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Abstract: Using global positioning system (GPS) observations of northeastern China and the southeast
of the Russian Far East over the period 2012–2017, we derived an ITRF2014-referenced velocity field
by fitting GPS time series with a functional model incorporating yearly and semiannual signals, linear
trends, and offsets. We subsequently rotated the velocity field into a Eurasia-fixed velocity field and
analyzed its spatial characteristics. Taking an improved multiscale spherical wavelet algorithm, we
computed strain rate tensors and analyzed their spatial distribution at multiple scales. The derived
Eurasia-referenced velocity field shows that northeastern China generally moved southeastward.
Extensional deformation was identified at the Yilan–Yitong Fault (YYF) and the Dunhua–Mishan
Fault (DMF), with negligible strike–slip rates. The principal strain rates were characterized by NE–SW
compression and NW–SE extension. The dilation rates show compressional deformation in the
southern segment of the YYF, northern end of the Nenjiang Fault (NJF), and southeast of the Russian
Far East. We also investigated the impact of the 2011 Tohoku Mw 9.0 earthquake on the crustal
deformation of northeastern China, generated by its post-seismic viscoelastic relaxation. The velocities
generated by the post-seismic viscoelastic relaxation of the giant earthquake are generally orientated
southeast, with magnitudes inversely proportional with the epicentral distances. The principal strain
rates caused by the viscoelastic relaxation were also characterized by NW–SE stretching and NE–SW
compression. The dilation rates show that compressional deformation appeared in the southern
segment of the DMF and the YYF and southeast of the Russian Far East. Significant maximum
shear rates were identified around the southern borderland between northeastern China and the
southeast of the Russian Far East. Finally, we compared the multiple strain rates and the seismicity
of northeastern China after the 2011 Tohoku earthquake. Our finding shows that the ML ≥ 4.0
earthquakes were mostly concentrated around the zones of high areal strain rates and shear rates at
scales of 4 and 5, in particular, at the DMF and YYF fault zones.
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1. Introduction

The 2011 Mw 9.0 earthquake in Tohoku, Japan caused large-scale coseismic crustal deformation
throughout northeastern Asia up to 3000 km from the epicenter [1,2]. The coseismic displacements
reached tens of meters for the global positioning system (GPS) sites on northeastern Japanese islands [3,4].
This earthquake generated coseismic offset of 14.5–57.7 mm in Korea [5,6] and of ~32 mm in northeastern
China [7,8]. Coseismic deformation in northeastern China was dominated by EW-oriented stretching,
with amounts near or higher than the tectonic rate [9]. Temporally, the Tohoku earthquake caused
disturbance to the crustal stress, not only in the near-field Japan island [10,11], but also in far-field
north and northeastern China [8,12,13]. The coseismic Coulomb stress variation produced by the
Tohoku earthquake on the primary faults in eastern China was smaller than 0.01 Mpa, the empirical
threshold to trigger seismicity rate variation.

Several researchers have calculated the strain rates due to the viscoelastic relaxation after the
Tohoku earthquake using a layered rheological model, showing that the strain rate pattern is almost
identical to that generated by the mainshock, however with lessened magnitude [8,9]. The seismicity
rate recorded by the Chinese Seismic Network does not show significant increase about the primary
faults in eastern China following the Tohoku earthquake, but the seismicity rate in northeastern China
appears to be a low rate lasting for2 years following the Tohoku earthquake [9], The Epidemic-type
Aftershock Sequence (ETAS) model [14,15] was utilized to delineate the observed seismic activities.
This indicates that the Tohoku earthquake could have caused a significant influence on the seismic
activity in northeastern China, where coseismic displacement and strain are larger than those in other
areas in China.

