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North China, one of the most populated regions in the world, is exposed to elevated seismic hazards and

has experienced multiple M > 8 earthquakes in the past 1,000 years. The recent 1976 Ms 7.8 Tangshan
earthquake constitutes a vivid reminder of the tectonic activity. Yet, the tectonic origin of the regional
seismic unrest remains poorly understood. Here, we use geodetic data to construct a kinematic model
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encompassing the North China Block (NCB) and its neighboring Amurian Block (AB) and the South China
Block (SCB) to illuminate the link between lithospheric strain accumulation and seismic activity. Our

Keywords: analysis illuminates two east-west oriented left-lateral shear zones that decouple the AB from the NCB,
GNSS the latter representing a collage of the North China Plain (NCP) and the Ordos Block (OB). Bookshelf
North China faulting slices the NCP through a series of NNE-trending right-lateral and conjugate WNW-trending left-
?}eChﬂﬂiAcal bridge lateral shear zones. These shear zones drive historical and instrumental seismic activities. The NCB serves
Kinematics

as a mechanical bridge accommodating the relative motion of the surrounding mobile tectonic units. In
the far field, Pacific subduction at the Japan Trench, extrusion of the Tibetan plateau, and retreat at the
Ryukyu trench cause internal strain within the NCB, leading to the frequent occurrences of destructive

earthquakes.

© 2023 Elsevier B.V. All rights reserved.

1. Introduction

North China hosts a large population and numerous economic
hubs. Wedged between the Amurian Block (AB) and the South
China Block (SCB), the North China Block (NCB) represents a col-
lage of the North China Plain (NCP) and the Ordos Block (OB),
and experiences internal deformation (e.g., Y. Zhang et al., 2003;
Wang and Shen, 2020) that results in considerable seismic hazards
(Fig. 1). Within the past 1,000 years, multiple M > 8 earthquakes
have caused numerous casualties and economic loss (Bolt, 1985).
The most recent 1976 Tangshan earthquake alone, with a sur-
face wave magnitude (Ms) of 7.8, caused 240,000 deaths. As the
population and infrastructure have exploded since then, it is im-
portant to refine our understanding of tectonic processes in North
China.
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The tectonic history and active fault zones in North China have
been extensively explored (e.g., Xu et al., 1993; Zhu et al., 2015,
2017; Guo and Zhao, 2019), but the causes of frequent destructive
earthquakes on active fault zones traversing the NCP remain elu-
sive (Fig. 1). A possible rationale for the occurrence of large earth-
quakes in NCP is bookshelf faulting of a series of NNE-trending
dextral faults accommodating the sinistral motion between the AB
and the SCB (Zhang et al., 2018), reminiscent of the kinematics of
right-lateral faults in the Mojave section of the Eastern California
Shear Zone (Garfunkel, 1974). Yet, the role of these structures in
the broader tectonic context is still unknown. This study aims to
shed new light on the internal deformation of the NCB in the con-
text of the large-scale kinematics of Eastern China.

Tectonic geodesy has become a powerful tool to constrain con-
temporary crustal deformation (Thatcher, 2009; Avouac, 2015; El-
liott et al., 2016), but the application of classical geodetic tech-
niques is challenging in Eastern China due to small crustal defor-
mation and the sparseness of GNSS stations in the past. Previous
studies resolved little relative motion between the tectonic blocks
(e.g., Shen et al.,, 2000; He et al., 2003) and could hardly reconcile
the detected internal strain with the seismic activity within the
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Fig. 1. Tectonic setting of Eastern China. (a) Eastern China represents an amalgamation of several tectonic units, outlined by thick gray lines (P. Zhang et al., 2003): the
Amurian Block (AB), the North China Block (NCB, a collage of the North China Plain, NCP and the Ordos Block, OB), and the South China Block (SCB). The major fault zones
(thin lines) are mostly located in or around the NCB, including the Tancheng-Lujiang-Yilan-Yitong fault zone (TLYY), Qinling-Dabie Orogenic belt (QDOB), Zhangjiakou-Bohai
fault zone (ZBFZ), Hetao Graben (HG), Shanxi Graben (SG), Weihe Graben (WG), Yinchuan Graben (YG), Luoshan fault zone (LSF), and Liupanshan fault zone (LPF). Active fault
zones within the NCP include the Anyang-Heze-Linyi fault zone (AHLF), Sanhe-Laishui fault zone (SLF), Tangshan-Hejian-Cixian Fault zone (THCF), and Liaocheng-Lankao fault
zone (LLF). The red and pink dots are the historical M > 5 earthquakes from 1831 BC to 1969 AD (Bolt, 1985) and Ms >5.0 earthquakes since 1970 (from China Earthquake
Networks Center, National Earthquake Data Center, http://data.earthquake.cn); the historical M > 8 earthquakes are labeled. The instrumental Ms > 6.0 earthquakes are
shown with red and blue-filled beach balls, respectively for sinistral and dextral dislocation. (b) Eastern China in a broader tectonic context.

