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ABSTRACT

The widespread Middle Jurassic to Early Cretaceous (J2-K1) intraplate tectonism of East Asia has recently been
proposed to reflect the flat subduction of the Izanagi plate, whose mechanism, however, remains poorly con-
strained. Here, we compare these geological records with those within the western United States (U.S.) during
the Laramide flat subduction. Two prominent differences are identified during slab advance: 1) western U.S.
witnessed continental-scale subsidence and marine inundation, while East Asia experienced mostly basin
inversion implying uplift; 2) the landward migrating magmatism in western U.S. quickly evolved into a regional
magmatic lull that lasted for >40 Myr, but the East Asian magmatism was largely continuous in space and time.
Assisted with numerical models, we show that a flat slab could indeed reproduce the observed East Asian crustal
deformation and topographic history during the advance and retreat of the slab. We further find that 1) this slab
should be more buoyant than the Laramide slab so that the former oceanic slab could break off which led to
surface uplift instead of subsidence, and 2) the crust of the flat slab melted more easily than an oceanic one. The
observation that the J2-K1 tectonism was largely contemporary with the assembly (ca. 180-137 Ma) of exotic
terranes along the east coast implies that the flat sab underplating North China and Northeast China likely
represented subduction of the buoyant continental lithosphere associated with these terranes. The terrane slab
could have carried and flattened portions of the nearby oceanic slab with it, forming a giant composite flat slab
that defined the J2-K1 intraplate tectonism within East Asia.

1. Introduction

The Middle Jurassic to Early Cretaceous tectonism of East Asia is
characterized by extensive magmatism and crustal deformation across
>1000 km wide inland areas (Fig. 1), intervened by two regional un-
conformities preserved in North China at ca. 165 and 140 Ma, respec-
tively (Fig. 2) (Wong, 1927, 1929;Davis et al., 1998;Meng, 2017;Davis
and Darby, 2010;Huang, 2015;Dong et al., 2018;Wu et al., 2019). Key
tectonic processes include 1) moderate crustal shortening (Meng, 2017;
Davis et al., 1998;Davis and Darby, 2010;Wu et al., 2019;Zhu and Xu,
2019) and inboard migration of predominant adakitic magmatism due
to deep crustal melting (ca. 165-140 Ma) (Gao et al., 2004;Xu et al.,
2008;Ma et al., 2012, 2015), and 2) severe crustal extension (Davis and
Darby, 2010;Li et al., 2019;Wu et al., 2019;Zhu and Xu, 2019) and
oceanward migration of magmatism with an increasing asthenospheric
signature (140-110 Ma) (Xu, 2001,Xu et al., 2009;Zheng et al., 2018).
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After the Late-Jurassic (J2) regional unconformity (ca. 165 Ma) (Fig. 2),
localized basins within East Asia started to receive terrestrial sediments,
~20 Myr earlier than those further east (Figs. 1b, 2) (Liu et al., 2017;
Meng, 2017;Wu et al.,, 2019;Zhu and Xu, 2019;Li et al., 2019). In
contrast, following the subsequent Early Cretaceous (K1) unconformity
(ca. 140 Ma), widespread extensional basins (Songliao, Huabei-Bohai
Bay & South Yellow Sea) developed almost synchronously, bounded
by many left-lateral strike-slip faults (Liu et al., 2017;Li et al., 2019;Wu
et al., 2019;Zhu and Xu, 2019) (Figs. 1a & 2). This history of intraplate
activities is conventionally called the Yanshanian Orogeny, initially
named in the Yanshan region of North China (Wong, 1927, 1929), but
then widely referred to as a specific geological period (ca. 180-110 Ma)
when active tectonism occurred across a much larger area of East Asia
(Figs. 1-3) (Wong, 1927, 1929;Zhou and Li, 2000;Wu et al., 2011;Davis
and Darby, 2010;Dong et al., 2018;Wu et al., 2019).

By the end of Early Jurassic (ca. 200-180 Ma), collisional orogenesis
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surrounding the North China block came to an end (Yin and Nie, 1993;
Li, 1994;Gao et al., 1995;Meng and Zhang, 1999;Xiao et al., 2003;Li
et al., 2014). Since then, the Izanagi Plate started to subduct along the
east coast (Wu et al., 2011; Wu et al., 2019;Zhu and Xu, 2019). Shortly
after, during the period of ca. 180-137 Ma, an enormous volume of
continental terranes accreted onto East Asia (Khanchuk et al., 2016;Liu
et al., 2017;Zhou and Li, 2017;Li et al., 2019;Zhu and Xu, 2019;Wu
et al., 2011;Wu et al., 2019) (Fig. 1a). Although spatially distributed
today, their consistent age and rock types suggest that these terranes
could have been a coherent lithospheric block during the Mesozoic
(Isozaki et al., 2010;Kabir et al., 2018;Khanchuk et al., 2016;Liu et al.,
2017;Li et al., 2019;Matsukawa et al., 2005;Zhou and Li, 2017;Wu et al.,
2011). This history of terrane accretion overlapped with the early part of
the Yanshanian tectonism (ca. 165-110 Ma). A causal relationship be-
tween the two has not been previously identified, but it is a salient point
we attempt to make by presenting this review.

The two stages of the Yanshanian tectonism were coeval with a
succession of landward and oceanward magmatic migration, respec-
tively, where the most prominent inland migration (up to 1500 km from
the present-day trench location) occurred between 45°N -35°N, reaching
as far as ~114°E (Fig. 3). However, on the south between 35°N and
25°N, only the trench-ward magmatic migration can be identified
(Fig. 3d). Beyond the above region (north of 45°N and south of 25°N),
the magmatic arc was rather stationary, without obvious trench-
perpendicular migration (Fig. 3b and e). Among these massive erup-
tions of dominantly felsic magmatism (ca. 180-110 Ma), the most
migratory ones were adakitic granitoids commonly interpreted as due to
deep melting of ancient continental crust (Gao et al., 2004;Xu et al.,
2008;Ma et al., 2012, 2015;Zhang et al., 2010a).

Many mechanical models have been proposed to explain the J2-K1
tectonism, with a particular focus on the region of the North China
Craton. Specifically, the intraplate magmatism (Fig. 3) has been attrib-
uted to modification/reworking of the cratonic/orogenic lithosphere
through lower crustal delamination that was caused by surrounding
continental collision (Gao et al., 2004;Xu et al., 2008;Xu et al., 2009;Liu
et al., 2008a), thermo-mechanical erosion (Xu, 2001; Meng, 2017),
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mantle re-hydration (Niu, 2005), mantle refertilization/rejuvenation
(Zhang et al., 2008;Yang et al., 2008;Zheng et al., 2018;Zheng and Dai,
2018;Wu et al., 2019), lithospheric delamination triggered by low-angle
subduction (Zhang et al., 2010b), or by surrounding orogenesis (Liu
et al.,, 2018a;Liu et al., 2018). Note that, these earlier models mostly
focused on the origin of localized magmatism, where the spatial-
temporal migration of the J2-K1 magmatism (Figs. 3, 6) were largely
overlooked.

Regarding the multiple episodes of Yanshanian crustal deformation
(Figs. 1-2), previous studies usually referred to changes in the subduc-
tion direction of the Izanagi plate as the dominant reason (Wu et al.,
2008; Xu et al., 2009;Windley et al., 2010;Zhu et al., 2012; Kusky et al.,
2014; Zheng et al., 2018;Dong et al., 2018), while some workers high-
lighted the role of much earlier collisions between the North China and
South China blocks (Menzies et al., 2007) and/or that between the North
China and Siberian blocks (Meng, 2003;Davis and Darby, 2010). Ac-
cording to recent plate reconstructions, the subduction direction of
Izanagi plate gradually changed from northwest to west during the
Middle Jurassic and Early Cretaceous, during which East Asia mostly
drifted along the north-south direction (Isozaki et al., 2010;Miiller et al.,
2016, 2019;Liu et al., 2017). These processes might indeed have caused
some variations in the plate boundary interaction, in line with previous
propositions (Wu et al., 2008; Xu et al., 2009; Zhu et al., 2012; Zheng
et al., 2018). However, plate motion change and reorganization are
common both regionally and globally, but only very few places experi-
enced intense intraplate tectonism as that observed in the J2-K1 East
Asia. Regarding the role of continental collision as noted above, first, the
amalgamation between the North China and surrounding blocks
finished no later than Late Triassic (ca. 210 Ma), much earlier than the
initialization of the J2-K1 tectonism (ca. 180 Ma) (Figs. 1-3) (Wu et al.,
2008, 2011;Xu et al., 2009;Wu et al., 2019;Zhu and Xu, 2019). Second,
the earlier collisional orogenesis should have led to mostly north-south
oriented deformation, but most of the J2-K1 magmatism and crustal
deformation in East Asia followed a dominantly east-west direction
(Figs. 1-3). Consequently, mechanisms other than plate kinematics and
continental collision must be present during the large-scale J2-K1

Fig. 1. Major tectonic features of late Mesozoic
Eastern Asia. (a) Grey and brown regions represent
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magmatism and crustal deformation within East Asia.