We utilized the data of continuous and campaign GPS sites in northeastern China, including
those of the Crustal Movement Observation Network of China (CMONOC), and its successor the
Tectonic and Environment Observation Network of China (TEONOC), as well as the continuous
GPS sites installed and operated by China Metrological Administration (CMA) over the period of
2012–2017. In addition, we also utilized the GPS velocities of the Russian GPS Network in the Russian
Far East to obtain an integrated GPS velocity field. The GPS data of denser sites, including those in
northeastern China and the Russian Far East, with a timespan longer than previous studies could
better characterize the deformation of crust following the Tohoku mega-earthquake. Firstly, we
evaluated crustal deformation in northeastern China following the 2011 Tohoku mega-earthquake
with a detailed analysis of the velocity field. Then, we estimated the activity of the Dunhua–Mishan
Fault (DMF) and Yilan–Yitong Fault (YYF) by taking an approach centered on GPS velocity profiles.
Subsequently, we analyzed the strain rates calculated by the improved multiscale spherical wavelet
algorithm [16], followed by the analysis to the impact of the post-seismic relaxation owing to the 2011
Tohoku mega-earthquake on the crustal deformation of northeastern China. Finally, we explored
whether the strain rate components inferred from the GPS observations could be correlated with
seismicity after the 2011 Tohoku earthquake.

2. Seismotectonic Setting

Northeastern China is located within the proposed Amur microplate [17,18], which is near the
eastern boundary of the Eurasian plate (Figure 1). The region is enclosed by the Sino–Korean craton in
the south [19,20], and in the north by the Siberian craton [21,22]. In the period of the late Mesozoic,
as well as the Cenozoic, stretching was widespread in northeastern China [23]. At least three rifting
phases occurred in this region. The first rifting phase was in the late Jurassic–early Cretaceous times,
characteristic of intracontinental rifts, volcanism, and extension along the large strike–slip faults [21],
resulting in the emergence of the Songliao Basin and its adjacent volcanic mountain ranges. After uplift
and denudation generated by compression tectonism near the end of the Cretaceous, in a Paleogen
rifting phase, numerous continental rift systems and continental margin basins appeared [23]. During
the Neogen, early tertiary basins went into a post-rifting stage, yielding a regional depression [21].
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During the Quaternary, rifting was characterized by the eruption of basalt and accelerated depression
in the region of tertiary rifting [23].

Multiple studies have been done to ascertain the cause of the crustal extension. The subduction
toward the west and rollback to the east of the paleo-Pacific Plate were proposed to interpret the
observed widespread stretching and volcanism [24,25]. On the other hand, several researchers claimed
that the widespread rifting is possibly associated with progressive closure of the Mongol–Okhotsk
Ocean from west to east. The collision after the closure caused lithospheric thickening in northeastern
China and the following collapse of the thickened lithosphere led to thinning of the thermally weakened
boundary layer [26,27]. Moreover, the gravitational collapse of thickened and weakened crust could
also cause the widespread rifting [28].
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Figure 1. Tectonic setting with seismicity of the northeast China following the 2011 earthquake
in Tohoku, Japan. The dashed line is the hypothesized plate boundary of the Amur microplate.
The black lines are active Quaternary faults. The pink line delimits the Songliao Basin; the black arrow
represents the subducting rate of the Pacific Plate; the red star depicts the epicenter of the Tohoku
earthquake. The red circle represents the epicenter of the 1976 Tangshan Mw 7.8 earthquake; The
pink triangle is the epicenter of the 1975 Mw 7.0 Haicheng earthquake. Note: SKC, the Sino–Korean
craton; XMOB, the Xing’an–Mongolia orogenic belt; SLB, the Songliao Basin; CBM, the Changbaishan
Mountain region; CV, the Changbaishan volcano; F1, the Nenjiang Fault; F2, the Yilan–Yitong Fault; F3,
the Dunhua–Mishan Fault; F4, the Tangshan Fault; HC, Haicheng; PA, the Pacific Ocean.

