surface uplift during the Late Cretaceous, reminiscent of
that occurred during the Cretaceous Laramide flat subduction within the
western U.S. Furthermore, the role of the thickened (thinned) litho-
sphere in front of (above) the flat slab (Figs. 11, 12) in generating the
stress pattern also supports the conclusion that the flat slab significantly
changed the lithospheric thickness, as detailed below.

5.2.2. Deformation of the mantle lithosphere

As discussed earlier, numerical modeling may predict drastically
different behaviors of lithospheric deformation during flat slab sub-
duction, depending on the assumed rheology and density structure of
the mantle lithosphere. Neither the modeled complete removal of the
mantle lithosphere (Bird, 1988) nor the minor deformation of the
lowermost lithosphere (Axen et al.,, 2018) is consistent with the
observed significant thinning of the East Asian mantle lithosphere
(Fig. 3b). We suggest that additional, independent observational con-
straints are necessary for resolving the evolution history of the consis-
tently thinned East Asian lithosphere to the east of the NSGL.

Seismic observations are among the best constraints for validating
numerical models regarding lithospheric evolution. All presently
imaged East Asian lithospheric profiles (Fig. 3b) suggest decreased
thickness on the east of the NSGL. However, the amount of thinning is
neither as significant as that proposed in Bird (1988) nor as little as that
in Axen et al. (2018). Instead, the observed lithospheric thickness east of
NSGL is around half (at 70-120 km depth) of that to the west (~200 km
depth), which is close to the thickness of the original, intact cratonic
lithosphere (Lee et al., 2011). Recent seismic studies further suggest that
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Fig. 10. Crustal von Mises stress at 100 Ma and 70 Ma based on the global data-assimilation model (this study). The map is shown for 38 km depth. The arrow head
marks the direction of local compressional stress, and the background colour represents the value of the von Mises stress, a scalar measurement of the magnitude of
the isotropic and differential stress combined. It can be seen that the East Asian flat slab caused the NE-SW horizontal compression, which evolves to be strike-slip
further west and to N-S compression when approaching the Tethyan subduction zone on the south.
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around 70-120 km depth there exists a low-seismic velocity zone below
most cratonic lithosphere that is now commonly referred to as the
middle lithospheric discontinuity (MLD) (Fischer et al., 2010; Yuan and
Beghein, 2013).

High-resolution regional seismic surveys further reveal that the LAB
depth beneath tectonically active regions, like that east of NSGL in East
Asia (Chen et al., 2014), east of the Tasman Line in Australia (Ford et al.,
2010), west of the U.S. Rockies (Levander and Miller, 2012) and west of
the Trans-European Suture Zone in Europe (Knapmeyer-Endrun et al.,
2017), appears at a depth very similar to that of the MLD below intact
cratonic lithosphere (Fischer et al., 2010). This observation suggests that
deformation of continental mantle lithosphere, especially that of cra-
tons, likely resulted in whole-sale removal of the entire lower (from the
MLD to the LAB) mantle lithosphere (e.g., Chen et al., 2014). Recent
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geodynamic models further suggest that such a process could be ach-
ieved through either plume-lithosphere interaction (Hu et al., 2018b) or
spontaneous lithosphere delamination (Liu et al., 2018a).

Here, we propose that continental-scale lithospheric thinning and
removal could also result from flat-slab subduction. Reflecting on other
proposed mechanisms, the consistently thinned mantle lithosphere east
of the NSGL is highly unlikely due to an impinging mantle plume from
below, not only because of the lack of evidence for plume activities in
most of the region, but also indicated by the sharp lithospheric step
along the NSGL that could not be formed by plumes. While spontaneous
lithosphere delamination has been proposed for the thinning of the
eastern NCC (Liu et al., 2018a, 2018b), the associated surface volcanism
and uplift were not observed in regions beyond North China. In com-
parison, the new flat slab model we recovered (cyan contour in Fig. 6)



L. Liu et al.

120°

Ambiebnt mantle
Oceanic crust

Upper cont. crust
Lower cont. crust
Upper SCLM
Middle SCLM
Lower SCLM

4801

640

(b)

Depth (km)

Earth-Science Reviews 217 (2021) 103621

130°

125°

120°

Depth (km)
w
N
T

480+

110°

115°

640 :

Fig. 12. Modeled lithosphere structure at 60 Ma, the end of the Late-Cretaceous flat slab. The three cross sections correspond to those in Fig. 3b, respectively. Note
the removal of the lower sub-continental lithospheric mantle (SCLM) above the flat slab. The resulting lithospheric thinning is similar to that observed today in North
China and South China. But the Northeast China lithosphere was not significantly thinned by the flat slab, requiring the role of earlier thinning mechanisms as those

discussed in the main text.

