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We propose a concept for a geodynamic model of East Asia, taking into account the mechanism of the
interaction between the stable part of the regional continental lithosphere and the active continental
margin along the Kuril-Kamchatka and Japan island arcs. The concept involves upper mantle
convection combined with keyboard-block mechanism explaining seismic cycle patterns in the active
continental margin and provides grounds to resolve the paradoxes of the present-day velocity field
observed by satellite geodesy methods. These paradoxes are associated with enormous variation in the
velocity field, such as sometimes contradict directions of surface motions in the adjacent portions of the
earth’s surface. We propose a model that attribute the observed motion pattern to the superposition of
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the long-term subduction-driven convection regime beneath the continent causing the ocean-ward
lithosphere extension and the shorter-term cyclic motion of seismogenic blocks with alternating
directions. The model contributes to the development of the physically-based theoretical concepts of
modern plate tectonics and eliminates the contradictions between the observed data and classical plate

tectonics in East Asia region.
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1 INTRODUCTION

East Asia is a vast, highly tectonically active ter-
ritory that includes both stable continental areas
and active continental margin. Seismic and tec-
tonic activity in East Asia is characterized by sig-
nificant heterogeneity, which is due to the region’s
complex geodynamic setting. The developing of
a regional-scale structural-dynamic model of East
Asia is necessary for solving both fundamental and
applied problems of seismology, geophysics and
geodynamics, such as earthquake forecasting, seis-
mic hazard assessment and seismic zoning.

The nature of the deformation of the earth crust
in tectonically active regions is one of the most
controversial issues in geodynamics. The active
deployment of regional satellite geodetic networks
made it possible to accumulate a large amount of

*Corresponding author: yuryg@gsras.ru

data on modern earth surface’s motion in various
regions of East Asia. The analysis of these data
is currently one of the most widely used methods
for studying crustal and lithospheric deformation
processes. A key point of this approach, which
may be also its weak point, is the choice of a geo-
dynamic model describing the processes that cause
deformation of the earth’s surface. An incorrect
choice of the initial geodynamic model can lead
to biased results, even if a mathematically correct
and statistically significant solution is obtained.

To develop a structural and dynamical model of
East Asia one must consider the three-dimensional
distribution of endogenous deformation processes
and the coupled deformation of the upper shells
of the Earth. Another problem is related to the
study of the interaction between the lithosphere of
East Asia and the Kuril-Kamchatka and Japanese
island arcs, where satellite geodetic measurements
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Figure 1: East Asia’s regional seismicity provided by Geophysical Survey of the Russian Academy of
Sciences (gray circles) [GS RAS, 2021] and International Seismological Center (white circles) [ISC,
2021]. Red solid lines show lithospheric plate boundaries according to NUVEL-1A model [DeMets

et al., 1994], blue dashed lines indicate plate boundaries according to models PB2002 [Bird, 2003], and

NNR-MORVEL56 [Argus et al., 2011]. PAC — Pac

ific plate, EUR — Eurasian plate, NAM — North

American plate, OK — Okhotsk microplate, AM — Amur microplate.

reveal opposite displacements of neighboring seg-
ments of the Earth’s surface.

In the framework of the well-known geologi-
cal model NUVEL-1A [DeMets et al., 1994], the
tectonic activity of East Asia is completely deter-
mined by the movement of the three largest sta-
ble lithospheric plates: Eurasian, North American
and Pacific, interacting with each other within nar-
row deformation belts. At the same time, modern
data from structural geology, seismology and space
geodesy provide the evidence for a more complex
tectonic setting of the region Figure 1 This arti-
cle is devoted to the development of a conceptual
structural-dynamic model of East Asia based on
the analysis of GNSS data and existent geomechan-
ical models.

2 DATA AND METHODS

2.1 Satellite geodetic data

The first satellite-geodetic observations in East
Asia began with the installation in 1992-1993
of two permanent stations of the International
GNSS Service (IGS), USUD (Yusuda) and TSKB
(Tsukuba) in Honshu island, Japan. Since 1993, the
Geospatial Information Authority of Japan (GSI)

https://doi.org/10.2205/2022ES000787

ES1005

has been developing a GEONET network of per-
manent satellite-geodesy stations [Sagiva et al.,
2000]. Currently, the GEONET network consists of
more than 1400 stations, including seafloor-based
ones, uniformly distributed over the territory of
Japan with average spacing of 20 km.

In 1997, as a result of joint efforts of the scientific
centers of the Russian Academy of Sciences and
the Lamont-Doherty Earth Observatory, Columbia
University (LDEO), the RUSEG project began
aimed at the development of satellite-geodesy net-
work in northeastern Russia, including the de-
ployment of 2 permanent observation stations in
Petropavlovsk-Kamchatsky (PETR) and Magadan
(MAGO), as well as regional geodynamic networks
with campaign stations [Steblov et al., 2003]. The
permanent RUSEG stations later became part of
the NEDA (North Eurasia Deformation Array) net-
work, being the continental segment of the Inter-
national GNSS Service (IGS) global network.