Most recently, the migratory Yanshanian magmatism was inter-
preted as reflecting the formation of a flat slab from the subducting
Izanagi Plate beneath East Asia (Zheng et al., 2018;Li et al., 2019;Wu
et al., 2019;Zhu and Xu, 2019). This is similar to the initial inference of
Farallon flat subduction (Coney and Reynolds, 1977) associated with the
Laramide Orogeny (ca. 80-40 Ma), an intraplate orogenic event within
the western United States (U.S.). In both cases, a critical observational
constraint is the landward migrating magmatism (Henderson et al.,
1984;Humphreys, 1995;Saleeby, 2003;DeCelles, 2004; Liu et al., 2010;
Heller and Liu, 2016). In order to further understand this new inter-
pretation of the Yanshanian magmatism, especially the underlying
mechanism that is still poorly constrained, we provide a detailed com-
parison between the East Asian intraplate tectonism and that occurred
during the Laramide orogeny within the western United U.S. By
considering their similarities and differences, together with quantitative
numerical modeling, we aim at a better understanding of their respec-
tive mechanisms of flat-slab subduction.

In Section 2, through a direct comparison with the flat-slab-related
geological records within western U.S., we summarize the distinctive
and diagnostic tectonic features for the East Asian flat subduction. In
Section 3, using numerical simulations, we quantitatively analyze the
underlying geodynamics of the unique East Asian tectonism. Relative to
the Laramide-style flat subduction, we arrive at an alternative model:
the J2-K1 flat slab below East Asia could have resulted from the sub-
duction of continental lithosphere during the process of terrane accre-
tion along the east coast. We suggest that the buoyant continental flat
slab could carry and flatten its surround oceanic slab , such as that below
South China, ultimately creating a composite flat slab beneath East Asia
during ca. 180-140 Ma.

2. Flat-slab related tectonism in East Asia and western U.S.
Flat slab subduction could significantly affectthe geology of the

overriding continental plates (Cawood et al., 2009; Kapp and DeCelles,
2019), with typical examples including the Laramide orogeny in the
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western U.S. (Saleeby, 2003; Liu et al., 2010; Heller and Liu, 2016) and
the J2-K1 tectonism in East Asia (Figs. 1 and 3; Wu et al., 2019). A
detailed review and comparison of the geological records in both these
regions can help us to better understand the nature and consequences of
these abnormal subduction scenarios. In the following, we mainly focus
on the spatial and temporal distribution of surface topography (uplift or
sedimentation) and intraplate magmatism, both of which are taken as
the most relevant surface responses of flat subduction (Saleeby, 2003;
Liu et al., 2010; Heller and Liu, 2016; Wu et al., 2019). For convenience,
we will use “Laramide flat subduction (slab)” to represent the Late
Cretaceous- Cenozoic flat subduction (ca. 90-50 Ma) beneath western U.
S., and “Yanshanian flat subduction (slab)” to represent the Middle
Jurassic -Early Cretaceous flat subduction (ca. 180-140 Ma) beneath
East Asia.

2.1. Topographic responses during flat-slab subduction

As discussed above, in East Asia, during the inboard migration of the
Yanshanian flat slab (ca. 180-140 Ma), majority of the sedimentary
basins above experienced an inversion, recorded as the regional un-
conformity at ca. 165 Ma (Fig. 2) (Meng, 2017; Meng et al., 2019; Liu
et al., 2019a; Wu et al., 2019). Before and after this unconformity, only
terrestrial and volcanic sediments are identified in basin accumulates
(Fig. 2), indicating a predominantly terrestrial (or subaerial) environ-
ment (Meng, 2017; Meng et al., 2019; Liu et al., 2019b;Wu et al., 2019).

Accompanying the subsequent retreat of the Yanshanian flat slab
during the Early Cretaceous, widespread crustal extension and sedi-
mentation occurred (Fig. 1). The dominant rifting basins suggest an
important topographic contribution from isostatic subsidence due to
crustal thinning. Sediments within these basins are terrestrially sourced
as well (Fig. 2). This indicates that surface subsidence caused by the
underlying flat slab was mostly local in scale and that continental East
Asia was most likely not subsiding to below sea level during this time.

For comparison, the paleogeography of the western U.S. from the
Early Cretaceous is illustrated in Fig. 4. At ~120 Ma, prior to the Lar-
amide flat slab, the interior of western U.S. was dominated by
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contractional deformation, mainly accepting terrestrial sediments off
the west coast (Fig. 4a). As the flat slab moved inboard (ca. 90-60 Ma)
(Liu et al., 2010;Heller and Liu, 2016), regions east of Sevier belt started
to subside and experienced widespread marine transgression; this
eventually formed the Western Interior Seaway (WIS), whose maximum
spatial extent occurred around 80 Ma (Fig. 4b) with ~1 km of tectonic
subsidence, much larger than the amplitude of sea level fluctuations (Liu
et al., 2011). This episode of surface subsidence was interpreted as due
to the downward viscous pull (e.g., dynamic subsidence) from the
sinking oceanic Farallon slab below the region (Fig. 4b) (Liu et al.,
2008b;Liu, 2015). This interpretation is further supported by the
flat-lying WIS strata deposited above much of the cratonic platform (Liu
et al., 2011) indicating little contribution from crustal deformation.

The WIS is also characterized by progressive eastward migration of
depocenters (Liu et al., 2011;Chang and Liu, 2019, 2020), following the
landward migrating dynamic subsidence (Heller and Liu, 2016). The
WIS largely ended by ~60 Ma (Fig. 4c), after which both dynamic uplift
(e.g., Liu et al., 2010) and isostatic uplift (e.g., Roy et al., 2009) raised
the topography to the present-day high elevation (Fig. 4d). The Cenozoic
uplift history of the western U.S. largely coincided with the demise and/
or retreating of the former flat slab (Fig. 4; Humphreys, 1995;Heller and
Liu, 2016).

In comparison, the East Asian Yanshanian flat slab and the western
U.S. Laramide flat slab led to an opposite pattern of topographic
response. The former caused earlier uplift and later subsidence of inland
areas during the advance and retreat of the flat slab, respectively; sig-
nificant crustal deformation resulted that also contributed to the topo-
graphic evolution. The latter, however, caused earlier subsidence and
later uplift, with much less crustal thickness change throughout the flat
slab cycle. These contrasting properties of topographic expression sug-
gest that the Yanshanian flat slab and Laramide slab may have been
formed from different mechanisms. The general consensus that the
Laramide events resulted from the flat subduction of the Farallon slab
(Coney and Reynolds, 1977;Tarduno et al., 1985;Saleeby, 2003;Liu
et al., 2010;Heller and Liu, 2016) indicates that the Yanshanian events
require a mechanism that is tectonically different from a pure oceanic
flat slab.
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2.2. Spatial and temporal distribution of intraplate magmatism

Landward migration of arc magmatism has been widely used to
suggest the reduction of slab dip angle, with the extreme case being flat-
slab subduction, such as that happened within both the western U.S. (e.
g., Coney and Reynolds, 1977) and East Asia (Wu et al., 2019). Here we
take a close look at these two scenarios, during which we evaluate the
similarities and differences between their spatial and temporal patterns.
The data for western U.S. magmatism is from the NAVDAT repository
(NAVDAT.org).

For the case of western U.S. (Fig. 5), the temporal evolution during
ca. 90-20 Ma between 50°N and 34°N (Fig. 5b, c), the typical time and
location for the Laramide slab (Saleeby, 2003;Liu et al., 2010), is similar
to that observed in the region between 35°N and 25°N within East Asia
(Fig. 3d), where only the late-stage trench-ward migration of magma-
tism can be identified. This is in contrast to the magmatic evolution
between 45°N and 35°N in East Asia (Fig. 3c), where an obvious early
landward migration is also present (Fig. 3b). As shown later (Figs. 6, 8),
this missing branch within the otherwise continuous magmatic trend
represents a gap both in space and time, a feature termed magmatic [ull
(e.g., Henderson et al., 1984).