The DMF and YYF are two strands of the northern extension of the NNE-trending Tanlu fault,
which is the fault of largest extent in the eastern Chinese mainland. The 800-km-long YYF extends
northeastward from northern Shenyang along the orientation of N50◦–55◦E, crossing the eastern
side of the Songliao Basin, terminating in the Far East of Russia. It has been thought that this fault
developed from early the Cretaceous to early Tertiary [29]. Intersecting with the YYF at its southern
end, the 900-km-long DMF extends NNE-ward in the direction of ~50◦, obliquely to the strike of
the YYF. The DMF has undergone at least a two-phase strike–slip activity, namely in the middle-late
Permian to the early Triassic and the middle-late Jurassic to the early Cretaceous, with a total offset
distance of ~400 km [30]. Recent investigation shows that the new motion of the YYF since the Holocene
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was predominated by dextral strike–slip, with a normal component [31]. It has been thought that no
historical earthquake larger than magnitude 6 occurred at the YYF. However, recent trench excavation
at the YYF and sample dating suggest this fault was ruptured by an M ≥ 7 earthquake after 1730 ± 40
year BP [31]. Instrumental seismicity show shallow medium-sized events, generally smaller than
magnitude 6, occurred near the YYF, with the largest one measuring M 5.8 in 1963 [32].

Another major fault is the NEE-trending blind Tangshan fault, recognized after the 1976 Mw 7.8
Tangshan earthquake. Small earthquakes have frequently occurred since the 1976 Tangshan earthquake,
which were thought to be a long-lasting sequence of aftershocks. Of note was a sequence of small seismic
events, which occurred in the Tangshan area in early 2012, incorporating an Ms 4.8 event and an M 4.0
event on 28 May 2012 and 18 June 2012, respectively, after the 2011 Tohoku earthquake. Statistically,
deep-focus earthquakes and shallow-focus earthquakes in northeastern China are characterized by
activities in groups, with evident correlation in spatial–temporal distribution [32]. The migratory
direction of major earthquakes on the subduction belt in the Sea of Japan could cause significant
influence on the distribution in space of the shallow seismic events in northeastern China [33].

3. Method

3.1. The Processing of GPS Data

We collected the GPS data of CMONOC and TEONOM, and the data of continuous sites operated
by CMA in northeastern China over the period of 2012–2017 (Figure 2). To analyze the crustal
deformation pattern after the 2011 Tohoku giant earthquake, we employed the GAMIT/GLOBK
software (version 10.6) [34,35] to process raw data in a two-step approach. Firstly, GPS raw data
from each station were processed with sessions to calculate post-seismic time series. Details on the
processing procedure can be found in our previous work [36,37], and are not repeated here. However,
it needs to be mentioned that we also collected raw data of other CMONOC continuous GPS stations
throughout the Chinese mainland and about 80 ITRF2014 reference stations distributed globally to
realize a reasonable reference frame [38].
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Figure 2. Global positioning system (GPS) site distribution in northeastern China. The black lines are
active Quaternary faults. The red triangles and the black triangles represent continuous GPS sites and
campaign sites of the Crustal Movement Observation Network of China (CMONOC), respectively.
The blue squares are continuous GPS sites of China Metrological Administration (CMA). The seven
cyan triangles with site names are continuous GPS sites installed and operated by the Far East Federal
University, Russia.
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Then, the least squares adjustment vectors and the variance–covariance matrix of station positions
as well as orbit parameters of each daily solution were further passed to a Kalman filter of GLOBK
to resolve position time series by minimizing the deviation of the positions and velocities of the core
stations of the IGS network relative to the ITRF2014, with the estimation of translation, orientation,
and scale transformation. An iterative approach was performed to remove stations of low-quality data
and to stabilize the reference frame.

The velocities and corresponding errors of each site were estimated by linear best fitting for the
daily position time series. We invoked a model encompassing a constant linear velocity, yearly and
half-year sinusoidal change terms, and jump parameters to fit coordinate time series of each component
for each station, written as [39]:

Dk(ti) = Dk(t0) + vkti +
2∑

m=1

[am sin(2mπti) + bm cos(2mπti)] +

j0∑
j=0

o jH
(
ti − t j

)
+ ei (1)

where k = n, e, u for the north, east, and vertical components, respectively; Dk(t0) is the station position
at time t0, and vk is the linear rate of component k; am and bm denote the sine and cosine component
amplitudes of annual or semi-annual periods; H