In Kamchatka Peninsula, starting from 1997,
in order to create a reference points network for
regional-scale volcano and deformation studies,
aregional geodynamic network was deployed con-
sisting of 9 satellite geodetic stations, which was
later extended to 26 stations [Biirgmann et al.,
2005].
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Satellite-geodetic measurements on Sakhalin Is-
land began in 1995-1997 with installation of three
permanent stations in Yuzhno-Sakhalinsk (YUZH,
later YSSK), Uglegorsk (UGLE), and Okha (OKHA)
[Takahashi et al., 1999]. For a more detailed
study of the dynamics of the presumed boundary
zone between the Eurasian and North American
lithospheric plates on Sakhalin, repeated measure-
ments were also taken at campaign stations [Kogan

et al., 2003].
In 2006-2008, as part of the three-stage joint

Russian-Japanese-American complex survey on
the Kuril Islands, the geodetic team of the Institute
of Marine Geology and Geophysics of the Far East-
ern Branch of the Russian Academy of Sciences
(IMGG FEB RAS) installed 8 permanent and sev-
eral campaign stations for satellite-geodetic mea-
surements [Levin et al., 2007], with the goal to
study of present-day geodynamics in the Sakhalin-
Kuril region, and, in particular, to obtain the data
to test the hypothesis of the microplate existence

in East Asia.
The development of satellite geodetic networks

in the south of the vast East Asia mainland began
in the 1990s. Initially, the studies involved the
deployment of campaign stations as part of geo-
dynamic polygons in North China, Tibet, the Hi-
malayas and along the largest regional fault zones
[Banerjee and Biirgmann, 2002; Shen et al., 2000,
2001]. Subsequently, as a result of the network
growth, regional networks were combined into the
Crustal Movement Observation Network of China
(CMONOC), which currently has more than 4000
observation stations and covers the entire terri-
tory of mainland China [Wang and Shen, 2020].
In the last decade, measurements have also been
carried out at geodynamic polygons in the Amur,
Baikal, and Gorny Altai regions [Lukhnev et al.,
2010; Sankov et al., 2014; Shestakov et al., 2011;
Timofeev, 2014; Timofeev et al., 2019].

In this paper we analyze the Earth surface’s dis-
placement data collected at more than 5500 GNSS
stations for the period from 1997 to 2016. At the
preliminary stage, all published data were con-
verted to the ITRF2014 reference frame using the
published transformation parameters and plate
motion parameters from the NNR-MORVEL56
model [Argus et al., 2011]. The data on the GNSS
displacement rates are considered in the unmod-
ified reference frame ITRF2014 in order to avoid
distortions associated with the choice of one or
another regional configuration of tectonic blocks.
In this case, within the framework of plate tecton-
ics, displacement data contain both a component
associated with the displacement of the underly-
ing lithospheric block as a rigid whole-body, and
a component associated with the deformation of
this block, caused by both marginal and intraplate
deformation processes.
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The East Asia’s satellite geodetic networks, con-
sidered in this study, had been deployed for the
purpose of regional and global geodynamics stud-
ies, ensuring the stable anchoring of the antenna
monuments relative to the underlying layers of the
Earth’s crust. Thus, the obtained satellite-geodetic
measurements can be correctly used to study mod-
ern tectonic motions.

2.2 Models of regional deformations processes

To explain the intense intraplate tectonic activ-
ity observed in East Asia, two fundamentally dif-
ferent approaches have been proposed, the con-
ventional plate tectonics and distributed intraplate
strain models.

From the plate tectonics point of view, the ob-
served deformations of the Earth’s surface arise
due to the existence and interaction of additional
regional lithospheric and crustal blocks. In par-
ticular, several authors suggested the existence of
a wide boundary zone in East Asia, represented
by a set of microplates, with Amur and Okhotsk
microplates being the largest ones [Apel et al.,
2006; Ashurkov et al., 2016; Savostin et al., 1982;
Seno et al., 1996]. These predominantly Neogene-
Quaternary blocks, were formed as a result of the
convergence of the largest plates of the region:
Eurasian, North American and Pacific. The spatial
dimensions of the Okhotsk and Amur microplates
are more than 1000 km, which makes it possible to
consider them as «thin» plates (spatial dimensions
of the plate are more than ten times larger than its
thickness) and determine their kinematics through
a standard approach based on the Euler theorem.
The identification of the boundaries of the pro-
posed microplates was carried out by mapping the
main seismogenic faults in East Asia using data
available from geologic, seismologic and satellite
geodetic studies [Hindle et al., 2009; Imaeva et al.,
2017; Seno et al., 1996; Shestakov et al., 2011]. In
a number of studies, satellite geodetic data were
analyzed within the plate tectonics approach in or-
der to determine the kinematics of the Okhotsk
and Amur microplates [Apel et al., 2006; Ashurkov
et al., 2016]. The obtained estimates of the rota-
tion parameters for these microplates and the as-
sumed location of their boundaries are included in
the global ensemble of lithospheric plates defined
by the modern PB2002 [Bird, 2003] and NNR-
MORVEL56 [Argus et al., 2011] models.