present another mechanism that could have led to continental-wide
lower lithosphere removal along the advancing flat slab toward the
NSGL. However, we emphasize that the flat slab model does not exclude
the role of other accompanying mechanisms such as delamination prior
to (e.g., Li et al., 2019) or after the flat slab (e.g., Zhang et al., 2010).
To better demonstrate the feasibility of this new mechanism, we
quantitatively simulated the response of the continental lithosphere as
the flat slab progressed landward. In this model, we adopted a
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lithospheric density structure implied from our recent work in the
evolution of the Gondwana lithosphere (Hu et al., 2018b), such that
density of the mantle lithosphere increases with depth with the total
buoyancy satisfying the observed surface topography. To demonstrate
the dynamic effect of the flat slab, we assumed an initially uniform
thickness (160 km) of a compositionally distinct continental lithosphere
(compared to that of the ambient mantle), with the initial thickness
consistent with mantle xenolith constraints for cratonic lithosphere (e.
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g., Lee et al., 2011). It is possible that the thermal lithosphere could be
thicker than the compositional one (e.g., Yuan and Romanowicz, 2010),
a topic beyond the scope of this paper. We did not incorporate the likely
already-thinned lithosphere prior to 120 Ma in eastern North China in
the model. Therefore, our geodynamic model should reflect the mini-
mum amount of lithospheric thinning for the NCC region, especially in
comparison with the thinning of other regions of East Asia that are
thought to have not experienced as significant Early-Cretaceous
destruction.

Fig. 11 illustrates the evolution of the thickness for the compositional
lithosphere from 120 Ma to 60 Ma, a period that covers the entire history
of the flat slab subduction. As the flat slab translated from the trench
toward the present-day location of the NSGL, the lower mantle litho-
sphere above it was bulldozed by the slab to the west, forming a locally
thickened lithospheric keel in front of the slab. Much of the displaced
lower lithosphere material was further entrained by the slab into the
deep mantle, eventually leading to a significantly thinned lithosphere on
the east of the NSGL by 60 Ma (Figs. 11, 12), when the flat slab started to
delaminate from the base of the overriding plate. Most of the region to
the east of the NSGL was thinned to 70-120 km thick, slightly more than
half of the initial thickness. We did not simulate the subsequent Ceno-
zoic evolution of the lithosphere, given that other proposed fine-scale
Cenozoic processes including lithosphere extension (e.g., Ren et al.,
2002) and small-scale convection (Guo et al., 2016) require higher nu-
merical resolution and different model settings than what is presented
here. Nevertheless, it is anticipated that these processes could further
decrease the lithosphere thickness east of the NSGL, resulting in a
present-day thickness similar to that observed (Fig. 3b).

From the map view (Fig. 6), it is clear that the geometry of the
continental-scale flat slab demonstrates some local variations, with two
small segments where the slab did not reach as far inland as the NSGL.
One such segment is in Northeast China and the other one is between the
North China and South China. Correspondingly, the resulting litho-
spheric thinning bears the same spatial variations. We emphasize that
these local features are not well resolved in the geodynamic model, due
to uncertainties in plate geometry and velocity during the Mesozoic
(Seton et al., 2012; Miiller et al., 2016). More details of the flat slab
geometry will be presented in another publication (Peng and Liu, 2021).

For a more direct comparison with the observed lithospheric struc-
ture today, we further examine model results (Fig. 12) along the three
representative seismic cross sections in Northeast China, North China
and South China, respectively (Fig. 3b). The resulting lithospheric
thickness along all three cross sections by 60 Ma show clear thinning by
the underlying flat slab. According to our model, the lower lithosphere
was first shoveled landward by the slab and then entrained deeper into
the mantle following the trajectory of the sinking slab (Fig. 12). The
most prominent lithospheric thinning occurred below eastern North
China, where the entire lower mantle lithosphere is removed by the slab,
while the upper lithosphere remains largely undeformed (Fig. 12b).
Similarly, the lower lithosphere below eastern South China was also
removed, but the upper mantle lithosphere was significantly shortened
so as to maintain a relatively larger thickness relative to that in eastern
North China.