NCB (Zheng et al., 2017; Wang and Shen, 2020). Here, we use the
most recent compilation of geodetic observations in Eastern China,
allowing us to detect previously unrecognized deformation. Using
these data, we constrain a kinematic model that incorporates slip
on major faults and distributed deformation in the lower crust. As
the vertical observation is only accessible at a few scattered sta-
tions and the dataset contains large uncertainties (e.g., Pan et al,,
2021), we focus on the distribution of horizontal shear, which can
be constrained well.

The paper is structured as follows. We first introduce the geo-
logical setting of Eastern China. Then, we describe the kinematic
modeling approach in Section 3 and the compilation of geodetic
data in Section 4. The modeling results are presented in Section 5.
We discuss the internal deformation of Eastern China in the con-
text of plate tectonics and seismicity in Section 6. Our results
indicate that the NCB fills the space problem posed by subduc-
tion of the Pacific plate underneath the AB (Zhu and Xu, 2019),
retreat of the Philippine Sea plate under the Ryukyu trench (Holt
et al,, 2018; Liu et al.,, 2022), and tectonic escape of the Tibetan
plateau (Royden et al., 2008). Acting as a mechanical bridge, the
NCB modulates the relative motion of its neighbors in all car-
dinal directions, resulting in frequent occurrences of large earth-
quakes.

2. Geological setting of Eastern China

The continental assembly of Eastern China represents a collage
of several tectonic blocks since the Archean (Zheng et al., 2013).
The North China Block (NCB) has been a coherent craton since
the late Archean to Paleozoic (Liu et al., 1992). The amalgamation
between the western and eastern NCB, now related to the Ordos
Block (OB) and North China Plain (NCP), occurred ~1.85 Ga (Zhao
et al., 2005). The NCP participated in the destruction of the North
China craton, experiencing tectonic reactivation that led to litho-
spheric thinning and widespread rifting during the Late Mesozoic-
Cenozoic (Xu and Ji, 2015; Wu et al.,, 2019), forming the unstable
crust of the NCP (Wang et al., 2017). During that time, the OB was
less involved in this process and most likely preserves its old cra-
tonic keel (Menzies et al., 2007). Large-scale uplift occurred in the
OB, resulting in the formation of grabens (Deng et al., 1999). The
suture between the Tuva-Mongolia orocline (the main part of the
present Amurian Block, AB) in the North, itself the consolidation
of several Precambrian to Permian subduction-accretion terranes,
and the NCB possibly occurred in the late Paleozoic (Xiao et al.,
2018). Extensive left-lateral fault zones (e.g., the Zhangjiakou-Bohai
fault zone, ZBFZ) developed between the AB and NCB during the
Cenozoic (Deng et al., 1999; Xu and Ji, 2015). The NNE-trending
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Tancheng-Lujiang fault and its northern branch Yilan-Yitong fault
(TLYY), which separates the NCP from the Yellow Sea Basin, orig-
inated during the Triassic-Jurassic and have experienced multiple
stages of deformation with alternate senses of motion since that
time (Zhu et al.,, 2007, 2010). The NW-trending Qinling-Dabie Oro-
genic belt (QDOB) represents an accretionary margin between the
NCB and the South China Block (SCB) that ultimately formed dur-
ing the Triassic (Meng and Zhang, 1999) when the SCB rotated
clockwise relative to the NCB (Zhao and Coe, 1987; Meng et al.,
2005; Tan et al., 2007).