(
ti − t j

)
is the Heaviside function; o j is the jump at time

t j, and ei the noise of position time series. Concerning the error range, a 95% confidence interval was
estimated according to standard normal distribution deduced from the best fitting. The one-sigma root
mean square (RMS) was calculated as the residual error in accordance with the data fitting. Outliers
with deviations from the fitting beyond the RMS error range, larger than three times that of the RMS,
were eliminated from subsequent analysis. GPS sites with RMS beyond 5 mm or a data loss of > 20%
for daily recording within the analysis timespan were removed, taking into account that peculiar or
frequently interrupted recordings of the sites could imply severe noise for the continuous GPS sites.

3.2. Strain Rate Estimation

In this section, we briefly review the procedures of our approach in strain rate calculation. An
optimized algorithm of spherical wavelets was utilized to decompose total strain rates into multiple
spatial scales to obtain various scales of strain rates in an uneven distribution of GPS sites [16]. We
adopted the difference of Gaussian (DOG) functions by translation and scaling to construct the wavelet
basic functions, which are heterogeneous in spatial distribution due to the irregularity of the GPS
station distribution. The minimum decomposition scale of 2 was determined by aperture of the GPS
network; the scale of maximum decomposition was estimated by the GPS site density. We computed
the scale of maximum decomposition by searching for the zone with the smallest radius, including
3 GPS sites at the locus of the wavelet basis functions. The decomposition scales of 6, 7, 8, and 9
correspond to spatial resolutions of 174.4 km, 87.2 km, 43.6 km, and 21.8 km, respectively [40]. Scales
2–9 were determined as sequential decomposition to compute the strain rates.

The relationship between the GPS-derived velocities and the coefficients of the wavelet basic
function is written as:

v(θ,ϕ) =
M∑

k=1

[
f̂kew gk(θ,ϕ)θ̂+ f̂kns gk(θ,ϕ)ϕ̂

]
(2)

where θ and ϕ represent the respective co-latitude and longitude of specified GPS sites; θ̂ and ϕ̂ are the
unit vectors of the north component and the east component, respectively; M is the number of basis
functions in total; υ(θ,φ) represents the observed velocity vector for the site at (θ,φ), and gk(θ,ϕ)
the k-th DOG wavelet basis function. Here, fkew and fkns are the k-th parameters for the respective
eastern and northern components. Derived from the translation and scaling of their mother functions,
the DOG wavelet basis functions are not orthogonal, resulting in rank deficiency of the coefficient
matrix of the normal equations [41].
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To address this issue, we took the Tikhonov criterion [42] as a trade-off between residuals and
smoothness. The optimal regularization was obtained with the minimum value of the ordinary
cross-validation function [43] for the respective north and east components. We performed first-order
partial differentials for the basis functions and subsequently computed the components of the tensor of
velocity gradients at a specified point, which can be written as


εθ
εθφ
εφ
εφθ

 =


∂G(θ,φ)
∂θ 0

0 ∂G(θ,φ)
∂θ

∂G(θ,φ)
∂φ 0

0 ∂G(θ,φ)
∂φ


·

[
f̂ns

f̂ew

]
(3)

where εθ, εθφ, εφ and εφθ represent the components of the tensor of the velocity gradients, while
∂G(θ,φ)
∂θ and ∂G(θ,φ)

∂φ are the partial first-order differentials for wavelet basis functions of the respective

northern and eastern components. The f̂ns and f̂ew are parameters to be estimated for north and east
components. We calculated two-dimensional velocity gradient tensors at grid nodes with obtained
wavelet basic functions. The tensors of strain rate and rotation rate were derived from the tensors
of velocity gradients. The tensor of strain rate was subsequently invoked to estimate the various
strain rates.