In contrast, the Northeast China lithosphere was thinned only along
the easternmost portion, as the flat slab did not reach the NSGL location
by then. In addition, a large portion of the Northeast China lithosphere
(including the crust) was actually thickened (Fig. 12a), due to strong
east-west compression (Fig. 10) above the flat slab. Compared with the
seismic images (Fig. 3b), we see a strong correlation between the
modeled and observed lithosphere structure in that Northeast China
maintains the thickest lithosphere and North China has the thinnest
lithosphere to the east of the NSGL. This strong correlation implies that
the Late Cretaceous period likely set the stage for subsequent litho-
spheric evolution.

By comparing the modeled lithosphere thickness at 60 Ma with that
observed at the present, we implicitly assume that subsequent Cenozoic
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evolution has affected the East Asian lithosphere such that the north-
south contrasts of lithospheric thickness remained till now. Indeed,
Cenozoic subduction of the Pacific plate should have led to mostly east-
west variations of upper plate deformation, a statement that is further
supported by the observed Cenozoic tectonic history of eastern China
(Ma and Wu, 1987; Ren et al., 2002; Suo et al., 2014; Liu et al., 2017; Liu
et al., 2020a). In addition, the modeled lithosphere deformation during
the Late-Cretaceous flat subduction does not cause apparent crustal
thinning, but instead mostly shortening (Fig. 12). This is inconsistent
with the present-day crust east of the NSGL that is clearly thinned. A
plausible explanation is that lithospheric (including crustal) extension to
the east of the NSGL occurred during the subsequent Cenozoic period, in
response to the retreat of the Pacific slab after the removal of the
Mesozoic flat slab (Liu et al., 2020a, 2020b).

5.2.3. New insights in lithosphere evolution of East Asia since the Late
Cretaceous

With the new geodynamic model presented here (Fig. 6), it is
necessary to revisit some other abnormal tectonic behaviors of the re-
gion. As discussed above, a continental-scale flat slab could readily
explain the synchronous shut-off of intraplate volcanism within East
Asia at around 80 Ma (Fig. 8) (Niu et al., 2015), as the arrival of the cold
slab would have closed the previously hot mantle wedge. Both the
spatial and temporal ranges of the magmatic quiescence correlate
strongly with the development of the flat slab underneath East Asia.
Furthermore, the reappearance of intraplate volcanism within much of
East Asia with a predominantly mafic composition during the Cenozoic
(Ren et al., 2002; Zheng et al., 2018) supports the much-thinned mantle
lithosphere whose overall configuration was largely established by the
latest Cretaceous (Fig. 11).

In addition to the contrasting Cenozoic volcanic rocks from their
Mesozoic counterparts, East Asia also experienced a different history of
crustal deformation and basin evolution after the Cretaceous. As seen in
Fig. 1, Cenozoic sedimentation only occurred to the east of the NSGL and
is predominantly restricted to the south of Northeast China. According
to our new model, these regions of Cenozoic deposition correspond to
where most significant lithospheric thinning resulted from the Late-
Cretaceous flat slab (Fig. 11d). Therefore, we propose that the flat-
slab-thinned lithosphere set the stage for subsequent Cenozoic litho-
sphere extension, with the thinnest lithosphere prone to experience the
maximum amount of extension. The notion that the eastern half of the
NCC had likely thinned significantly prior to the Late Cretaceous helps to
further explain why the Bohai Bay basin hosts the greatest volume of
Cenozoic sediments and why its underlying mantle lithosphere is the
thinnest within East Asia.

Aspects of the temporal evolution of East Asian topography since the
Mesozoic has remained elusive, especially the establishment of the
present-day topography marked by the NSGL. Low-temperature ther-
mochronology provides a unique way to infer the timing of past exhu-
mation events. A number of studies along the NSGL collected
information about rock exhumation (Fig. 13). According to these
studies, the Great Xing’an Mountain along the northern part of the NSGL
experienced rapid cooling from 100 to 60 Ma (Pang et al., 2020), the
Taihang Mountain along the middle part of the NSGL also exhumed
around 100-60 Ma (Qing et al., 2008; Clinkscales et al., 2020), and the
Xuefeng Mountain along the southern part of the NSGL displayed fast
cooling over a broader range of time from 120 to 70 Ma (Ge et al., 2016).
Given that all these locations fall upon the NSGL that further correlates
with the front edge of our newly discovered Late-Cretaceous flat slab, we
propose that these cooling events represents the synchronous response
of the East Asian crust to the same underlying flat slab subduction. The
exact timing of these events may also reflect their different degree of
readiness of topographic response due to local tectonic conditions.
However, their significant overlap in time (100-70 Ma) strongly argues
that they were responding to a similar tectonic forcing (e.g., Fig. 10),
caused by the continental-scale flat Izanagi slab beneath the region.
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Fig. 13. Identified Late-Cretaceous crustal cooling events along the NSGL (based on Qing et al., 2008; Ge et al., 2016; Clinkscales et al., 2020; Pang et al., 2020). (a)
The spatial distribution of apatite/zircon samples. The blue, green and red squares represent samples from Greater Xing’an, Taihang and Xuefeng mountains,
respectively. (b-d) Best fit paths of inferred thermal history modeling results for the Greater Xing’an Mountain (based on Pang et al., 2020), Taihang Mountain (based
on Clinkscales et al., 2020) and Xuefeng Mountain (based on Ge et al., 2016). (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