The tectonic blocks are associated with major, seismically active
fault zones (P. Zhang et al, 2003) in Eastern China. The bound-
ary between the AB and the NCB coincides with the Hetao Graben
(HG) and the Zhangjiakou-Bohai fault zone (ZBFZ) (Zonenshain and
Savostin, 1981; Zhang et al., 2018), which notably hosted the 1996
Ms 6.4 Baotou and 1998 Ms 6.2 Zhangbei earthquakes. The west
and south borders of the OB can be identified with the seismi-
cally active Yinchuan Graben (YG), the Luoshan fault zone (LSF),
the Liupanshan fault zone (LPF), and the Weihe Graben (WG). The
boundary between the OB and the NCP is now collocated with the
NNE-trending Shanxi Graben (SG) (Ye et al., 1987) that generated
multiple M 8 earthquakes in the past 1,000 years and the recent
1989 Ms 6.1 Datong-Yanggao earthquake. The boundary between
the NCB and the SCB is identified with the QDOB.

Active fault zones are also present within the NCP. The NNE-
trending Sanhe-Laishui fault zone (SLF), Tangshan-Hejian-Cixian
fault zone (THCF), and the NW-trending Anyang-Heze-Linyi Fault
zone (AHLF) represent neotectonic structures developed from base-
ment faults formed during the craton destruction and rifting in the
Cretaceous-Paleogene, while the Liaocheng-Lankao fault zone (LLF)
is a major Paleogene basement fault that remains active (Han et
al,, 2003; Xu and Ji, 2015). These fault zones embedded within the
NCP are characterized by low spatial continuity and less maturity,
and produced multiple large earthquakes, including the 1966 Ms
6.8 Xingtai and the devastating 1976 Ms 7.8 Tangshan earthquake
on the THCF, the 1679 M 8 Sanhe-Pinggu earthquake on the SLF,
the 1830 M 7'/, Cixian and 1937 M 7 Heze earthquake on the
AHLF (Xu and Ji, 2015).

3. Kinematic modeling

We construct a kinematic model of lithospheric deformation
incorporating deformation beneath the seismogenic upper crust lo-
calized along major active faults and distributed deformation in
the lower crust and upper mantle that may relate to distributed
deep shear zones. In this way, deformation sources originating
from both brittle and ductile regimes are encapsulated (see Fig. 2).
The approach generalizes the block modeling approach (Meade and
Loveless, 2009), allowing the detection of previously unmapped
shear zones (Barbot, 2020; Barbot and Weiss, 2021; Wang and Bar-
bot, 2023). We do not treat the lower crust and the upper mantle
separately due to the limited vertical resolution afforded by surface
geodetic observations. We include the major active fault zones re-
lated to the block boundaries, i.e., TLYY, QDOB, ZBFZ, HG, SG, WG,
YG, LSF, and LPF, which are presumably deep-rooted and play im-
portant roles in regional tectonics. For those grabens as well as
the LSF and LPF surrounding OB, we incorporate branches that
are relatively mature with well-constrained subsurface geometry
(e.g., Chen and Nabelek, 1988; The Research Group, 1988; Xu et
al., 1998; Min et al,, 2013; Zhu et al., 2015; Wu et al., 2020). The
active faults are discretized into triangular elements of ~75 km?2.
We assume interseismic creep at the depths between 12 and 25
km for Eastern China, according to the depth distribution of seis-
micity (Fig. S1, Luo et al., 2012; Teng et al., 2014; Dong et al., 2018)
and Crust 1.0 (Laske et al., 2013). For the underlying plastic sub-
strate, we discretize the region into semi-infinite volume elements
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with a dimension of 50 x 50 km? (Fig. 2). The resulting structural
model is summarized in Table S1.