4. Results

4.1. Horizontal Velocities

We transformed the ITRF2014-referenced velocities into the stable Eurasia-referenced frame
utilizing the angular rate of the Eurasian plate [38]. The GPS velocities for continuous and campaign
sites of CMONOC, and continuous sites of CMA in northeastern China are listed in Tables S1–S3. We
integrated our site velocities with those of 7 GPS sites in the Russian Far East to obtain a relatively
denser field of GPS velocities. The Russian sites velocities have the same reference frame as our
GPS sites in northeastern China. The GPS velocity field relative to the Eurasian plate (Figure 3) was
characterized by a heterogeneous deformation pattern. Except for the GPS sites in the northwestern
zone of the study area, GPS velocity vectors show a southeastern movement, primarily orientated
toward the epicentral area of the 2011 Tohoku earthquake.

The GPS velocities in the southeastern zone of the Russian Far East had the most significant
velocity vector magnitudes, in the range of 5.00 mm/year to 8.00 mm/year. In the northernmost zone
of the study area, the GPS site moved southwestward, with a magnitude of around 3.00 mm/year.
The GPS sites within the region of 114◦E–124◦E, N◦46–N◦50 show velocity vector magnitudes within
a range of 3–4 mm/year, with an average orientation of 135.5 ± 3.5◦, whereas the GPS stations in
the zone of 112◦E–124◦E, 40◦N–45◦N had a velocity vector magnitude of 2.00–3.00 mm/year, with
an average orientation at 132.6 ± 3.4◦. The GPS sites east of the DMF show a larger velocity vector
magnitude, in the range of 5.00 mm/year to 9.00 mm/year, indicating that the DMF is characterized
by extensional activity. A visual comparison between the GPS velocities across the YYF also shows
significant extension of the fault.

To further analyze the activities of the YYF and DMF, we drew two GPS velocity transects across
the northeastern and southwestern segments of the two faults to estimate their slip rates. The two
transects are plotted in the direction of N150◦E, normal to the average strike of the two strands of
the Tanlu Fault, as demonstrated by the two rectangles in Figure 3. The velocities of the GPS sites
located within the rectangles were resolved into the fault-parallel and fault-perpendicular components
(Figure 4). We calculated the mean values of the two velocity components for GPS sites in respective
sides of the fault, and then differentiated the mean velocities to determine the activities of the two
segments. There are 32 GPS sites distributed within the northeastern rectangle (rectangle 1 in Figure 3).
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A conspicuous velocity gradient along the transect across the DMF and YYF was identified for the
fault-perpendicular velocity components (Figure 4a), while insignificant differential movement was
determined to the fault-parallel velocity components (Figure 4b), indicating that the northeastern
segments of the two faults were dominated by extensional activity.
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We estimated an extensional rate of 3.98 ± 0.04 mm/year and a slight right-lateral rate of
1.00 ± 0.05 mm/year for the DMF. The YYF was found to be less active, with an extensional rate of
1.07 ± 0.05 mm/year, and a slight right-lateral slip rate of 0.78 ± 0.02 mm/year. If the DMF and YYF are
taken as an integrated fault system, its activity could be identified using the above approach, with
an extensional rate of 4.96 ± 0.05 mm/year and a slight left-lateral slip rate of 0.44 ± 0.04 mm/year.
In total, there are 36 GPS sites located within the southwestern rectangle (rectangle 2 in Figure 3).
Following the same approach as that for the northeastern profile, we calculated the slip rates of
the southwestern segments of the DMF and YYF (Figure 5). The activity of the DHY shows an
extensional rate of 2.55 ± 0.04 mm/year and a slight right-lateral slip rate of 1.00 ± 0.05 mm/year. On
the other hand, the YYF was identified to be less active than the DMF, with an slight extensional
rate of 0.71 ± 0.05 mm/year and a small dextral slip rate of 0.38 ± 0.02mm/year. Assuming the DMF
and YYF as a combined fault system, we could estimate its activity to have a larger extensional
component of 3.25 ± 0.05 mm/year and with a significant right-lateral slip rate of 3.25 ± 0.05 mm/year.
The activity characteristic estimated for the YYF from GPS data is in agreement with recent geological
field investigation. The trench excavation and the petroleum geophysical profile exploration indicate
that the new activity in Holocene is primarily characterized by a dextral strike–slip with a normal
component [31].
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Figure 5. Southern GPS velocity cross-section. (a) Fault-parallel velocity component (sinistral positive)
and (b) fault-normal velocity component (extensional positive) regarding the distance away from the
DMF and YYF, as seen in rectangle 2 in Figure 3. Error bar represents 1-sigma of the derived velocities.