From another, intraplate strain, point of view,
the tectonic activity observed in the region is con-
trolled by macro-scale elastoplastic deformations
distributed over a large area that arose as a re-
sult of the collision of the Indo-Australian and
Eurasian lithospheric plates and subduction of the
northwestern part of the Pacific lithosphere. In
particular, this tectonic setting is associated with
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Figure 2: Initial material for constructing a model of a horizontally-expanding convective cell.
Upper mantle seismic tomography image (a) [Zhao et al., 2010]; Sketch of a mantle convection cell
coupled with a subduction zone (b) [Lobkovsky, 2016]; Boundary conditions used for the

convective cell model (c)

the intrusion of a rigid indenter (Indian subcon-
tinent) into a softer elastoplastic structure of the
Eurasian lithosphere [England and Molnar, 2005;
Molnar and Tapponnier, 1978] and the regional-
scale extension of the East Asian lithosphere
caused by the reverse flow of the horizontally-
expanding upper mantle convective cell resulted
from the subduction of the northwestern Pacific
lithosphere [Lobkovsky, 2016]. The possibility of
the existence of a reverse convective flow in the up-
per mantle beneath the continental lithosphere is
confirmed by seismic tomography data [Lu et al.,
2019; Zhao et al., 2010].

A comprehensive geodynamic model of East
Asia should provide complete description of the
endogenous deformation processes causing mod-
ern motions of the Earth’s surface. The model
should also consider the interaction of the stable
part of the continental lithosphere with the active
continental margin, which has its own dynamics
with a different characteristic time scale.

Analysis of seismic tomography data for the up-
per mantle in the transition zone from the Pacific
Ocean to the Asian continent reveal a uniform-
thickness layer having high seismic-wave veloci-
ties Figure 2a. This layer is located at the bottom
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[Lobkovsky et al., 2021a].

of the upper mantle and can be traced as a con-
tinuation of the slab submerging in the subduc-
tion zone [Zhao, 2009]. This geometry suggests
the uniform propagation of this layer towards the
continent at a rate comparable to the subduction
velocity. From the standpoint of the incompress-
ible fluid hydrodynamics, it is natural to assume
that the subducted lithospheric material moving
towards the continent along the upper mantle’s
bottom boundary is involved in a circulating con-
vective cell, in which there is an upper reverse
flow moving the mantle material back towards the
subduction zone Figure 2b. Such a subduction-
associated upper mantle convective cell associ-
ated was proposed by L.I. Lobkovsky and his col-
leagues as a part of geodynamic analysis of the
Arctic lithosphere evolution in Upper Cretaceous
and Cenozoic [Laverov et al., 2013; Lobkovsky et al.,
2013] and was used to explain various structural
and geodynamic features of East and North-East
Asia [Lobkovsky, 2016].

The available seismic tomography data imaging
the structure of the mantle in the transition zone
between the Pacific Ocean and East and North-
east Asia, as well as theoretical models of the
upper mantle expanding convective cells beneath
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Figure 3: Three-dimensional geometry of the two-element keyboard-block model (a), and seismic
deformation cycle phases, showing block loading-unloading sequence (b). A is the fixed undeformable
continental margin; B is the rear-segment block; C is the frontal-segment block; D is the subducting
plate; E is the asthenospheric wedge. 1 —intact “rough” contact zone structure (CZS) (stable stage of
the cycle); 2 — plastically smoothed CZS (preseismic stage of the cycle); 3 — highly fragmented and

heterogeneous CZS (seismic rupturing stage); 4 —

partially recovered CZS (aftershock stage of the

cycle); 5 — spring simulating the elastic interaction of blocks and an undeformed part of the
continental plate.

the continental margin adjacent to the subduction
zone, allows us to propose a mathematical formu-
lation for the subduction-driven mantle convec-
tion problem in the East Asia region [Lobkovsky
et al., 2021a). Applying the Stokes and Boussinesq
approximations to the considered problem of the
flow of a liquid with constant velocity in the upper
mantle, we have the following system of equations:

—Vp+uAv+po[1-p(T-To)]g=0,
Vv =0, pg = const,

vT = xAT, x = L
pOCp
Here v is velocity field, T is temperature, y is dy-
namic viscosity, f is thermal expansion coefficient,
g is gravitational constant, A is thermal conductiv-
ity, C, is isobaric heat capacity, and x is thermal
diffusivity.

Introducing the stream function ¢ and express-
ing the velocity as A/poC,h and time as pOCphz//\,
where h is upper mantle thickness, pg is the den-
sity, and AT is the temperature gradient over the
left-hand boundary, the system (1) can be scaled
and reformulated in dimensionless form:

Here Ra is the Rayleigh number. The boundary
conditions are written as follows:

92
x=0: =0, a—xlf:O,T:O;

2
x=-L: z,b—O,a—lf:O,Tzl—%;
dx 4 (3)
=0: =0 a_l’b T _—
zZ= . 11[}_ ’aZ_ V1, - )
3 L dY ox
z=1 gb—O,g O,T —E.