In this model, the geodetic velocity can be composed of three
parts: 1) aseismic fault creep beneath the seismogenic upper crust,
2) distributed deformation in the lower crust and upper man-
tle, and 3) overall rotation and translation that can be captured
on a sphere by rotations about three orthogonal axes. The latter
depends on the adopted reference frame of the geodetic data. Ac-
cordingly, the velocity field (d) can be decomposed as

d=G.e + Gss + Rw, (1)

where e represents the plastic strain-rate tensors on volume ele-
ments in the lower crust and upper mantle, s represents fault slip
rates on surface elements beneath the seismogenic upper crust,
and w is a vector of 3 spin rates about the rotation poles. The lin-
ear projections between the deformation sources and the surface
geodetic measurements are captured by the Green’s functions Gg
and G, which are constructed based on analytical or semi-analytic
solutions (Meade, 2007; Barbot, 2018). The R matrix linking the
translation and rotation with the observations can be formulated
based on rotation on the spherical Earth’s surface

—rsinAsing rcosg } )

| —rcosising
a —Trcosi 0

rsin i

where r is the local radius of the earth, and ¢ and A are the lati-
tude and longitude of the GNSS station, respectively.

For the volume elements, we consider only three components
of horizontal strain rate ey, ee, and e, expressed in the north-
east coordinate system. The vertical measurements in Eastern
China are sparse and involve large uncertainties. In addition, lo-
cal vertical deformation of tectonic origin can be captured in the
model by the motion of faults. Therefore, as a first-order approx-
imation, we ignore the vertical strain components in the lower
crust. As a result, the volume conservation of anelastic strain-rate
simplifies to ep + eee = 0 and each volume element has two de-
grees of freedom. We allow displacement in the strike and dip
directions for all fault patches. The meshing strategy results in a
large number of model unknowns, related to 2 degrees of freedom
on 2,551 volume elements, 2 slip components on 816 triangular
surface elements, and 3 unknowns for spin rates. Given two veloc-
ity components at 955 GNSS positions, solving Equation (1) is an
under-determined inverse problem. We employ Tikhonov regular-
izations (Aster et al., 2018) for slip and strain, with geological slip
rates s, serving as additional constraints for slip-rate. The regular-
ized inverse problem seeks to minimize the cost function

U=|W(d—Gee —Gss —Rw)||* +a? [le|> + B2 |ILs||?>, s<s,

(3)

In this equation, the first term quantifies the misfit between the
model and the data, where W is a diagonal matrix with the in-
verse of measurement uncertainties, so that higher weights are
given to the data with smaller uncertainties. The second and third
terms respectively describe the roughness of the strain field and
fault slip, with L being a finite difference approximation of the
Laplacian operator, @ and g being regularization parameters that
balance the trade-off between data fitting and model roughness
(see Fig. S2). The applied condition for slip rate ensures the com-
pliance of the kinematic model with geological observations of
long-term slip-rate. We utilize the least-squares method (Taran-
tola, 2005) to minimize the cost function in Equation (3), and we
select the regularization parameters based on the L-curve criterion
(Fig. S2). By minimizing the cost function with given « and B, we
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Fig. 2. Kinematic model setup and example Green’s function. (a) Surface deformation associated with distributed plastic strain in a semi-infinite 50 x 50 km? cuboid (red
square) at 25 km depth. The blue and black vectors correspond to the surface velocities due to the horizontal strain-rate ep, and ey in the red-marked element, respectively.
Both en; and ep, are 1 microstrain/yr. The underlying mesh of volume elements used to model distributed deformation is shown in the background. (b) Schematic diagram of
the modeling setup. Deformation beneath the seismogenic upper crust localized along faults is represented as slip on triangular surface elements. Deformation in the lower
crust and upper mantle related to distributed deep shear zones are discretized as strain-rate tensors in semi-infinite cuboidal elements.

obtain a model that balances the misfit and the roughness of the
model parameters.