4.2. Heterogeneous Strain Rates

Figure 6 depicts wavelet base function distribution calculated from the algorithm, as stated in
Section 3.2. As shown in Figure 7, the modeled velocities are generally consistent with the observed
GPS velocities. Mean residual velocities are −0.04 mm/year and 0.02 mm/year EW and NS components,
respectively. Site GRNC has maximum residuals of −0.88 mm/year and 0.12 mm/year for EW and NS
components, respectively. More than 95% residuals were less than 0.25 mm/year for the EW and NS
components, as shown by the upper right inset of Figure 7. Strain rate at the specified decomposition
scale represent the crustal deformation at the corresponding spatial wavelength. Figure 8 shows the
principal strain rate and areal strain rate distribution at multiple decomposition scales. As shown in
Figure 8a, at the scales of 2–9, the orientations of the maximum principal strain rate were generally
oriented NW–WNW, with some localized variation, in particular in the northern part of the study
area. The maximum and minimum principal strain rates increased from west to east, whereas the
maximum principal strain rate had an average of 7.22 nstrain/year, with a range from −0.46 nstrain/year
to 52.45 nstrain/year. The minimum principal strain rate averaged -6.08 nstrain/year, ranging from
−37.01 nstrain/year to 1.03 nstrain/year. Generally, the magnitudes for the principal strain rates are
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higher in the easternmost domain of the study area. Furthermore, the magnitude of the principal
strain rates lessened with the decrease of scales, while the orientation of the principal strain rates did
not exhibit significant variation (Figure 8b–d). Significant localized contraction deformation (i.e., a
decrease in area) was identified in the southern segment of the DMF and YYF, with a maximum value
of 25 nstrain/year (10−9/year), whereas dilation deformation occurred around the central and northern
segments of the two faults.
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Figure 7. The observed velocities and the modeled velocities derived from the spherical wavelet
algorithm. The black lines are Quaternary faults. The upper right inset shows the residual histograms
for NS and EW components, respectively.

Localized contraction and dilation appeared alternately around the locus of 130◦E, 43◦N near
the southern borderland of northeastern China and the southeastern part of the Russian Far East.
The rest of areas did not have significant areal strain rates. Figure 8b shows the principal strain rate
and areal strain rates at scale 6, corresponding to a spatial wavelength of 174. 4 km. It can be seen
that spatially the localized compression and dilation appeared alternately around the major faults in
northeastern China. The strain rate at scale 5 (Figure 8c) represents the strain rate of the wavelength
at 348.8 km, showing extensional deformation in a NNE-striking band in the southeastern zone of
northeastern China. The NNE-striking band separated several contraction zones. The strain rates
at scale 4 (Figure 8d) demonstrated that an elongated zone of dilation deformation appeared in the
southeastern area of northeastern China, with the rest of the areas being compressional.
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Figure 8. Principal strain rate and areal strain rate at multiple scales. The red arrows denote the
negative (shortening) and the blue arrows represent the positive (stretching) values for the principal
strain rates. The size of arrow is proportional to the magnitude of the strain rate. The red background
colors represent negative (contraction) and the blue background colors represent positive (dilation)
values of areal strain rates, with contour interval at 2.00 nstrain/year. The black lines are Quaternary
faults: (a) scales 2–9; (b) scale 6; (c) scale 5; (d) scale 4.
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Figure 9a shows maximum shear strain rate at scales 2–9. The maximum shear deformation was
dominant around the southeastern part of northeastern China, with a maximum value of 38 nstrain/year
at the locus of 130◦E, 43◦N, near the boundary between northeastern China and the southeastern part
of the Russian Far East. The DMF and YYF are characterized by noticeable shearing sense deformation.
The maximum shear strain rates at scale 6 (Figure 9b) demonstrate that the shearing deformation
was mostly distributed around the major faults of northeastern China, with a maximum value of 14
nstrain/year. As shown by Figure 9c, northeast of the Changbai volcano had the largest maximum
shear strain rate at scale 7, corresponding to a decomposition scale of 4. Prominently, the shearing
deformation was localized in the northeastern segments of the DMF and YYF (Figure 9d). Overall,
GPS-derived strain rate components displayed a heterogeneous trend in northeastern China following
the 2011 Tohoku earthquake.
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5. Discussion