It is interesting to notice that the timing of exhumation in the Great
Xing’an and Taihang Mountains also correlated with the nearby basin
inversions (i.e., Songliao and Bohai Bay basins in Fig. 9). This obser-
vation could further support that flat subduction did occur in these re-
gions during the Late Cretaceous. We note a puzzling fact that the
proposed Jurassic-Early Cretaceous flat slab events (Zhang et al., 2010;
Zheng et al., 2018; Wu et al., 2019; Liu et al., 2021) were not registered
in the thermochronological records (Fig. 13). This could be explained as:
1) it is possible that these earlier flat slabs did not reach as far inland as
the location of the NSGL, as the Late-Cretaceous flat slab (this study) did,
2) the widespread pre-Late Cretaceous intraplate volcanic processes
reset the thermochronological clock of the U/Th-He isotope system as
the crust got reheated to above the closure temperatures of apatite or
zircon. In contrast, the Late Cretaceous cooling events show up most
prominently in the thermal history (Fig. 13). These highly synchronized
events outline a continental-scale process that marks the onset of
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subsequent, coherent lithospheric evolution toward the present NSGL
and associated E-W topographic contrasts.

By presenting an updated view on western Pacific subduction, we
also point out a potential next step for deciphering the associated
topographic history. The existence of multiple flat slabs from the
Jurassic to the Late Cretaceous below East Asia (Fig. 6; Zhang et al.,
2010; Zheng et al.,, 2018; Wu et al., 2019; this study) should have
affected the regional topography. However, the differences between
East Asian tectonism from that of the Cretaceous western U.S. suggest
that their respective topographic histories may have not been identical.
Therefore, future geodynamic models incorporating these different
scenarios of flat subduction, either separately or in combination, should
generate useful insights on this problem, with a particularly interesting
pursue being the effect of the Late-Cretaceous flat slab on Cenozoic
lithospheric and topographic evolution.
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6. A geodynamic framework for East Asian lithospheric
evolution since the early Mesozoic

The complex tectonic history of East Asia since the early Mesozoic
has fostered many insightful models regarding the evolution of different
parts of the region. Here, we focus on understanding the physical
mechanisms that ultimately led to the unique present-day topography
and lithosphere structure across the NSGL within East Asia. By
combining the present-day seismic images of lithosphere structure and
the Mesozoic tectonic history through global-scale subduction models,
we propose an updated geodynamic framework for the evolution of East
Asian lithosphere and topography since the early Mesozoic. The con-
ceptual understanding presented below represents a synthesis of both
previous studies and our recent work.

We propose that the east-west contrasting topography and litho-
spheric structure of East Asia reflect the consequence of two episodes of
Mesozoic flat subduction, followed by continental-scale Cenozoic
extension of previously weakened and thinned lithosphere on the east of
the NSGL (Fig. 14). The first Mesozoic flat slab formed in the Late

(a) Northeast China

(b) North China
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Jurassic and disappeared by the end of the Early Cretaceous, where the
slab segment occupied either mostly eastern North China (Zheng et al.,
2018; Wu et al., 2019) or Northeast China as well (Zhang et al., 2010).
The second flat slab formed in the Late Cretaceous and disappeared
during the latest Cretaceous to earliest Cenozoic (this study).

These two episodes of flat-slab subduction could have significantly
influenced the lithosphere thickness evolution of East Asia. Unlike the
crust whose volume may be largely conserved over time, the mantle
lithosphere could more readily interact with the underlying dynamic
processes, with the exact style of deformation depending on the assumed
density and rheology (Axen et al., 2018; Dai et al., 2020). According to
multiple recent studies, the continental mantle lithosphere may lose
mass to the deep mantle more easily than previously thought (Liu et al.,
2018a; Delucia et al., 2018; Hu et al., 2018b). This means that the net
effect of modern flat subduction could be permanently reducing the
thickness of the lithosphere. On the other hand, the seismically observed
present-day lithosphere thickness should represent a combined result of
tectonic thinning and subsequent thermal regrowth, with a longer
restoration time corresponding to a greater lithosphere thickness.