4. Geodetic data and model resolution

We use the most recent release of the geodetic velocity field
of continental China (Wang and Shen, 2020), captured by the
Crustal Movement Observation Network of China operating since
the 1990s (e.g., Zhao et al., 2015; Zheng et al., 2017). In this
dataset, the coseismic and postseismic displacements caused by
Mw > 5.9 earthquakes have been corrected based on modeling of
individual earthquakes (Wang and Shen, 2020). Thus, the velocity
field represents the deformation of the stable interseismic phase
related to tectonic motion. The selection based on a polygonal re-
gion for Eastern China results in 955 GNSS stations (Fig. 3).

We use checkerboard tests to investigate the resolution of the
adopted GNSS network and the validity of the inversion method.

Since the deformation in the plastic substrate is dominant and
occurs presumably in the entire region, we consider the plastic
strain rate as the deformation source. We test two checkerboards
of different sizes (Fig. 4), using the synthetic strain rate ey, of 15
nanostrain/yr on the elements marked with black dots and 0 oth-
erwise (Fig. 4) to generate the synthetic surface velocities, via the
product of Green’s function G, and synthetic strain rate. Random
noise, generated in the range of +10% synthetic velocities, is taken
as measurement uncertainties. We use the same regularization pa-
rameters used for modeling the real geodetic observations. The re-
trieved strain rate may explain ~92% of the synthetic velocities, in

terms of variance reduction (1 — \/ > (dsyn — d,m,d)2 /Y dZ,,, with
dsy; and dpog being the synthetic and modeled velocities, respec-
tively), and provides the root mean square misfit xyms of ~1.2

(Xrms = \/% > [ — dmod) /si]z, n is the number of velocity
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data and s; is the uncertainty of the ith velocity datum), implying
that the inversion is robust.

The results provide inhomogeneous spatial resolutions related
to the density of surface observations. The GNSS network affords a
resolution of ~150 km to the NCB and the SCB, but a coarser res-
olution of ~250 km to the AB with a relatively better resolution
around the Yilan-Yitong fault, as suggested by the comparison be-
tween two checkerboard tests using different sizes. Although these
observations are unsuited to resolve detailed along-fault kinemat-
ics, they are suitable for capturing large-scale tectonic features.

5. Crustal deformation of Eastern China

The kinematic model (Fig. 5), consisting of distributions of fault
slip rate and strain rate of plastic substrate, explains the surface
velocity field well (Fig. 3), with an overall variance reduction of
~87%, a Xrms of ~1.48, and a mean residual velocity of ~0.64
mmy/yr. The residuals exhibit little spatial coherence (Fig. S3). We
demonstrate the slip rate averaged over depth in Fig. 5, delineating

identical to Fig. 1. (b) The strain rate surrounding the Yilan-Yitong fault is displayed as a

first-order fault kinematics. Detailed spatial distributions of fault
slip and the underlying two components of the strain tensors can
be found in Figs. S4 and S5. Apart from the translation and ro-
tation, which account for ~78% of the observed velocity field in
terms of variance reduction, the remaining internal deformation
is partitioned by on-fault slip (~1%) and distributed strain (~9%).
Ignoring the rigid-body component of the velocity field, the defor-
mation is caused by fault slip (10%) and distributed strain (90%).
Given the importance of the latter component, we focus the inter-
pretation on the deep-seated deformation.