The numerical solution of system (2) with
boundary conditions (3) shown on Figure 2¢c was
obtained and presented earlier in [Lobkovsky and
Ramazanov, 2021; Lobkovsky et al., 2021a].

As a model, capable to explain the dynamics
of the continental margin of East Asia, we con-
sider the keyboard model of the generation of the
megathrust earthquakes [Lobkovsky et al., 1991].
Within the framework of the keyboard model, the
frontal parts of island arcs and active continental
margins are divided by transverse vertical faults
into separate wedge-shaped blocks, with charac-
teristic size of ~100 km. From the outer (frontal)
side, the blocks are bounded by oceanic trench,
while from the inner (rear) side, by the longitu-

Azt,b _ Raa—T y (9_T iy B_T _ 9’T " 9’T dinal faults separating them from the massive do-
ox’  Yox  Fdz  odx?  9z2’ mains of the island arc or active continental mar-
gin Figure 3 These seismogenic blocks are located
P P on the sub-horizontal portion of the subducting
Vy = Z, v, = —g, (2) slab. . ' . .
The seismogenic blocks experience loads mainly
B p%CpgﬁATW due to their compression across the strike of the
Ra = Ap ) arc. The load is due to the strong coupling of
https://doi.org/10.2205/2022ES000787 ES1005 50f 15
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blocks’ bottom parts to the subducting plate sur-
face via a relatively thin highly plastic contact
layer formed by the sediments of the oceanic plate
filling of the negative blocks” bottom landforms
[Sorokhtin and Lobkovsky, 1976]. At their rear
edges, the blocks interact with the main domain of
the arc, which prevents their further displacement
towards the continent. In addition, the block-to-
block interaction due to friction along their lateral
surfaces is taken into account, which makes it pos-
sible to describe the deformation of both a single
isolated block and a system of seismogenic blocks
[Kerchman and Lobkovsky, 1988].

A megathrust earthquake occurs when a critical
value of elastic energy is accumulated in a seismo-
genic block or several blocks. At that instant, the
contact zone material is assumed to experience de-
struction, accompanied by a drop in shear stresses,
and the partly unloaded seismogenic blocks are al-
most instantly displaced towards the ocean.

During the aftershock stage of the seismic cy-
cle, the displaced block continues moving towards
the ocean along the softened contact surface be-
ing pushed by the remaining part of the elas-
tic energy stored in it. At the end of the after-
shock stage, under the action of increased viscous
friction forces at the bottom, the block goes into
compression and starts moving towards the con-
tinent, gradually accumulating energy [Kerchman
and Lobkovsky, 1988].

In [Lobkovsky et al., 1991], a numerical scheme
was proposed for modeling the displacements of
frontal seismogenic blocks at different stages of
the seismic cycle. In that study the rear part of
the island arc was considered as a single struc-
tural element not subjected to its own horizon-
tal displacements. According to modern satel-
lite geodetic data [Lobkovsky et al., 2017a,b, 2018;
Vladimirova et al., 2020] during the seismic events
both rear and frontal blocks experience almost in-
stantaneous jump-like displacements. In the post-
seismic period, a slow straightening of the rear
blocks occurs, controlled by the resistance of the
underlying asthenospheric layer under conditions
of viscous friction at the block’s bottom.

The resulting numerical scheme for modeling
the continental margin blocks” displacements dur-
ing the seismic cycle is based on solving the stress
equilibrium equation, which is assumed for each
block of either frontal or rear segment:

d(Hoj) 20 H

ox | "o +E(Ti—1+7i+1) ’
i

(4)

where T(()Z) is tangential stress acting on the bottom
surface of the i-th block due to the viscous contact
layer, 7;_; and 7;,; are the stresses due to the fric-
tion with neighboring blocks, d; is the block size

along strike direction, parallel to the trench, and H
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is the block thickness. The shear stresses applied
to the bottom and lateral surfaces of each block can
be expressed as following:

INE?"
(i) e _’7(7/1‘)( 7 —V})% 0<x<I
Ty =-n(i)yi= S\ 1
_’76( alf)% I<x<r
1,2
g = Hisq awifl _ awi (5)
i—1 hg ot T
1,2
oo K (win  dwi
i+1 hg o 5

Here y; = (% - Vio)% is the mean strain rate in
the contact layer with thickness h, Vl-1 is the sub-
duction rate, hg~15 km is the thickness of the as-
thenospheric layer, # (y;, x) is the effective viscos-
ity of the contact layer, 7, is the constant viscos-
ity of the crustal asthenosphere, h, is the thickness
of the viscous material filling the interblock faults,
while ;4}?1 and yil’z are the viscosities of that ma-
terial between blocks number i and i — 1, as well
as i and i + 1 both in the frontal and rear segments
of the model, | and r denotes the lengths of the
frontal and rear blocks respectively.