Besides the regionalized temporal patterns as discussed above
(Figs. 3 & 5), we further analyze the detailed spatial-temporal evolution
of the magmatic records for both East Asia (Figs. 6 & 7) and western U.S.
(Figs. 8 & 9). To associate the magmatism with the underlying flat slabs,
we refer to recent studies for the plausible geometry of these slabs. In the
case where detailed evolution of slab configuration is unavailable, such
as the Yanshanian flat slab due to still limited research, we combine
surface tectonism including the magmatic front (see definition in the
caption of Fig. 6), crustal deformation (Fig. 1) and petrologic constraints
(Zheng et al., 2018;Liu et al., 2019a) to outline the possible spatial ex-
tents of the slab (Fig. 6).

According to the available data in East Asia, during the landward
migration of the Yanshanian flat slab (ca. 180-140 Ma, Fig. 3c), the
trench-parallel extent of magmatism also gradually extended
(Fig. 6a-d). The magmatic records in SLB (Songliao basin) and BBB
(Bohai Bay Basin) regions, due to the thick Mesozoic and Cenozoic
sediment cover (Liu et al., 2017; Zhi-qiang et al., 2010), are unavailable,
thus forming two apparent gaps. In the region above the flat slab,
approximated as the area from the magmatic front to the trench,
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flat slab.

magmatism had remained mostly active, except for SLB and BBB where
data are not available (Fig. 6a-d).

As the flat slab reached its maximum inland extent between ca. 150
and 140 Ma, magmatism seemed to be restricted to within a relatively
narrow belt along the magmatic front (Fig. 6e). This brief (<10 Myr)
period of attenuating intraplate magmatism (a magmatic gap according
to Wu et al., 2007andXu et al., 2009) is also visible in the magmatic
“flux” approximated using the number density of rock samples (Fig. 7).
Since ca. 140 Ma, intraplate magmatism intensified in the region above
the slab (Fig. 6f), and this was interpreted as a result of the flat slab being
detached from the base of the upper plate (Wu et al., 2019). Between ca.
130 and 110 Ma, the most intense magmatism gradually shifted towards
the trench. During this period, the recorded magmatic flux also reached
the peak value (Figs. 6g, h, 7).

For the case of western U.S., the landward motion of the Laramide
flat slab during ca. 90-50 Ma (Liu et al., 2010; Heller and Liu, 2016) was
also accompanied by obvious inboard migration of the magmatic arc in
regions north of ~42°N and south of ~32°N (Fig. 8b-f). However, be-
tween 42°N and 32°N, the magmatic arc mostly waned over time and
largely disappeared by 70 Ma, forming a regionally extensive magmatic
lull (Henderson et al., 1984). Within this region, from 80 Ma to 40 Ma,
only very sparse magmatism appeared (Fig. 8c—f). Within this broad
amagmatic region, a magmatic island on the front edge of the flat slab
(Liu et al., 2008a) had kept active till 20 Ma or later (Fig. 8b—f), whose

Cretaceous appearance formed the Colorado Mineral Belt with subse-
quent volcanism mostly involving melting of the continental crust
(Chapin, 2012). This feature might be initially caused by some slab
window within the flat slab, such as that proposed within the Nazca slab
(Hu and Liu, 2016) and the Juan de Fuca slab (Zhou et al., 2018). Dis-
counting this magmatic island as being typical arc magmatism results in
a distinct period of magmatic quiescence that lasted for ~40 Myr
(Fig. 9b).

Starting as early as 50 Ma, magmatism started to reappear locally
within the region of the previous magmatic lull (Fig. 8f), and strongly
intensified by ca. 40-30 Ma (Fig. 8g). This resulted in a rapid surge of the
magmatic intensity (Fig. 9b). According to Humphreys (1995), these
Cenozoic magmas formed mostly around the rim of the retreating flat
slab segment (Fig. 8f-h). This magma-slab relationship is the same as
that during the advance of the Laramide slab (Fig. 8b—e). Furthermore,
we note that a prominent magmatic lull above a flat oceanic slab, as that
observed in the western U.S., was also observed during the late-Cenozoic
Yakutat flat slab subduction in southern Alaska (Finzel et al., 2011) and
the ongoing Peruvian and Chilean flat slabs in South America (Gutscher
et al., 1999).

Comparatively, the Laramide magmatic lull is much more promi-
nent, both spatially (much of the western U.S.) and temporally (from 90
to 20 Ma), than that observed associated with the Yanshanian flat slab (a
brief 10 Myr window). Another important difference is that continuing
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(b) m— Fig. 5. Magmatism in western U.S. between 120 and
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magmatism mostly occurred around the edge of the Laramide flat slab,
leaving the area above the flat slab largely amagmatic throughout the
entire time since 90 Ma (Figs. 8, 9). In a sharp contrast, magmatism
spatially (Fig. 6) and temporally (Fig. 7) sustained above the Yanshanian
slab.

As a summary of Sections 2.1 and 2.2, several major differences exist
between the Laramide and Yanshanian flat slabs. To reiterate, the East
Asian intraplate deformation during the Yanshanian flat-slab cycle is
characterized as two phases of regional uplift followed by extensive
crustal extension and subsidence (Figs. 1, 2), while western U.S. first
experienced moderate Laramide crustal shortening and coeval, wide-
spread surface subsidence, followed by continental-scale uplift (Fig. 1
vs. Fig. 4). In terms of the magmatic evolution, the Laramide arc waned
as it migrated inland to eventually formed a magmatic lull above the flat
slab; this is opposite to the overall sustaining Yanshanian magmatism in
East Asia (Figs. 3, 5-9). We suggest that these differences are mecha-
nistically significant to imply that the oceanic flat-slab model that ex-
plains the Laramide tectonism may not work for the Yanshanian
tectonism in East Asia.

Besides the implication from surface tectonics as discussed above,
the occurrence of an oceanic (Laramide-style) flat slab beneath Mesozoic
East Asia also seems to be questionable. The two main mechanisms for
flat slab formation include: 1) fast moving overriding-plate (e.g., van
Hunen et al., 2004;Liu and Currie, 2016) and 2) a buoyant subducting
slab (van Hunen et al., 2000, 2002). Regarding mechanism 1, the
Mesozoic motion of the Eurasian plate (Miiller et al., 2016;Liu et al.,
2017) was much smaller than necessary for flat-slab formation (van
Hunen et al., 2002, 2004;Liu and Currie, 2016). Regarding mechanism
2, the reconstructed Izanagi plate during the Jurassic was old (>80 Myr)
(Liu et al., 2017;Miiller et al., 2016, 2019), thus disfavoring slab flat-
tening due to seafloor age (Hu et al., 2016;van Hunen et al., 2002; van
Hunen et al., 2004). Consequently, additional sources of slab buoyancy
were required.

Based on the above reasoning, we further consider the geodynamics
of flat slab formation due to subduction of an overall buoyant down-
going plate, as is the focus of the following section. We will utilize nu-
merical simulations to quantitatively illustrate the key geodynamic
properties. We first evaluate if such a flat slab could cause the Yan-
shanian crustal deformation observed in East Asia (Figs. 1-2). Then we

1000

tance (ki

The orange shading illustrates the temporal-spatial
range of the Laramide flat slab (Liu et al., 2010;
Heller and Liu, 2016). (For interpretation of the ref-
erences to colour in this figure legend, the reader is
referred to the web version of this article.)

Distance (km)

try to pin down the appropriate geodynamic conditions that can explain
the different characteristics of magmatism and crustal deformation be-
tween East Asia and western U.S.

3. Geodynamics of East Asian flat subduction

We use a MATLAB-based software package to carry out 2-D numer-
ical experiments (Liu et al., 2018a;Liu et al., 2018). This package is
based on the Lagrange-type finite element code MILAMIN (Dabrowski
et al., 2008). It has a free-surface boundary condition (Andrés-Martinez
etal., 2015) and have been benchmarked with a study of free subduction
(Liu et al., 2018a). A triangular mesh is adaptively generated/regener-
ated according to the distribution of materials on tracers (Liu et al.,
2018a,Liu et al., 2018). The numerical resolution is ~4.5 km where the
mesh node is within a 45-km distance from the nearest material interface
(Fig. 10a), ~40 km where the node is >170 km away from the closest
material interface, and linearly interpolated between 4.5 and 40 km at
intermediate distances from material interfaces. The triangular mesh
will be regenerated when the mesh is overly stretched, more details
about this method can be found in Liu et al., 2018a, 2019b. and the
Supplementary materials.