The plastic deformation of Eastern China concentrates primar-
ily in and around the NCB, with the largest shear strain rate of
~15 nanostrain/yr, at the similar level as that derived directly
from velocity gradient (Wang and Shen, 2020). In contrast, the
shear strain-rate in the AB and the SCB is only a few nanostrain/yr
or less. Continental-scale strain localization along part of the HG,
the seismically active ZBFZ, and the Bohai Sea forms a continu-
ous, transcontinental NW-striking shear zone that decouples the
AB from the NCB. Strain along the SG forms an NNE-striking shear
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zone at the margin of the NCP and OB. The western and south-
western margins of the OB are identified with strain localization
nearly collocated with the YG, the LSF and the LPF. As the shear
zones stretch hundreds of kilometers, well above the resolution
level of the adopted GNSS network (Fig. 4), they can be consid-
ered robust tectonic features. A major shear zone cannot be found
along the QDOB and WG, despite their structural importance as
the suture between the NCB and SCB. A shear zone could have
formed below the Yilan-Yitong fault (Fig. 5b), but with a much
lower amplitude than those mentioned above. Within the NCP,
strain localization may be present in separate regions, but not well
shaped into long, continuous strain belts.

To test the compatibility of the modeled distributed deforma-
tion with the stress state in the brittle crust, we compare the di-
rection of the inferred plastic strain-rate with the direction of max-
imum horizontal compressive stress (Symax) of the World Stress
Map (WSM) database (Fig. 6, Heidbach et al. (2018)). We select the
principal compressive strain-rate of the volume element nearest to
the stress measurement point and calculate the azimuth deviation

between the Symax and the principal compressive strain-rate, the
majority of Symax measurements align with the principal compres-
sive strain within +30° (Fig. 6b), which suggests a broad coherence
of crustal deformation of different source with the modeled plas-
tic strain field. Larger deviations happen in the AB and SCB with
negligible deformation, subject to potentially larger uncertainties
involved in the orientations of both WSM stress and our modeled
strain field.

6. Discussion

6.1. Sinistral and dextral shear zones resolved from the plastic strain
field

Earthquakes occur as a consequence of rapid release of fric-
tional stress imposed by secular shear in response to deep and
far-field tectonic loading. To better characterize the orientation of
shear in the plastic substrate, we decompose the strain-rate tensor
into two conjugate directions of maximum shear compatible with
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for right-lateral shear zones. The open belt along the western border of the OB represents a simple shear belt formed based on the strain alignment is ambiguous because

of the complex geological structures here.

left-lateral (Fig. 7a) and right-lateral (Fig. 7b) faulting. Some shear
zones stand out in and around the NCB, particularly the left-lateral
shear margining the AB and NCB, and right-lateral shear margin-
ing the OB and NCP, all of which collocated with the surficial fault
structures.

Describing the velocity gradient using volume elements in pure
shear allows us to capture the spatial variations of deformation.
However, the horizontal alignment of individual elements deform-
ing in pure shear with similar principal directions may form a
coherent tectonic structure deforming in simple shear. To identify
such possible shear zones, we build streamlines of the maximum
shear strain-rates. We consider thresholds of 1 nanostrain/yr and
the length of 400 km to capture the regional-scale structures. De-
tails on constructing streamlines of maximum shear strain-rates
can be found in the supplementary materials.

The constructed streamlines depict two significant EW-trending
left-lateral shear zones encompassing the seismic belts of ZBFZ and
HG (Fig. 7c) that accommodate the relative motion between the

AB and the NCB. Another EW-trending left-lateral shear zone in
Fig. 7c stretches across the central NCP, coinciding with the seismic
belts of AHLF. A series of NNE-trending right-lateral shear zones
are found conjugate to the left-lateral shear zones (Fig. 7d), form-
ing a bookshelf structure that coincides with the seismically active
faults (Zhang et al., 2018), e.g., the SG and the THCF that gener-
ated the 1966 Ms 6.8, 1976 Ms 7.8, and 1989 Ms 6.1 earthquakes.
The strain alignment along the Yilan-Yitong fault suggests the for-
mation of a right-lateral shear zone underneath (Figs. 7b and S6).
The formation of a simple shear zone based on the alignment of
strains at the western margin of the OB is ambiguous (Fig. 7d), be-
cause the tectonics there involves both dextral (e.g., the YG and the
LSF) and sinistral (e.g., the LPF) faulting.