In addition to equations (5), the following con-
ditions are applied at the model boundaries:

Bw,- _
CW 0 =0 (6)
c(%w; wi) -0 (7)
ox r

Condition (6) indicates that the outer edges of
the frontal blocks are free, while (7) defines an
elastic interaction of the rear blocks with the fixed
margin controlled by the stiffness coefficient k;.
The condition applied at the segment boundary
is variable, depending on the current state of the
seismic cycle. During the stress accumulation
phase (interseismic stage), the frontal block mo-
tion is fully transferred to the rear segment:

awi _
Cc W - =0 (8)

During the postseismic (aftershock) phase of the
cycle, the segments are considered to be separated
by a “gap” due to different rates of elastic straight-
ening in the frontal and rear blocks, accompanied
by pronounced motion of the blocks towards the
ocean. In this case, the motion of the frontal edge
of the rear segment satisfies the free boundary con-
dition:

aw,-

c— =0
ox x=I"

(9)
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The above models of deformation of the con-
tinental and marginal parts of East Asia’s litho-
sphere have a common energy source — the pro-
cess of subduction of the Pacific plate, which pro-
vides basis for their further combination into a sin-
gle geodynamic model of East Asia.

3 ResuLts

To reveal the features of the regional deforma-
tion field and to check the applicability of the
methods presented above to describe the regional
deformation processes we perform the analysis
of modern surface motions provided by satellite
geodesy data and construct the comprehensive
geodynamic model of East Asia which can explain
the observed surface displacements.

3.1 Analysis of the present-day movements of
the Earth’s surface in East Asia

Satellite geodesy allows one to make direct
measurements of the modern motions of tectonic
blocks and to estimate the intensity of deforma-
tion processes, both at plate boundaries and in
their central stable regions. The satellite measure-
ments analyzed in this study cover the entire terri-
tory of East Asia, both the mainland and the active
continental margin. This enables one to see the
significant heterogeneity of the displacement field
caused by the action of various deformation pro-
cesses. Figure 4 shows the downsampled distribu-
tion of horizontal component of the displacement
rate vectors, and its prominent variations. The
downsampling was done in a way preserving the
main patterns of the velocity field. Studying the
presented velocity field variations is important due
to the occurrence of the largest subduction earth-
quakes at the continental margin of East Asia: the
2006-2007 Simushir earthquakes (Mw = 8.1 —8.3)
and the 2011 Tohoku earthquake with Mw = 9.0
[Dziewonski et al., 1981; Ekstrom et al., 2012], that
have seriously affected the regional deformation
field. Earlier, we have carried out a detailed inves-
tigation of the seismic cycles of these earthquakes
and their impact on the velocity field at the East
Asia’s continental margin [Lobkovsky et al., 2017,
2018; Viadimirova et al., 2020].

Analysis of the horizontal velocities of the
Earth’s surface in East Asia Figure 4 revealed
a number of its specific features. Throughout
the continental part of East Asia, including the
territory of mainland China, as well as the Far
Eastern and Arctic regions of Russia, including
Sakhalin Island, a well-correlated motion of ob-
servation stations to the southeast (towards Pacific
Ocean) is observed, while the displacement vec-
tors tend to have not only similar directions but
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also their magnitudes. At the same time, on the
active continental margin of East Asia, the dis-
placement field is extremely heterogeneous both
along the oceanic trench strike and towards the in-
land. These inhomogeneities are especially notice-
able in the satellite-measured data in Kamchatka
Peninsula: the western coast and the central part
of the peninsula are displaced to the southeast in
accordance with the predominant direction of the
regional displacement field, while the east coast
shows a significant reversal of displacement vec-
tors to the south-west. In addition, there is a gen-
eral gradual decrease in the magnitudes of the dis-
placement vectors in the west-east direction across
Kamchatka. Such a displacement pattern is well
explained if the observed displacements are pre-
sented as the vector sum of the regional displace-
ment trend (pointing to the southeast) and the de-
formation vector associated with the compression
of the overhanging continental edge due to the
subduction of the Pacific plate. The deformation
vectors’ magnitudes rapidly decrease towards the
continent interior and their orientations are ob-
viously aligned with the plate convergence vec-
tor, which in Kamchatka is directed to the north-
west, perpendicular to the oceanic trench Fig-
ure 4. Thus, the satellite measurements in Kam-
chatka Peninsula indicate the stationary interseis-
mic stage of elastic stress accumulation in the sub-
duction zone. If a continuum model is assumed,
such a deformation regime should cause signifi-
cant gradients in the quantities characterizing the
stress-strain state of the region’s lithosphere.