3.1. Possible origins of a buoyant Izanagi slab

According to previous numerical models, flat subduction of a
buoyant oceanic plateau within an old oceanic plate beneath western
North America (Liu et al., 2010) could have caused ~500-1000 m dy-
namic subsidence inside the overriding plate, e.g. may lead to wide-
spread marine transgression (Fig. 4; Liu et al., 2008a). Therefore, the
Yanshanian flat slab beneath East Asia, due to the lack of marine
inundation, should be overall more buoyant compared to the Laramide
slab. Possible mechanisms for reducing slab negative buoyancy may
include 1) a subducting oceanic plateau and 2) subducting depleted
mantle lithosphere.

In addition, the spatial range of crustal deformation and intraplate
magmatism in East Asia affected by the Yanshanian flat subduction was
enormous (1000 km E-W and >2000 km N-S) (Figs. 1, 3, 6-7), a
candidate oceanic plateau that was proposed to cause the Yanshanian
flat subduction (Wu et al., 2019) should also be very large, likely
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Fig. 6. Spatial and temporal distribution of
magmatism in East Asia during ca. 190-110
Ma. (a-h) Distribution of magmatism (red
dots) is represented in eight time periods. The
data sources are the same as those in Fig. 3.
Blue dashed contours mark the western edge
of regions with active magmatism, and these
lines are referred to as the magmatic front to
conveniently represent the arc location and
slab geometry when the amount of data is
limited compared to that in Fig. 8. Blue
dashed lines illustrate the deduced outlines
for magmatism in regions that was covered
by thick sediments or ocean. (For interpreta-
tion of the references to colour in this figure
legend, the reader is referred to the web
version of this article.)
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Fig. 7. Temporal distribution of igneous rocks in East Asia (from Wu et al., 2007; Niu et al., 2015; Kim et al., 2015; Yokoyama et al., 2016; Zhai et al., 2016). (a-d)
Number density of igneous rocks as a function of age (data sources are the same as those in Fig. 3). The spatial division is also the same as that in Fig. 3. The grey
shading in Panel b marks the brief attenuating period for intraplate magmatism (or magmatic gap).

broader than the proposed conjugate Shatsky Rise plateau that led to the
Laramide deformation (Liu et al., 2010). Consequently, the candidate
plateau for the Yanshanian tectonism could be physiographically similar
to the Ontong Java Plateau (~2000 km long and >1000 km wide).
Lithospheric properties of the Ontong Java Plateau include: 1) the Moho
is found to be ~25-40 km deep, and the Lithosphere-Asthenosphere
Boundary (LAB) appears to be >120 km deep (Neal et al., 1997;Thar-
imena et al., 2016;Tonegawa et al., 2019); 2) the thick crust of the
oceanic plateau implies the degree of mantle melting to be 17-31%,
which would result in a ~ 85 km thick harzburgite-rich depleted mantle
lithosphere (Neal et al., 1997).

Although the petrological and geochemical properties can be
different, the geodynamic consequences of such a large oceanic plateau
upon subduction could be similar to those due to subduction of a large
piece of continental lithosphere such as the Indian subcontinent. A
natural question is: how could such a buoyancy anomaly be subducted?
Indeed, the Ontong Java plateau refused to enter the deep mantle due to
its large buoyancy, which instead has shut down subduction in the
southwest Pacific. However, if part of the low-density plateau crust was
removed at the trench to accreted onto the upper plate, such as that
implied for the oceanic plateaus along the west coast of North America
(Tarduno et al., 1985;Liu et al., 2010), the reduced buoyancy may allow
the plateau to eventually subduct. Furthermore, the Ontong Java
Plateau was jammed at an ocean-ocean trench where the density
contrast across the plate boundary is not as large as that for an ocean-
continent interface that was the case during the Yanshanian flat slab.
The same reasoning could apply to the subduction of continental litho-
sphere, where mechanical decoupling of the upper crust from the down-
going plate could allow subduction to continue (Capitanio et al., 2011;
Ingalls et al., 2016).

3.2. Key relevant geodynamic quantities

3.2.1. Setup of a generalized model
In order to construct a geodynamic model that could represent both

scenarios for an overall buoyant slab as discussed in the previous sec-
tion, we will use the term “terrane” to interchangeably describe the
oceanic plateau and the continental lithosphere that may have induced
the Yanshanian flat subduction. According to the recent paleogeo-
graphic reconstruction (Liu et al., 2017;Li et al., 2019), this terrane
could have been embedded within the Izanagi Plate during the early
Mesozoic, with passive margins connecting to the surrounding seafloors
(Fig. 1a). We assume an 80 Myr-old seafloor age for the Izanagi plate
that carried the incoming terrane. The Izanagi Plate subducted below
Eurasia at a trench-normal speed of ~5 cm/yr during the Jurassic, as is
adopted as the kinematic boundary condition of the model (Fig. 10a).
The imposed side velocity boundary condition represents the fact that
the terrane motion is subject to that of the much-broader Izanagi Plate.
According to the supplementary sensitivity tests, the specific conver-
gence rate during flat subduction does not obviously affect the pattern of
flat subduction (Fig. S2; Movies 1-4). See Supplements for more details of
physical parameters.

For most of the models, we assume a 35-km thick crust and 80-km
thick depleted mantle for the terrane lithosphere, similar to the
configuration of a large oceanic plateau like Ontong Java or a large piece
of continental lithosphere. The width of the terrane is assumed to be 800
km (Fig. 10a). In the supplementary sensitivity tests, both the density
and the width of the terrane are chosen to be free parameters. Through
testing these parameters, we find that a small and/or dense terrane
cannot sustain a wide flat subduction (Figs. S3-S4). In the reference
model, the overriding plate is set to be 100 km thick close to the trench,
increasing to 200 km thick into the continental interior (Fig. 10a). This
simple set-up is based on the geological observations that 1) the
Northeastern Asia is mainly composed of Phanerozoic terranes (Wu
et al., 2011), and 2) when the flat slab migrated to a region beneath the
Eastern North China Craton (ca. 150-140 Ma, Fig. 2c), the cratonic
lithosphere could have been partially thinned, evidenced in the wide-
spread magmatism by then (Figs. 6-7) (Yang et al., 2008;Meng et al.,
2020;Xu, 2001;Liu et al., 2019a). With more sensitive tests (Fig. S5), we
find that the thickness of the overriding plate does not obviously affect
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the evolution of flat subduction, especially if its mantle lithosphere was
weakened by some preceding modifications (Niu, 2005;Zhang et al.,
2008;Wu et al., 2019;Hong et al., 2020;Zheng et al., 2018;Zhu and Xu,

2019).
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Fig. 8. Spatial and temporal distribution of
magmatism in western U.S. during ca.
100-20 Ma. (a-h) Distribution of magma-
tism (red dots) is shown in eight time pe-
riods. The data sources are same to those in
Fig. 5. Shaded regions mark the arc where
intense magmatism occurred. Cyan dots
outline magmatism associated with the Col-
orado Mineral belt which may not be related
to the arc (Chapin, 2012). Blue dashed con-
tours in a-e outline the reconstructed ge-
ometry of the Laramide flat slab at the base
of North America from seismic tomography
in Liu et al. (2008b). Green dashed contours
in f-h outline the front of the flat slab based
on Humphreys (1995). CSR - Conjugate
Shatsky Rise. CHR — Conjugate Hess Rise.
(For interpretation of the references to
colour in this figure legend, the reader is
referred to the web version of this article.)