These shear zones constitute major regional-scale structures
that accommodate regional kinematics and drive seismicity in the
brittle crust. The HG left-lateral shear zone extends ~400 km and
the ZBFZ left-lateral shear zone extends ~740 km. The AHLF left-
lateral shear zone stretches ~600 km from the SG to TLYY. The
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Fig. 8. The velocity field in the plastic substrate expressed by streamlines. Streamlines of velocity (black dashed curves with arrows) depict four separate trajectories parti-
tioned by the axes of principal compression and extension (white arrows with black outlines) in the Eastern China fixed reference frame (rotation-free reference, same as
Fig. 3). The color belts are the shear zones constructed from strain field (Fig. 7). The white contours indicate the subducting slab of the Pacific plate and the Philippine Sea
plate (Hayes et al., 2018). The peripheral GNSS velocities in the same reference frame as the streamlines are displayed in white. These velocities determined from the dis-
placement measurements between 1996 and 2015 (Hao et al., 2019) have been corrected for the deformation related to earthquakes and may represent deep-seated tectonic

motion.

NNE-striking right-lateral shear zones slice the NCP roughly in par-
allel, extending ~700 km from the AHLF to ZBFZ. Remarkably, the
shear zones overlap with the major strike-slip faults and encom-
pass virtually all the historical and instrumental M > 6 earth-
quakes in and around the NCB, explaining the recent seismic ac-
tivity in Eastern China. The strain-rate near the epicenter of the
1976 Ms 7.8 Tangshan earthquake is still elevated, consistent with
the frequent occurrence of moderate earthquakes in recent years.

At block boundaries, such as the HG and ZBFZ margining the
AB and NCB, and the SG margining the OB and NCP, the shear
zones are characterized by a long alignment of similarly oriented
high-amplitude strain-rate. In contrast, the secondary shear zones,
such as the THCF and AHLF inside the NCP, exhibit only moderate
strain-rate, despite being continuously aligned. Previous analyses
based solely on the strain amplitude may have overlooked the
secondary shear zones and their potential to generate large earth-
quakes, which is also supported by studies of active tectonics (Yin
et al, 2014).

6.2. North China as a mechanical bridge linking Pacific subduction and
extrusion of the Tibetan Plateau

To unveil the contemporaneous tectonic deformation of Eastern
China and its link with the surrounding kinematics, we produce a
continuous velocity field in the plastic substrate by integrating the
plastic strain-rate (Fig. 8). The streamlines of the velocity field give
away regional-scale shear in two conjugate directions centered on
the NCP. The regional deformation is accommodated by two pairs
of shear zones, respectively related to the sinistral ZBFZ and AHLF

in the north and south, a dextral shear zone parallel to the THCF in
the east and the SG in the west. The shear zones cause an abrupt
velocity changes across the NCB. In addition, the velocity changes
in both amplitude and directions across the northern margin of the
OB due to sinistral shear along the HG.

The QDOB and WG delineate the margin between the NCB and
SCB. Yet, they do not behave as important shear zones like ZBFZ,
and demonstrate both slow slip rate and slow strain rate, contrary
to expectations for such an important block boundary (Fig. 5). In-
stead, they locate in a wide zone of high velocity with little inter-
nal deformation. Seismic tomography indicates thinner crust below
the QDOB and WG (Bao et al., 2013), as well as low seismic veloc-
ity anomalies in the lower crust and upper mantle (Guo and Chen,
2016; Li et al,, 2017; Wei et al., 2022), likely attributed to mate-
rial extrusion below the high Tibetan plateau. The margin between
the NCB and the SCB may be more diffuse than previously thought,
with sinistral shear occurring further north, below the AHLFE.

The principal axes of the regional finite strain-rate (white ar-
rows with black outlines in Fig. 8) may conveniently partition the
velocity field into four separate trajectories. The principal com-
pression coincides with the northeastward extrusion of the Tibetan
Plateau at the latitude of the OB and the westward subduction of
the Pacific plate at the latitude of the AB, while the principal ex-
tension direction aligns with the retreat of the Philippine Sea plate
below the Ryukyu trench, as illuminated by the peripheral GNSS
vectors (white-bold arrows in Fig. 8, (Hao et al., 2019)) relative to
fixed Eastern China, i.e., in the same reference frame as the stream-
lines.
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Fig. 9. Simplified structural model of Eastern China in the context of regional tec-
tonics. The NCB acts as a mechanical bridge linking the mobile Tibetan plateau, the
Pacific plate, and the Philippine Sea plate below the Ryukyu trench, and accommo-
dates their relative motion by conjugate shear zones in and around the NCB, and
particularly the NCP.