The GNSS data in Kuril and Japan Islands differ
significantly from the displacement pattern typ-
ical for the entire region and allow us to study
the continental margin’s response to the process
of elastic stresses release occurring in the source
of the largest subduction earthquake. Most of the
stations of the Kuril network were installed only
about six months prior to Simushir events, while
the other part, especially near the earthquakes’
epicenters, were deployed about six months later
[Vladimirova et al., 2020], which made it difficult
to estimate the stationary interseismic displace-
ment velocity in the Kuril Islands. Figure 4 show
the variations in displacement velocities along the
Kuril and Japan Islands (estimated at one-year in-
tervals): prior to Simushir earthquakes Figure 4a
one year after the Simushir earthquakes Figure 4b
and one year after the Tohoku earthquake Fig-
ure 4c. Before the Simushir earthquakes, the
northern flank of the Kuril island arc was experi-
encing drift consistent with the predominant di-
rection of the Kamchatka’s east coast, which sug-
gests that the region was at a stable interseismic
stage. At the same time, the displacements at the
southern flank of the Kuril arc are extremely het-
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Figure 4: Time variations in the horizontal velocity components of GNSS stations in East Asia. The
velocities for active continental margin were estimated (a) — prior to the 11/15/2006 Simushir
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erogeneous along the trench and gradually change
from the southeast to the west, while increasing
in magnitude. Unfortunately, these velocities were
estimated over very short time intervals (up to six
months), which does not allow us to rule out local-
scale variations and the effects of seasonal bias. A
similar displacement pattern is observed in this re-
gion several years after the Simushir earthquakes
Figure 4, which proves that this trend is charac-
teristic of the interseismic stage. Differences in the
displacements’ direction can be caused both by the
peculiarities of the deformation process (variations
in the mechanical coupling in the interplate inter-
face), and by the process of the future Simushir
earthquakes preparation.

During the postseismic stage of the seismic cy-
cle associated with the Simushir earthquakes, the
displacements on the southern and northern flanks
of the Kuril island arc do not change their direc-
tion, but decrease in magnitude in the first year
after the event Figure 4b, and nearly getting back
to their original values 6 years after the earth-
quake Figure 4c. At the same time, measurements
in the central part of the arc, near the epicen-
ter, demonstrate long-term and intense displace-
ments of this part of the subduction zone towards
the ocean, gradually decreasing with time Fig-
ure 4b-Figure 4c. On the whole, this kind of dis-
placement pattern sharply contrasts with the dis-
placements’ behavior in the neighboring parts of
the island arc and shows that the release of accu-
mulated elastic stresses occurred only in a local
region near the earthquake epicenter. Under the
assumption of a continuum-based model for the
Kuril island arc region, the observed displacement
pattern should have led to the accumulation of sig-
nificant shear stresses.

Satellite measurements recorded in Japan
demonstrate a surface’s displacement pattern
similar to that of the other parts of the active
continental margin. At the interseismic stage
Figure 4a-Figure 4b, the displacement vectors are
pointing to the west, which is consistent with the
plate convergence vector direction, and decrease
in magnitude across the Japan Islands from east
to west. Thus, the observed displacements are in
good agreement with the idea that the dominant
displacement component is the one associated
with the continental margin deformation due to
the subduction of the Pacific plate. In the first year
after the Tohoku earthquake, the displacement
vectors abruptly change their direction to the
southeast, opposite to the interseismic orientation,
and retain this direction near the epicenter for at
least 4 years, gradually decreasing in magnitude
[Lobkovsky et al., 2018].

The divergent orientation of the present-day
velocities along the Kuril-Kamchatka trench, re-
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vealed by satellite geodesy data, is associated both
with the fact that different segments of the island
arc are subjected to the different stages of the seis-
mic cycle [Lobkovsky et al., 2017b], and with a sub-
stantial inhomogeneity of the mechanical coupling
both along the dip, and along the strike of the
subduction surface between the Pacific and North
American lithospheric plates [Steblov et al., 2010].

In general, the analysis of the present-day hor-
izontal movements of the Earth’s surface shows
that for most of the seismic cycle, which in the
study region can have duration of hundred years
or more [Fedotov, 1968], the displacement direc-
tions at the active continental margin are incon-
sistent with the direction of modern surface mo-
tions in most of East Asia, and is sometimes re-
verse. Such a displacement pattern creates a para-
dox, where enormously large strain values would
have expected within the back-arc basins, which
are not confirmed by the regional seismicity data
and the features of the tectonic structure of the re-
gion.

The modern motions of the Earth’s surface in the
mainland East Asia, recorded by satellite geodesy
methods Figure 4, have velocity magnitudes of
3-4 cm per year and are directed towards the
ocean, which turns out to be in good agreement
both in magnitude and direction with the displace-
ments associated with the lithosphere extension
caused by return convection flow in the upper
mantle [Lobkovsky et al., 2021a]. The overview of
the GNSS-measured displacements recorded along
the Kuril-Kamchatka and Japan trenches suggests
that the characteristic changes in the direction and
magnitude of the displacement vectors can be ex-
plained in terms of decomposition of the total dis-
placement into individual components caused by
the action of long-term motion towards the ocean
and more rapid deformation process, periodically
changing its direction and intensity. Thus, the re-
sulting geodynamic model of East Asia can be ob-
tained as a superposition of the deformation mod-
els of the continental part of the region and the de-
formation model of the active continental margin,
which have a common energy source.

3.2 East Asia’s geodynamic model

In [Lobkovsky et al., 2021a] it was shown that
considering the interaction of the lithosphere and
the upper mantle in the active continental margin
within the framework of the nonstationary con-
vective cell model allows one to explain the mod-
ern displacements of the Earth’s surface and seis-
mic tomography data observed over a distance of
up to 2000 km continent-ward without involv-
ing any additional lithospheric blocks. Figure 5
shows the calculated streamline patterns in the up-
per mantle for various Rayleigh number values.