3.2.2. Key rheological parameters

Following the previous studies, during the subduction process, the
terrane crust is assumed to have a yielding stress of 200 MPa, with a 15-
km thick weak middle crust (Fig. 10b) (Ranalli and Murphy, 1987;



L. Liu et al. Earth-Science Reviews 214 (2021) 103505
1200 ———— 800 — 450————
(@""| N=6931 b) N=7427 (€) | N=4030
- 700t { 400F
1000} ] _
o .. 600F +. 350r
S 800 13 2 300}
€ € 500¢ E g
> = 250_
Z g00} 12 400t 1z
2 2 3 200t
a 2 300} {E
E 400 1E © 1500
» @ 200 @
- 100f
100 50k
p g 60 g
20 40 60 80 100 120 20 40 60 80 100 120 20 40 60 80 100 120
Time (Ma) Time (Ma) Time (Ma)

Fig. 9. Temporal distribution of igneous rocks in western N. America. (a—c) Number density of igneous rocks as a function of age (data sources are same as those in
Fig. 5). The spatial division is the same as that in Fig. 5. The grey shading marks the attenuating period for intraplate magmatism (magmatic lull or gap).
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Fig. 10. Set-ups of the numerical models. (a) The 2D numerical box is 2800 km wide x 1500 km deep. A free surface boundary condition is used at the top, and a
free-slip condition is used for other boundaries. The horizontal velocity for the incoming plate is added between 2200 and 2250 km and above 90 km depth (cf. Gerya
and Meilick, 2011). The surface temperature is fixed to be 0 °C and the bottom temperature is set to be the potential temperature of ambient mantle at 1350 °C. The
continental portion includes a 20-km-thick upper crust, 20-km-thick lower crust, and 60-km-thick subcontinental mantle lithosphere close to the slab that increases to
140 km thick in the continental interior. The oceanic portion includes a 9-km-thick oceanic crust and 81-km-thick lithospheric mantle. The terrane portion is
composed of a 10-km-thick upper crust, 15-km-thick middle crust, 10-km-thick lower crust and 80-km-thick lithospheric mantle. The initial temperature profile of the
continental or terrane portions follows a 1-D steady-state conductive thermal profile down to the bottom of lithosphere, and that of the oceanic plate follows a half-
space cooling solution assuming an 80-Ma oceanic plate. White lines demonstrate the temperature contours. (b) The initial viscosity structure of the reference model.
Note the plastic yielding of the plate interface and the terrane’s middle crust. The oceanic plate following the terrane has not yielded yet due to the lack of

deformation. Model parameters are in Table S1.

Tapponnier et al., 1990;Beaumont et al., 2006;Capitanio et al., 2011;
Ingalls et al., 2016). The weak middle crust is assumed to be caused by
the presence of water-enriched minerals like amphibole, and its strength
can be further reduced when melting happens (Ranalli and Murphy,
1987;Tapponnier et al., 1990;Beaumont et al., 2006). This weak crustal
layer will help to decouple the upper crust from the underlying litho-
spheric layers, thus allow most of the terrane mass to subduct, as dis-
cussed above.

Once the down-going plate reaches deeper than 200 km, dehydration
starts that quickly forms a 10 km-thick weak (10'° Pa-s) layer along the
plate interface between ca. 50 and 200 km depths (Fig. 10b) (Dobson

10

et al., 2002;Zhong and Li, 2020). The plates within 150 km distance
from the passive margins is presumed to have a yielding stress of 200
MPa, which allows for strain accommodation and deformation within
the subducting lithosphere (Fig. 10b) (Stern and Gerya, 2018). We as-
sume that the overriding plate has a relative low yielding stress at 100
MPa during terrane subduction, considering the fact that mechanical
deformation and melts/fluids infiltration would have previously weak-
ened the upper plate (Figs. S2) (Niu, 2005;Zhang et al., 2008;Wu et al.,
2019;Hong et al., 2020;Zheng et al., 2018;Zhu and Xu, 2019). The above
yielding stresses are consistent with the inferred deviatoric stresses
within present orogenic regions (Ghosh and Holt, 2012). Since the
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model adopts an adaptively refined finite-element mesh with a real free-
surface, the evolution of the topography caused by lithospheric defor-
mation can be accurately calculated (Figs. 10-12).

3.2.3. Melting functions

Besides deformation, we also track the spatial and temporal evolu-
tion of melting, which is subsequently compared with the observed
magmatic records (Figs. 3, 5, 6-9). We adopt a continental crustal sol-
idus following previous experimental results (Lopez and Castro, 2001;
Liu et al., 2018a;Liu et al., 2018) and that for asthenospheric melting
following the parameterization of Katz et al. (2003), all shown in
Figure S6. In the sensitivity tests for crustal melting, the crustal solidus is
perturbed to demonstrate its effect on melt formation and distribution
(Fig. 13). Flux melting in the mantle wedge is presumed to occur at the
location where subducted crust experiences dehydration, which occurs
between 50 and 200 km depths and at temperatures higher than 700 °C
(Dobson et al., 2002) (Fig. 12). Although more sophisticated melting
functions are certainly possible, we prefer the relatively simple calcu-
lation adopted here, as we mostly focus on the first-order constraints on
the composition and distribution of magmatism during terrane sub-
duction and accretion. As a result, both the melt percolation process and
its effects on rheology and temperature are not considered.
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4. Intraplate tectonism during terrane subduction: A numerical
perspective

Here we analyze the surface responses during a terrane-induced flat
slab. Specifically, we focus on examining upper plate deformation,
surface topography, and the resulting magmatic history, all of which
have their observational counterparts (Figs. 1-3, 6 and 7). We also
attempt to constrain the tectonic origin of the East Asian magmatism by
analyzing the temporal-spatial patterns of modeled melts using different
solidi.

4.1. The reference scenario

Figs. 11 and 12 demonstrate a typical model scenario for the advance
and retreat of a flat slab beneath the overriding continent, whose asso-
ciated surface responses closely resemble the late Mesozoic tectonism of
East Asia. As the terrane approaches the trench, the convergence be-
tween the two plates are mainly accommodated by the terrane crust,
leading to a decoupling zone along the weak middle crust and a weak-
ened ocean-continent transition zone within the downgoing slab
(Figs. 10, 11a, 12a and S7). When the buoyant terrane lithosphere
(including part of the middle crust, the lower crust and the lithospheric
mantle) enters the trench, the dense sinking oceanic slab (Table S1) at
the front tears off and the back-arc region switches from extension to
shortening, as seen from the topographic inversion of the back-arc

0 200 400 600 800 1000 1200 1400 1600 1800

200 400 600 800 1000 1200 1400 1600 1800
Horizontal Distance (km)

S
0 200 400 600 800 1000 1200 1400 1600 1800

200 400 600 800 1000 1200 1400 1600 1800 0"

Viscosity
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Fig. 11. 2D numerical simulation showing the viscosity structure and mantle flow during flat subduction. (a) An intra-oceanic terrane lithosphere moves with the
surrounding oceanic lithosphere towards the trench. The black triangle marks the location of the active trench. The downward blue arrow marks the location of
surface subsidence. Topo- Topography. (b) After the terrane enters the trench, the terrane lithosphere starts to underplate the overriding plate, forming low-angle
subduction. This is accompanied by tearing off and sinking of the oceanic slab in front of the terrane. The upward red arrow marks the location of lithosphere
shortening and surface uplift. (c¢) Inland migration of the flat slab causes more widespread upper plate uplift. (d) The flat terrane reaches a maximum inland distance,
leading to a vast plateau topography. A new ocean-terrane subduction zone appears at the rear of the terrane. The grey triangle marks the abandoned trench after the
trench jump. (e) Sinking of the new oceanic slab leads to terrane retreat, causing rifting of the overlying plate and asthenospheric upwelling in the wake of the
retreating terrane. (f) Continuing retreat causes the locus of lithospheric extension, surface subsidence and upwelling asthenosphere to migrate towards the trench.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



L. Liu et al. Earth-Science Reviews 214 (2021) 103505

—_—
Q.

—

o

Depth (km)
883
o o o

A
S

y 1/
200 400 600 800 1000 1200 1400 1600 1800

200 400 600 800 1000 1200 1400 1600 1800

Horizontal Distance (km) Horizontal Distance (km)
\4

200 400 600 8001000 1200 1400 1600 1800
Horizontal Dnsvtance (km)

200 400 600 800 1000 1200 1400 1600 1800
Horizontal Distance (km)

200 400 600 800 1000/1200 1400 1600 1800
Horizontal Distance (km)

200 400 600 800 1000 1200 1400 1600 1800
Horizontal Distance (km)

Maceriala - ftee “hane [ Vane Vante et s e S
100 v bt H H T T T T T T T T T T T
e ] wosoorm]] M ' 180

- ) .0 R N N ——600700km || Eof------e--enmwec b=~ -~ {. .9
= soo900km || = F e 2 160§
& 60 ot Enf | peEaES )
= T | S§ E 1 W 1" =
= s F EUEESEEs S 23 3
24 Sof _EE L HipeBed Uaga H
N . -

N =
:E 20 / ‘ 1 1 1 1 1 1 1 1 1 1 1 1 100"

] i g 300 500 700 900 1100 1300
Oo I 3‘0 - 4‘() — Horizontal Distance (km)
Time (Myr) +Crustal melting  +Flux melting ~ +Asthen. melting ® = East Asia Magmatism