The North China Block, as a mechanical bridge between dis-
tant boundary conditions, links the kinematics of the neighboring
plates in all cardinal directions (Figs. 8 and 9). To the north, the Pa-
cific plate subducts westwards, in alignment with the streamlines,
as captured by the stable GPS velocities in Japan Arc derived from
the two-decade displacement measurements between 1996 and
2015 (Hao et al., 2019) converted into the same reference frame
as the streamlines. The subduction at this latitude is relatively gen-
tle, with the western edge of stagnant slab reaching the location of
the Yilan-Yitong fault (Huang and Zhao, 2006; Hayes et al., 2018).
The higher velocity concentrated east of the Yilan-Yitong fault sup-
ports its significance as a tectonic margin (Min et al., 2013; Xu
et al,, 2017). The corresponding driving force may originate from
the subduction of the Pacific plate, resulting in right-lateral shear
across the Yilan-Yitong fault. The homogeneous velocity field west
of the Yilan-Yitong fault and north of the ZBFZ and HG reflects
the left-lateral motion of the virtually rigid AB relative to the NCB,
also driven by the subducting Pacific plate. To the west, mate-
rial extrusion from the northeastern Tibetan plateau aligning with
the left-lateral faults (e.g., the Haiyuan fault and QDOB) occurs in
the southwest of the OB. At the latitude of the OB, the Tibetan
plateau extrudes opposite to the Pacific plate subduction, form-
ing a northeast-southwest large-scale compression throughout the
NCB. The compressional moment, in conjunction with the retreat
of the Philippine Sea plate below the Ryukyu trench, creates far-
field boundary conditions leading to the passive deformation of the
NCB. The deformation of Eastern China is accommodated by con-
jugate shear zones in and around the NCB, particularly inside the
NCP, compatible with previous findings (e.g., Briais et al., 1993;
Peltzer and Saucier, 1996).

The internal deformation of the NCB fills the space problem
posed by the subducting Pacific plate underneath the AB with si-
multaneous retreat of the Philippine Sea plate below the Ryukyu
trench and the tectonic escape of the Tibetan plateau (Fig. 9).
The sinistral shear zones of the NCB accommodate the left-lateral
motion of the Pacific plate relative to the tectonic escape of the
Tibetan plateau and the retreating Philippine Sea plate, while the
dextral shear zones modulate the regional stress and take up the
differential motion between the Pacific plate and the Philippine
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Sea plate below the Ryukyu trench, resulting in the occurrence of
frequent destructive earthquakes along the fault zones within and
around the NCB.

7. Conclusions

We construct a kinematic model to understand the tectonic set-
ting underlying the destructive earthquakes of North China. The
suture between the NCB and SCB may not be currently deforming,
with left-lateral shear on parallel E-W structures occurring farther
north. Instead, strain concentrates in and around the NCB, forming
east-west oriented left-lateral shear zones along the HG and the
ZBFZ that decouple the AB from the NCB. A secondary left-lateral
shear zone transecting the NCP is collocated with the AHLF. Its
combination with a series of NNE-NE oriented right-lateral shear
zones creates bookshelf deformation in the NCP. These shear zones
coincide with large historical earthquakes. The North China Block,
circumscribed by the westward subduction of the Pacific plate at
the latitude of the AB, the northeastward extrusion below the Ti-
betan plateau at the latitude of the OB and the retreat of the
Philippine Sea plate below the Ryukyu trench, acts as a mechan-
ical bridge that modulates the relative motion of the surrounding
mobile tectonic units, leading to frequent destructive earthquakes.
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