5.1. Impact of the 2011 Tohoku Earthquake

The Earth’s lithosphere generally experiences a period of accelerated deformation following a
large earthquake in response to sudden coseismic stress variations. Transient post-seismic relaxation
incorporates contributions due to fault afterslip [44], viscoelastic flow of the lower crust and upper
mantle [45], poroelastic rebound of the upper crust [46], and recovery related to coseismic dilatancy
of the fault zone [47]. Viscoelastic relaxation at depth is predominant in the post-seismic transient
deformation, in particular in the far-field areas from the coseismic fault [48]. It was identified that the
afterslip of the 2011 Tohoku earthquake had quickly decayed by September 2013 [49], with viscoelastic
relaxation dominating after this time. To investigate the impact of the 2011 Tohoku mega-earthquake
on the crustal deformation of northeastern China due to its viscoelastic relaxation, we employed a



Remote Sens. 2019, 11, 3029 13 of 20

model incorporating an elastic layer and a homogeneous Maxell viscoelastic substratum. The overlying
elastic layer stands for the lithosphere, whereas the underlying viscoelastic substratum denotes the
asthenosphere. A rigidity of 30 Gpa was set for the overlying elastic layer, while a rigidity of 60
Gpa was set for the lower viscoelastic substratum. The Maxwell solid body’s viscosity was set to
1.0 × 1019 Pa.s, and the thickness of elastic layer was set to 30 km by referring to a previous study [7].

We employed the source model inverted from the data of inland GPS sites and ocean bottom GPS
and acoustic observations [50]. The post-seismic displacements were calculated at multiple specified
time points and fitted to the displacements with a linear regression approach to obtain the velocities for
each GPS sites over the period of 2012–2017. Figure 10 shows the derived surface deformation owing
to the relaxation process. The mean velocities are 2.74 mm/year and −0.88 mm/year for EW and NS
components, respectively. The NKHD site in the Russian Far East had maximum values of 7.27 mm/year
for the EW component and −3.72 mm/year for the NS component. Generally, the orientations of crustal
motion due to the post-seismic viscoelastic relaxation were orientated toward the epicenter of the 2011
Tohoku giant earthquake, with magnitudes lessening with increasing distance away from the epicenter.
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Figure 10. GPS velocities due to the post-seismic viscoelastic relaxation of the 2011 Tohoku
mega-earthquake over the period of 2012–2017. The black triangle is the GNRC site in the Russian Far
East. The black lines are Quaternary faults.

We made a velocity cross-section with a size identical to the rectangles in Figure 3 across the DMF
and HHY in the direction of 60◦NE to further quantify the influence of viscoelastic relaxation on the
two faults. There are 78 GPS sites in total within the plotted cross-section. All the velocities of GPS
sites in the cross-sections were resolved into fault-parallel and fault-perpendicular components. As
demonstrated in Figure S1, an evident velocity gradient was identified for the fault-perpendicular
components across the two faults, with the velocity magnitudes of GPS sites east of the DMF being
distinctly larger than those of GPS sites west of the YYF and those sites between the two faults.
Nevertheless, the fault-parallel velocity components were almost identical at the 95% confidence level
across the two faults. We computed the mean value of the velocity components for the GPS sites on
each site of the two faults, and then took the difference between them.