Fig. 12. Melting history of the terrane crust and the asthenosphere. (a-f) Same as Fig. 11 but shown with the composition field. During this process of flat subduction,
the terrane mantle does not melt due to its high solidus (Fig. S6). After the initiation of the second subduction system, most of the terrane slab is pulled back to the
east. Eventually, the terrane lithosphere moves away from the region with intense intraplate deformation. Temperature contours are in white. Light green contours in
b, e and f mark the regions for dehydration of the subducted crust, implying flux melting in the above mantle wedge; purple contours in c-f illustrate regions for the
melting of terrane crust (see Fig. S8 for the enlarged view of these contours). Light blue contours in e and f show regions for decompression-melting of upwelling
asthenosphere. The black triangle marks location of active trenches. The grey triangle marks the abandoned trench after the trench jump. Asthen.- Asthenosphere. (g)
Volume-averaged magnitudes of the horizontal stress as a function of time at three cross sections of the overriding plate, with locations shown as vertical colour
columns in A. major stages of the subduction history can be recognized: (1) the break-off of the prior oceanic slab causes the abrupt increase of the horizontal stress
between 0 and 5 Myr in the 800-900 km line. (2) propagation of the continental terrane leads to enhanced stress during 7 to 12 Myr along the 400-500 km and
600-700 km lines. (3) the second subduction phase causes widespread extension during 18 and 30 Myr along all lines. (h) Comparison between observed magmatism
and predicted melting from the model. Observed magmatism is the same as that in Figs. 3 & 15. Considering ~30% E-W bulk extension occurred in North China after
ca. 140 Ma (Liu et al., 2017), and the amount of trench-jump during magma retreat (Figs. 15a & b), we restore the paleo-position of the magmatic belt based on that
in Fig. 15d. Modeled melting of the terrane crust (purple) and the mantle wedge (light green) is shown at every 25 km in the horizontal direction. Asthenospheric
melting (light blue) is shown as locations where the fasted upwelling meets the melting condition, to illustrate the peak decompression melting. Two black dashed
lines illustrate the time range of the numerical model. Magmatism earlier or later than the chosen model duration is not compared to model predictions. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(Fig. 11a vs. b; Fig. 12b). As previous studies showed (Liu and Currie,
2016), tearing and detachment of the proceeding dense slab can pro-
mote the formation of flat subduction. Accompanying this slab tearing
event, the resulting localized uplifts (both near the trench and in the far
interior) could explain the first regional unconformity at ca. 165 Ma in
East Asia (Fig. 2). Contemporarily, small amounts of continental crust
enter the subduction channel, forming a ‘cold plume’ (Li and Gerya,
2009) (Figs. 12b, S7). Presence of continental materials in the hydrated
mantle wedge could significantly decrease melting temperature (Katz
et al.,, 2003), causing subduction-related magmatism close to the
Jurassic and Cretaceous trenches (Guo et al., 2015Wu et al., 2011)
(Fig. 3).

The terrane lithosphere keeps advancing to form a flat-lying slab,
leading to a landward migration of both the high topography
(Fig. 11b-d) and the peak horizontal lithospheric stress (Fig. 12g),
where the resulting differential subsidence (reflected in both
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topography and stress) can contribute to the locally preserved 165-140
Ma sedimentation in the continental interior (Li et al., 2019;Liu et al.,
2017;Wu et al., 2019) (Fig. 1). As the flat slab approaches its maximum
inland extent, the topographic gradients gradually diminish and even-
tually form a high-elevation plateau (Fig. 11c, d), during which the
lithospheric stress also becomes more evenly distributed (Fig. 12g). This
plateau or a later peneplain could correspond to the second unconfor-
mity at ca. 140 Ma (Fig. 2) (Li et al., 2019;Liu et al., 2017;Wu et al.,
2019). During this stage of slab advance, the lower terrane crust at the
tip of the advancing flat slab gets heated to above the melting point, and
the resulting melt migrates inland with a rate roughly matching that
observed in East Asia (Fig. 3 vs. 12 h; Fig. 12¢, d). See supplementary
Movies 1-4 for more details.

Due to both the push-back by the thicker lithosphere on the left and
gravitational instability developed at the rear of the terrane, a new
ocean-continent subduction zone ultimately forms (Fig. 11c, d; Fig. 12c,
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Fig. 13. Sensitivity test for crustal melting. (a-c) Same as Run 1, but with the
crustal solidus increased by 300 °C, 200 °C, and 100 °C respectively. The
temperature value in each panel corresponds the solidus of the terrane crust at
~40 km depth. The grey dashed ellipsoid in panel a and b illustrates a period
for magmatic quiesce.

d). Sinking of the new oceanic slab into the upper mantle generates a fast
(~7 cm/yr) retreat of the trench (Faccenna et al., 2017), which pulls the
underplating flat slab towards the right (Fig. 11e; Fig. 12e). The effects
of model parameters on terrane retreat are systematically evaluated in
Fig S3-S5, S8. The retreating terrane lithosphere viscously stretches the
overlying lithosphere from below and causes it to thin and rift (Figs. 12e;
Fig. 12e). The region above the flat tip of the terrane rifts first, in
response to the largest extensional stress (Fig. 11e; Fig. 12g). As the
terrane translates eastward, the peak stress within the upper plate
propagates towards the trench (Fig. 12g), so does surface subsidence
(Fig. 11e, f); this corresponds to the observed eastward migrating crustal
rifting in East Asia (Fig. 1b). Tests show that the extent of rifting also
depends on the viscous coupling at the interface between the upper plate
and retreating terrane, with a stronger coupling causing more rifting
(Figs. 11, 12 vs. S8).

Retreating of the terrane lithosphere also excites asthenospheric
upwelling and enhances mantle melting in the wake of the terrane
(Fig. 11d-f; Fig. 12d-f), whose trench-ward migration also resembles
that observed (Fig. 12h). Both the increasing melting extent and
asthenospheric contribution during the retreating stage are consistent
with the secular increase in the eNd(t) of mafic magmas in North China
(Xu, 2001;Zheng et al., 2018). The overriding mantle lithosphere could
have been metasomatized during flat subduction and additional melts
from this lithosphere would further enrich the composition of magmas
(Niu, 2005;Wu et al., 2019;Zhang et al., 2008;Zheng and Dai, 2018;
Zheng et al., 2018;Zhu and Xu, 2019;Hong et al., 2020). After the normal
subduction re-establishes, dehydration of the subducted crust and
accompanying flux melting also resume (Fig. 12e, f, h). Upper-plate
extension could facilitate melt underplating beneath the Moho to raise
crustal temperature, which can trigger melting of the overriding crust
(Liuetal., 2018;Zhou and Li, 2000) and partially contributing to the late
stage (ca. <140 Ma) subduction-related granitoids in regions above the
new subduction zone, e.g. in Korea Peninsular and Northeast China
(Figs. 3 & 15).
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4.2. Sources of melting for East Asian intraplate magmatism

The reference model (Run 1) adopts an amphibolite-like solidus
(~800 °C at 40 km deep) (Fig. S6) which allows the model to reproduce
both the advance and retreat of the observed magmatic migration in East
Asia (Fig. 3c). We note that this solidus appears to be too low compared
to that of MORB-rich oceanic crust (>1100 °C) (cf. Pertermann and
Hirschmann, 2003), the commonly assumed source of melting during
oceanic flat subduction. Therefore, we re-calculated the instantaneous
melting behavior in Run 1 by increasing the solidus of the terrane crust
(Fig. 13). These different solidi respectively correspond to that of dry
MORB (~1100 °C at 40 km deep, Fig. 13a) and two other scenarios with
crustal composition varying between MORB and amphibolite
(Fig. 13b-c). In nature, this variation of crustal solidus can be caused by
the variable water content or water-rich minerals like amphibole (Lopez
and Castro, 2001;Katz et al., 2003;Zheng et al., 2018;Wu et al., 2019;
Zhu and Xu, 2019).

Based on these results, we find that an MORB-like solidus for the
terrane crust (Fig. 13a) can only reproduce the trench-ward migration of
the magmatic arc. This behavior is observed in some region (between 35
and 25°N) of East Asia (Fig. 3d) and above the entire Laramide flat slab
in western U.S. (Fig. 5b, c¢), where the observed magmatism corre-
sponded to the detachment/retreating of the flat slab (Fig. 12). In
contrast, the terrane crust that generated the North China magmas with
both advancing and retreating migration (Fig. 3c) should have a melting
temperature no higher than 900 °C at 40 km depth, which is signifi-
cantly lower than that of a MORB-like crust. Together, this outlines a
composite flat slab below East Asia whose composition varied from
amphibolite-rich (resembling continental crust) on the north to MORB-
rich (resembling oceanic crust) on the south.