9of 15



GEODYNAMIC MODEL OF THE INTERACTION BETWEEN THE CONTINENTAL. ..

LoBkovsky ET AL., 2022

(— —~)

1—Z - - ) ) O

(T —)
=

Figure 5: Upper mantle convection flow assuming no plate motion motion (v{=0) calculated for
Rayleigh number Ra=103 (a) and Ra = 5 x 103 (b) [Lobkovsky et al., 2021a].

From Figure 5a, it can be seen that at Ra = 103,
the outer streamlines fill the entire modeling re-
gion and this pattern corresponds to a single-cell
structure. However, inside the region there are
inner cells circulating in the same direction as
the outer cell. Figure 5b, shows the behavior for
Ra = 5x 103, where the outer streamlines still rep-
resent a single-cell structure. This agrees with the
experimental data [Kirdyashkin et al., 2002], show-
ing that only one asthenosphere convection cell is
formed at Ra = 6.3 x 103. However, in this case, in
the central part of the modeling region, the flow
appears to have a complex structure as a series of
horizontally-aligned inner cells having the same
circulation direction as an outer one. This struc-
ture is more complex than that for the smaller
Rayleigh number values Figure 5a.

The 3D modeling results [Lobkovsky et al., 2021a]
indicate that the cold region at the bottom of the
modeling domain (the submerged slab of the Pa-
cific Plate) is steadily moving to the left and trav-
elling over 2000 km. The obtained velocity dis-
tribution shows that the lateral size of the convec-
tive cell increases synchronously with the motion
of the cooled Pacific lithosphere towards left under
the continent.

Numerical modeling of the deformation pro-
cess of East Asia’s continental margin, taking
into account its two-element structure, has shown
good agreement of the model displacements
with geological-geophysical evidence and satellite
geodetic data [Lobkovsky et al., 2021b,c]. This ap-
proach provides natural explanation for the ob-
served anomalies of the present-day displacement
field along the subduction margin of East Asia. Ac-
cording to the two-element keyboard model, the
significant lateral inhomogeneities of the displace-
ment velocity field along the strike of the oceanic
trenches are associated with the fact that differ-
ent segments of the island arc are currently un-
der the different stages of the seismic cycle. Par-
ticularly, the rapid reversals of the displacement
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velocity vectors near the fault zones of large sub-
duction earthquakes are caused by the significant
slide of seismogenic blocks towards the ocean dur-
ing the seismic and postseismic stages. Over the
seismic cycle, elastic stresses accumulate locally
within the seismogenic blocks of the continental
margin, which are then unloaded when the large
subduction earthquake occurs. Figure 6 shows
that over a series of seismic cycles there is no sub-
stantial displacement of the continental margin to-
wards the continent. Continent-directed displace-
ment phases last for about 80-100 years or more,
and each one is followed by a rapid ocean-ward
motion occurring during the seismic and postseis-
mic stages of the seismic cycle.

At the same time, according to the upper mantle
convection cell model, the long-term displacement
of the entire active continental margin takes place,
causing its movement towards the ocean. The pre-
sented model resolves the paradoxes related to the
observation of anomalously large modern velocity
field gradients between neighboring segments of
island arcs, as well as between the mainland and
the continental margin of East Asia. Thus, the geo-
dynamic model of East Asia proposed in this study
Figure 7 makes it possible to explain the observed
dynamics of the Earth’s surface, which has man-
ifestations at different time scales, by taking into
account the dominant regional geodynamic pro-
cesses.

The process of the continental lithosphere ex-
tension continues for millions of years and can
be considered stationary when interpreting satel-
lite geodesy data. Within the framework of the
proposed two-element keyboard-block deforma-
tion model, the continental margin can behave like
a continuum structure or deform segmentally, due
to the fault-block structure and the dominance of
the viscous friction regime between the blocks and
at the subduction interface.

The geodynamic model of East Asia proposed in
this study allows one to interpret the observed dis-
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Figure 6: Simulation of several seismic deformation cycles in Kuril subduction zone for two-element
keyboard model. Left column of images shows the displacements of frontal block, right column shows
the displacements of rear block. Stochastic condition for amount of relaxated and accumulated elastic

energy was applied [Lobkovsky et al., 2021c].

placements of the Earth’s surface within the frame-
work of a single physical process that causes both
long-term deformation of the continental litho-
sphere and short-term cycles of elastic stress accu-
mulation and release along the continental margin.