(c) South China
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Crustal thickness, however, could not be thermally changed.

As a summary, we propose the following updated view on the evo-
lution of the mantle lithosphere beneath East Asia since the early
Mesozoic, using constraints from both the past tectonics and present-day
seismic images. This is demonstrated from north to south in Fig. 14.

The mantle lithosphere of eastern Northeast China was most signif-
icantly thinned during the Jurassic-Early Cretaceous flat subduction
(Fig. 14a; Zhang et al., 2010). We note that the actual thinning process
could either be direct mechanical removal by the slab (Fig. 12) or have
been further facilitated by other mechanisms during slab retreat
(Fig. 14a) including delamination (Zhang et al., 2010; Liu et al., 2018a),
thermo-chemical erosion (Xu, 2001), mantle refertilization and re-
hydration (Niu, 2005; Zheng et al., 2007; Zhang et al., 2013). The
subsequent Late-Cretaceous flat slab did not reach as far inland as the
NSGL around the latitude range of the Songliao basin (Figs. 6, 14a).
Instead of thinning, the second flat slab caused mostly compression
within the Northeast China lithosphere during the Late Cretaceous, as
seen from the observed basin inversion (Fig. 9), modeled crustal stress
(Fig. 10), the locally thickened mantle lithosphere east of the Songliao
Basin (Figs. 11, 12), as well as the rapid exhumation of the Great Xing’an
Mountain on the west (Fig. 13b). The stabilized lithosphere of the
Northeast China by then implies that this part of the NSGL came into
being around the Late Cretaceous (Fig. 14a). In addition, the Northeast
China lithosphere experienced the longest period of thermal restoration
since the middle Cretaceous. Consequently, the present-day lithosphere
east of the NSGL within Northeast China has a greater thickness than
that further south (Fig. 14b, c).

The lithosphere of eastern North China likely experienced two epi-
sodes of flat slab subduction and associated lithospheric thinning
(Fig. 14b). The first occurred during the underplating and retreat of the
Jurassic-Early Cretaceous flat slab, followed by a brief period (110-90
Ma, Fig. 9) of thermal relaxation (Xu, 2001; Wu et al., 2008). We reit-
erate the role of additional dynamic processes (e.g., delamination,
thermal erosion, and refertilization) that could have co-operated in
reducing lithosphere thickness during this period. Shortly after, the
continental-scale Izanagi flat slab formed in the Late Cretaceous.
Landward advance of the flat slab thinned the lower lithosphere through
entrainment but compressed the shallow lithosphere (Fig. 12), which
caused the regional-scale basin inversion and also shut down intraplate
volcanism of the entire East Asia (Fig. 8). The succeeding slab retreat
caused widespread extension during the early-middle Cenozoic, further
thinning the crust and the mantle lithosphere (Liu et al., 2017; Zhu et al.,
2018; Zheng and Dai, 2018; Zhu and Xu, 2019). The early Cenozoic also
set the stage of the NSGL within North China (Fig. 14b). The East Asian
lithosphere entered the post-rift thermal relaxation as late as 23 Ma
(Fig. 9). As a result, eastern North China has the smallest lithospheric
thickness at the present day (Fig. 3b).

Eastern South China represents an intermediate scenario for litho-
spheric deformation and thinning. Similar to the Northeast China, this
part of the East Asian lithosphere experienced one major event of flat
slab during the Late Cretaceous (Fig. 14c). During other times, such as
the middle Mesozoic, the slab dip angle may have been temporally
reduced but not flattened, resulting in local instead of regional litho-
spheric deformation (Chu et al., 2019). So, the amount of lithospheric
thinning due to former shallow subduction could be similar to that in
Northeast China. However, the flat slab in in South China occurred
during the Late Cretaceous, later than the one that most significantly
affected the Northeast China (Fig. 14a). Consequently, South China had
less time to thermally regrow, leading to a thinner present-day litho-
sphere than that below eastern Northeast China. On the other hand, the
total amount of lithospheric thinning in eastern South China is likely less
than that in North China, which experienced two successive stages of flat
subduction. Accordingly, the lithospheric thickness of eastern South
China is between that of the North China and Northeast China, same as
what is observed at the present (Fig. 3b).
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