5. Discussion
5.1. On the nature of the East Asian flat slab

With quantitative numerical simulations (Figs. 11-12), we show that
the observed J2-K1 tectonism in East Asia can be readily explained as
surface responses during flat-slab subduction (Zheng et al., 2018;Wu
et al., 2019;Zhu and Xu, 2019). Furthermore, these numerical calcula-
tions allow more in-depth understanding on the nature of the flat slab
and how the East Asian Yanshanian slab differs from the western U.S.
Laramide slab (Fig. 14).

More specifically, formation of the Laramide flat slab in western U.S.
was contemporaneous with widespread inland subsidence within west-
central North America (Figs. 4, 14a). This is commonly attributed to
downward dynamic pull from a long segment of Farallon slab attached
to the inland side of the flat slab (Fig. 14a; Liu et al., 2008a, 2011).
Differently, the advancing Yanshanian flat slab in East Asia was
accompanied with episodes of regional-scale basin inversion and uplift
within the overriding plate (Figs. 1-2, 14b). The contrasting topographic
expression in the latter case could be ultimately attributed to a more
buoyant flat slab, which caused the previously attached oceanic slab on
the west to break off and led to overall surface uplift (Figs. 11, 12). To
this end, both the low-density Ontong-Java-type oceanic mantle litho-
sphere and the sub-continental mantle lithosphere might work. How-
ever, as discussed earlier, both cases need to have some crust removed in
order for the lithosphere to subduct. Therefore, unless the large oceanic
plateau has a weak internal layer to decouple part or most of its crust
during subduction, the continental lithosphere whose crust is naturally
weaker (Ranalli and Murphy, 1987;Beaumont et al., 2006) can represent
a better candidate for the formation of the Yanshanian flat slab. Indeed,
this statement of a continental flat slab is further supported by the
accreted J2-K1 continental terrane crusts along the East Asian margin
(Fig. 1a). In contrast, there are no large-scale oceanic crusts found to be
accreted onto East Asia during the Mesozoic at the latitudes similar to
North China and Northeast China.
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Additional lines of evidence further reinforce the proposal that
continental terrane subduction caused the Yanshanian flat slab. First,
both landward and trench-ward migration of magmatism within North
China (Fig. 3c) require a substantially lower solidus than that of a
MORB-crust, thus favoring a continental flat slab (Figs. 12, 13). Second,
as the flat slab moved inland, magmatism remained generally active
above the slab (Figs. 6, 14b), with only a very brief <10 Myr magmatic
gap as the slab reached its maximum extent (Fig. 7). This is in sharp
contrast to the prominent magmatic lull commonly observed above an
oceanic flat slab (Fig. 14d), including the Late-Cretaceous Laramide slab
in western U.S. (Henderson et al., 1984;Liu, 2015), the late-Cenozoic
Yakutat slab in southern Alaska (Finzel et al., 2011), and the ongoing
Peruvian and Chilean flat slabs in South America (Gutscher et al., 1999).
As shown in Fig. 13, if the slab crust has a MORB-like solidus, the
magmatism in the overriding plate only develops a trench-ward
migration during slab retreat, similar to that observed in western U.S.
(Figs. 8, 9). Otherwise, with an amphibole-like solidus that is more
common for continental lower crust (Fig. S6), both a prominent land-
ward arc migration and sustaining supra-slab magmatism can result
(Figs. 12h, 13c-d).

A potential counter argument to the above proposal is that petro-
logically, the crust of Yanshanian flat slab, even if oceanic in nature,
could have been hydrated or metamorphosed to be water-enriched, and
caused extensive melting beneath East Asia (Lopez and Castro, 2001;
Katz et al., 2003). However, based on the studies of magmatic
geochemistry in North China where the landward migration of mag-
matism is the most apparent during flat subduction (Fig. 2c), direct
contribution of oceanic compositions is generally missing, while the
contribution from the in-suit ancient continental crust (e.g. crust of
North and South China blocks) can be widely identified (Li et al., 2017;
Menzies et al., 2007;Huang et al., 2012;Ma et al., 2012;Wu et al., 2005;
Zhang et al., 2010a). This acts as another strong support to our proposal
that the Yanshanian flat slab arose from subduction of continental
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expanded landward, and magmatism remained
mostly active throughout the region above the flat
slab.

terranes, especially those with a paleogeographic affinity to the North
China and/or South China blocks (Fig. 1).

5.2. The process of Mesozoic terrane accretion and subduction in East
Asia

Inspired by the above analysis and the interpretation that the process
of continental terrane accretion (Fig. 1a) led to a period of flat sub-
duction beneath East Asia (Figs. 11, 12), we further performed a pal-
inspastic reconstruction of the presently preserved terranes back to the
Mesozoic. The preserved continental terranes along the East Asia margin
are up to ~500 km wide along the east-west direction and ~1200 km
long along the north-south direction (cf. Li et al., 2019). In an attempt to
restore the configuration of these continental terranes back to the
Mesozoic, we implemented a rather crude approach for palinspastic
restoration (see the method in the supplements) (Figs. 1a & 15). Based
on this reconstruction, we gained more insights on the mechanism of J2-
K1 intraplate tectonism.

After the restoration of the terranes, the rearranged distribution of
the Mesozoic magmas in East Asia becomes more continuous and more
straightforward to interpret: the continental margins in Northeast China
and South China recorded largely uninterrupted magmatism without
obvious landward migration; the accreted terranes (e.g. Jiamusi and
North Japan) only host magmatism younger than their accretion age,
consistent with the geodynamic implication that terrane accretion
occurred after a new subduction zone east of them was established
(Figs. 3b, d, 15¢, S1, 11-12).

The reconstruction may also help further explain some petrological
properties of the intraplate magmatism. For example, the potential af-
finity of these terranes to the South China block (Isozaki et al., 2010;
Kabir et al., 2018;Li et al., 2019) implies that during the flat slab stage,
melting of the ancient continental crust that was carried down by the flat
slab can readily explain the geochemical characteristics of the East Asian
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Fig. 15. Reconstructed Magma distribution of Late Mesozoic East Asia. (a) The accreted terrane lithosphere formed widespread flat subduction beneath Northeast
Asia. (b) Map distribution of different types of magmas and the palinspastically restored Japanese islands, with the restoration based on the distribution of terranes,
magmatism, metamorphic rocks and fossil tracks (Isozaki et al., 2010; Kabir et al., 2018; Khanchuk et al., 2016; Li et al., 2019; Liu et al., 2017; Matsukawa et al.,
2005; Niu et al., 2015; Wu et al., 2011; Yokoyama et al., 2016; Zhai et al., 2016; Zhou and Li, 2017) (see supplements). The grey shading with black dashed contour
marks the potential range for the J2-K1 continental terrane(s). The green and magenta bold arrows mark subduction directions of the Izanagi Plate during Jurassic
and Cretaceous, respectively (Liu et al., 2017). The grey dashed line outlines the plausible region mostly affected by the continental portion of the composite slab,
while the blue dashed lines mark the possible inland extents of the oceanic portions of the composite slab. (c-d) Magma ages plotted against distance from the trench
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Japan. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

magmas (Menzies et al., 2007;Huang et al., 2012;Ma et al., 2012; Zhang
et al., 2010a).

Finally, this palinspastic restoration, together with the upper plate
tectonism clearly correlating with a single flat slab cycle, implies that a
large contiguous continental terrane was subducted beneath and
accreted onto East Asia in the Mesozoic. The notion that part of the
terrane crust was subducted (Fig. 12) implies that the original terrane
was likely larger in scale than that preserved now (Fig. 1). However, we
emphasize that this restoration is restricted by data availability and
quality, and that further evaluation with more abundant geological and
paleomagnetic data is warranted.

5.3. Implications on terrane accretion

Some new insights may arise from our proposed model of terrane
subduction and accretion. As demonstrated in the model (Figs. 11-12), a
large amount of slab retreat happened after the formation of a new
subduction zone behind the buoyant terrane lithosphere. On one hand,
this process helps to explain 1) the trench-ward migration of magma-
tism, and 2) widespread crustal rifting and migration of depocenters
(Figs. 1-3, 15). On the other hand, the implied post-accretionary
extension could be accompanied by exhumation of both high-pressure
(HP) metamorphic and ultra-high-pressure (UHP) metamorphic rocks.

However, the distribution of the UHP rocks is geographically vari-
able. For example, UHP rocks are commonly found in central Qinling-
Dabie Orogen (Wu and Zheng, 2013), but within the accretionary
belts in East Asia they have been only reported in South Japan (Kabir
et al., 2018). Here, the sparse distribution for the UHP rocks in East Asia
is consistent with our models: although the deeply subducted terrane
crust was gradually exhumated during the >20 Myr duration of terrane
retreat, this crust was mostly buried by the upper crust, which was
initially decoupled from the subducting slab and remained at the surface
throughout the flat subduction cycle (Figs. 11-12, S7).