4 Di1sCUSSION AND CONCLUSIONS

The classical plate tectonic approach using Eu-
ler’s theorem to describe the kinematics of litho-
spheric and crustal blocks has proven itself well
in the early stages of plate tectonics development
and revealed good agreement between present-
day movements of the Earth’s surface and simi-
lar estimates averaged over the past several mil-
lion years for large portions of the Earth’s surface
[Sella et al., 2002]. An attempt to extend this con-
venient and simple mathematical approach, which
does not require taking into account the dynam-
ics of the underlying mantle, has been repeatedly
taken to describe regions that are more complex
in tectonic structure, including East Asia [Apel
etal., 2006; Ashurkov et al., 2016; Calais et al., 2006;
Cook et al., 1986; Kreemer et al., 2003; Loveless and
Meade, 2010; Sella et al., 2002; Seno et al., 1996;
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Wang and Shen, 2020]. The kinematic models of
the Okhotsk and Amur plates, as well as smaller
blocks, proposed in these studies, differ greatly
in terms of plate boundaries’ geometry and plate
kinematics parameters for each of these blocks. In
addition, the presence of scattered seismicity belts
in East Asia, reaching 600 km in width Figure 1,
and the absence of aseismic regions surrounded
by seismicity belts, do not allow to accurately de-
termine the location and confirm the presence of
closure of the boundaries of the presumed litho-
spheric blocks. Further deformation analysis of a
large amount of satellite geodetic measurements in
China and on the Japan Islands revealed a large
tectonic fragmentation of the presumed Okhotsk
and Amur microplates with the identification of
additional tectonic domains [Loveless and Meade,
2010; Wang and Shen, 2020].

At the same time, modern seismic tomography
data clearly image three-dimensional deformation
structure of the East Asia region and a significant
correlation between the Earth’s surface dynamics
and convective flow in the asthenosphere and up-
per mantle [Zhao, 2004, 2009; Zhao et al., 2010].
Several studies prove the possible segmentation of
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Figure 7: Sketch of the geodynamic model of East Asia featuring the emergence of a horizontally
expanding convective cell in the asthenosphere and upper mantle. (a) — long interseismic stage of
elastic stress accumulation in the subduction zone, (b) — postseismic stage, accompanied by relaxation
of accumulated elastic stresses. A — subducting oceanic plate, B — frontal seismogenic block, C —
island-arc (rear) block, D — continental plate, E — horizontally expanding convective cell in the upper
mantle, F — lower mantle. 1 — continental lithosphere, 2 — oceanic lithosphere, 3 — viscous interplate
contact layer, 4 — viscoelastic asthenosphere and upper mantle, 5 — direction of the continental
lithosphere stretching and subduction zone drift, 6 — direction of the oceanic plate subduction, 7 —
directions of the continental marginal blocks’ displacements, 8 — convection flow directions.
Displacement rates and sizes of major structural elements are not to scale.

the active continental margins in subduction re-
gions including existence of trench-parallel and
transverse strike-slip faults [Baranov et al., 2015;
DeMets, 1992; Kogan et al., 2017; La Femina et al.,
2002]. Another issue arising from the applica-
tion of the plate tectonic approach in the analysis
of present-day movements is the revealed discrep-
ancy between the deformation regime in the Arctic
region established from geological and geophysi-
cal data and that predicted by the global models
of the tectonic structure and evolution [Lobkovsky,
2016]. This fact suggests the existence of some sort
of mechanical coupling between the Eurasian and
North American lithospheric plates in the region
between the Gakkel ridge and the Aleutian sub-
duction zone.
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In this regard, in order to construct a compre-
hensive geodynamic model of East Asia region,
and solve the problems relevant to the geody-
namic regime study and seismic hazard predic-
tion, the classical plate-tectonic approach, which
requires identification of all existing lithospheric
blocks (plates) and determination of their kine-
matics, turns out to be incomplete.

The model of the geodynamic structure of East
Asia proposed in this study links the dynamics
of the active continental margin, which is char-
acterized by seismic-induced direction-alternating
movements of the continental margin with a pe-
riod from several tens to several hundred years,
and a long-term process of oceanic slab subduction
with the formation of a return convective cell in
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the mantle. Within the framework of this model,
the dynamics of the Earth’s surface of the entire
East Asia region is governed by the interaction
of the subduction slab with upper mantle mate-
rial and, through convection, with the continen-
tal lithosphere, leading to its ocean-ward exten-
sion. The present-day displacements of the Earth’s
surface observed by satellite geodesy methods are
in good agreement with the directions of move-
ments predicted assuming this model, both near
the oceanic trench and at a distance of up to 2000
km inland.

The presented model is capable to resolve the
paradoxes of the regional modern velocity field ob-
served by satellite geodesy, associated with a sig-
nificant variation in the velocities along the con-
tinental margin and sharp changes in their direc-
tions during the seismic cycle, as well as signif-
icant gradients of the velocity field in the back-
arc basins. The model makes it possible to ex-
tend the physically-based theoretical concepts of
modern plate tectonics and eliminate the contra-
dictions between the observed data and classical
plate tectonics in East Asia region. The model pre-
sented in the study is currently in the conceptual
stage of its development, while we have already
quantitatively implemented all of its components
in a series of recent publications. The next stage in
the development of the geodynamic model of East
Asia will be the analysis of the mutual effect of the
model’s individual components, as well as the re-
finement of the resulting model parameters based
on the available satellite geodetic, geological and
geophysical data.
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