In reality, the exhumation character of subducted rocks is likely
related to the mechanical property of the middle crustal layer of the slab.
For example, a weak middle crust would decouple the upper crust from
that underneath upon subduction (Beaumont et al., 2006;Tapponnier
et al., 1990;Capitanio et al., 2011), while the accretion process would
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mostly exhume terrane materials from the upper and middle crust
(Figs. 11-12), which implies dominantly HP blue-schist and amphibolite
close to the paleo-trenches (Kabir et al., 2018;Zhou and Li, 2017). In
contrast, models without a weak middle crust would allow subduction of
the upper crust, which helps to form buoyant upwelling and exhumation
of UHP rocks (Li and Gerya, 2009).

Another outstanding question about continental accretion is that
sometimes the amount of terrane convergence far exceeds that of the
preserved crustal shortening (Cawood et al., 2009;Kapp and DeCelles,
2019). We suggest that this mismatch should partially reflect syn-
convergence terrane subduction, during which much of terrane’s lower
crust enters the mantle, leaving the decoupled upper crust at the surface
(Figs. 11-12, S7). In general, accretionary orogens around the world
often record a lithospheric stretching stage following the main
contractional period, likely as a result of terrane retreat during the
establishment of a new subduction zone (Figs. 11-12). Notable examples
include the Appalachian-Caledonian orogens and orogenic events
associated with the closure of central-Asian and (paleo-)Tethyan oceans
(Cawood et al., 2009;Meng, 2003; Kapp and DeCelles, 2019).

Finally, terrane accretion also seems to modulate the tempo and style
of subduction by forming oceanward trench jumps (Figs. 11-12, S7).
This appears to be a common process during the Phanerozoic assembly
of circum-Tethyan terranes (Kapp and DeCelles, 2019;Wan et al., 2019),
with a contemporary example being the formation of extensive reverse
faults within the northern Indian ocean (Bull et al., 2010), implying a
possible incipient intra-oceanic subduction zone.

5.4. The region of East Asia affected by terrane subduction

We note that the tectonic complexity of East Asia increased towards
the Central Asia Orogenic Belt (CAOB, Fig. 1a) that was developed after
the closure of paleo-Asian Ocean(s) (cf. Liu et al., 2017). Post-collisional
evolution of the CAOB, e.g. via gravity collapse, has been proposed to
influence the nearby Mesozoic sedimentation (e.g. Erlian and Songliao
basins) and magmatism (Meng, 2003;Wang et al., 2015), in addition to
the role of paleo-Pacific subduction as proposed here and in other
studies (Li et al., 2019;Zheng and Dai, 2018;Zhu and Xu, 2019). It ap-
pears that two distinct Mesozoic tectonic domains coexisted in East Asia
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that might have been controlled by subduction of the paleo-Asian and
the paleo-Pacific plates, respectively.

In an attempt to distinguish these two tectonic domains, Zhu and Xu
(2019) suggested to use Greater Xing’an-Yanshan-Yinshan Mountain
ranges as a rough boundary. This division is further supported by the
sedimentary, magmatic and structural evidence listed above (Figs. 1, 3,
6-7, 15). However, it would be probably reasonable to assume that re-
gions close to this boundary were influenced by both mechanisms. Based
on the above analysis, we tentatively use the thick grey dashed line in
Fig. 15b to illustrate the plausible range that was affected by the process
of terrane subduction and accretion. It is also possible that this broad
continental slab helped to raise and flatten the oceanic slab on both the
north and south sides, forming an even broader composite flat slab
(Fig. 15). This notion is supported by the magmatic records in the region
between 35 and 25°N, where the landward migration of magmatism
during flat subduction is missing (Figs. 3d, 13-14).

5.5. Implication on destruction of North China Craton

Another important component of the late Mesozoic East Asian
tectonism is the destruction of the North China Craton (NCC) (Menzies
et al., 1993;Wu et al., 2019;Zhu and Xu, 2019). This dramatic tectonic
event is characterized by apparent lithosphere thinning and rifting, with
proposed mechanisms including thermo-mechanical erosion (Xu, 2001),
shortening-induced gravitational instability (Gao et al., 2004),
extension-triggered delamination of the lower lithosphere (Liu et al.,
2018a;Liu et al., 2018), or lithospheric weakening caused by infiltration
of melts/fluids into the overriding craton (Niu, 2005;Wu et al., 2019;
Zhang et al., 2008;Zheng et al., 2018;Zheng and Dai, 2018). Given the
complex Mesozoic geological records in North China (Figs. 1-2) (Wu
et al., 2019;Zhu and Xu, 2019), these previous studies suggest that the
NCC destruction could not have been due to one single mechanism.

According to our numerical models (Figs. 11-12, S5 and S8), the
Yanshanian flat subduction could be an additional important factor for
the NCC destruction. As shown in Figs. 11-12, S5 and S8, the advancing
flat slab “bulldozed” the lower lithosphere of the overriding plate inland
(a process similar to that in Chen et al., 2020), while slab retreat
stretched the overriding plate to generate rifting —both processes can
weaken and thin the overriding lithosphere. Furthermore, the flat sub-
duction could have triggered additional processes to facilitate NCC
destruction. For example, the advancing/retreating flat slab may cause
local instability and delamination of the overriding mantle lithosphere
or crust (Gao et al., 2004;Xu et al., 2008;Zhang et al., 2010a;Liu et al.,
2018a). In addition, melts and/or fluids released from the flat slab can
metasomatize or rehydrate the lower lithosphere of the NCC (Fig. 12).
Therefore, after slab retreat, the modified lower lithosphere can be
thermo-mechanically eroded through small-scale convection (Niu,
2005;Liu et al., 2018;Wu et al., 2019;Zhu and Xu, 2019;Zheng and Dai,
2018;Zheng et al., 2018).

As noted above, the exact processes for the lithospheric thinning of
the NCC still remain elusive (Menzies et al., 2007;Yang et al., 2008;Wu
et al., 2008;Xu et al., 2009;Zheng et al., 2018;Liu et al., 2019a;Meng
et al., 2020). For simplicity, in most of our simulations, the overriding
plate is set to be uniformly thick. The reference model adopts a thin
lithosphere in the eastern NCC assuming this part was already thinned
before it was underlain by the flat slab (e.g. 150-140 Ma). Supplemen-
tary sensitivity tests further demonstrate that the thickness of the
overriding plate does not obviously affect the overall evolution of the
flat subduction (Fig. S5). In this paper, we primarily focus on the Yan-
shanian magmatism and crustal deformation within East Asia, a region
larger than the eastern NCC, so a detailed discussion on the NCC
destruction is out of the scope.

6. Conclusions

By comparing the corresponding geological records in East Asia and
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western U.S., we found that the majority portion of the flat slab beneath
East Asia seems to be caused by the subducting continental lithosphere
during terrane accretion. This buoyant flat slab had likely carried a
limited portion of the oceanic plate on the south to go flatly under South
China. This composite flat-slab model could explain multiple unique
tectonic characteristics within East Asia (Fig. 15a).

1) The Yanshanian flat slab beneath East Asia was more buoyant than
that of the Laramide slab beneath western N. America. This resulted
in mostly uplift instead of subsidence within the overriding plate
during slab advance (Fig. 14). Due to its buoyancy, the flat slab
would stay mostly below the base of the overriding plate instead of
finally sinking into the deep mantle as an oceanic slab would do.

2) The solidus of the Yanshanian flat slab can be >300 °C lower than
that of an oceanic crust. Consequently, the hot tip and edge of the flat
slab can readily experience melting, and the locus of the induced
magmatism in the overriding plate migrated with the advancing/
retreating motions of the slab. This contrasts with the pronounced
magmatic lull associated with an oceanic flat slab, as seen in western
U.s.

3) The advancing and retreating motions of the flat slab caused

respective upper-plate compression and extension. Both led to thin-

ning and reworking of the overriding plate. The surface responded by
forming migrating depocenters of sedimentary basins.

The small density, low solidus of melting, and the spatial-temporal

correlation of the flat slab with terrane accretion support the

notion that the Yanshanian flat slab should mostly consist of conti-
nental lithosphere. Subduction of this continental slab could have
caused local flattening of the oceanic slab further south. We propose
that this composite flat slab may have played an important role in the
J2-K1 tectonism in East Asia, especially in regions away from the
Central Asian Orogenic Belt.
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Supplementary data to this article can be found online at https://doi.
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