Remote Sens. 2019, 11, 3029 14 of 20

The extensional velocity was estimated to be 2.01 ± 0.02 mm/year, with a slight dextral slip rate
of 0.11 ± 0.02 mm/year for the DMF. The YYF appeared to be less impacted, with an insignificant
extensional slip rate of 0.56 ± 0.02 mm/year and a dextral of 0.08 ± 0.03 mm/year. If the DMF and YYF
were regarded as a coupled fault system, the influence due to the viscoelastic relaxation can be estimated
as having an extensional rate pf 2.57± 0.05 mm/year and a dextral slip rate of 0.08± 0.04 mm/year. These
estimates indicate the post-seismic viscoelastic relaxation by the 2011 Tohoku mega MW 9.0 earthquake
had a significant impact on the motion of DMF and HHF, dominated by stretching deformation,
in agreement with the observed GPS results.

The spherical wavelet algorithm described in Section 3.2 was performed to calculate the strain
rates of the velocity field due to the viscoelastic relaxation. Figure 11a shows the principal strain rates
and areal strain rates at scales 2–9. The direction of the maximum principal strain rate was oriented
NW–WNW, while the orientation of minimum principal strain rate was in the direction of NE–ENE.
As shown in Figure 11b–d, the magnitudes for the principal strain rates reduced with the decrease of
the decomposition scales. Compressional deformation appeared in the southern segments of the DHY
and YYF, with a maximum value of 12.10 nstrain/year at the intersection of northeastern China and the
southeastern part of the Russian Far East. The principal strain rates and areal strain rates at scale 6
(Figure 11b) display that spatially the compression and extension appeared alternately around the
border between northeastern China and the Russian Far East, with magnitudes of areal strain rates of
less than 6.00 nstrain/year. The rest of the areas show relatively small magnitudes for the strain rates,
at ~2.00 nstrain/year. Figure 11c,d shows the principal strain rates and areal strain rates at scale 5 and
scale 4, respectively. It can be seen that the study area had an areal strain rate magnitudes of less than
2.00 nstrain/year at the two compositional scales. Furthermore, dilation deformation occurred in the
entire segments of DMF and YYF, whereas compressional deformation appeared in the southeastern
zone of the Russian Far East.

As shown in Figure 12a, a very heterogeneous deformation pattern was identified for the maximum
shear strain rate at scales 2–9. A larger gradient was found around the southernmost zone of the
intersection of northeastern China and the Russian Far East, with a maximum value of 26.00 nstrain/year.
The maximum shearing deformation shows a southeast to northwest decrease with the increase of
epicenter distance. The maximum shear strain rate at scale 6 (Figure 12b) shows that there was localized
shearing sense deformation around the southernmost zone of northeastern China and the Russian Far
East, with a maximum value of 12.00 nstrain/year. The other areas had maximum shear strain rates less
than 3.00 nstrain/year. Figure 12c shows the maximum shear strain rate at scale 5. Localized shearing
was identified around the intersecting area of northeastern China and the southeastern zone of the
Russian Far East, with a maximum value of 5.10 nstrain/year. The maximum shear strain rate at scale 4
(Figure 12d) shows that the above mentioned area of localized shear was larger than that at scale 5,
but with smaller magnitudes. The other areas show insignificant shearing deformation in terms of
their magnitudes.
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proportional to the magnitudes of the strain rates. The red background color represents negative 
(contraction) values; blue background color represents positive (dilation) value of areal strain rates, 
with contour intervals of 1.00 nstrain/year. The black lines are Quaternary faults: (a) scales 2–9; (b) 
scale 6; (c) scale 5; (d) scale 4. 

  

Figure 11. Principal strain rate and areal strain rate owing to viscoelastic relaxation from the 2011 Tohoku
mega-earthquake. The red arrows denote negative (shortening) values; blue arrows depict negative
positive (stretching) values for the principal strain rates. The sizes of the arrows are proportional to the
magnitudes of the strain rates. The red background color represents negative (contraction) values; blue
background color represents positive (dilation) value of areal strain rates, with contour intervals of 1.00
nstrain/year. The black lines are Quaternary faults: (a) scales 2–9; (b) scale 6; (c) scale 5; (d) scale 4.
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5.2. Comparison of Strain Rate and Seismicity

We acquired an earthquake catalogue from the China Earthquake Data Center, providing
fundamental seismic event properties, including locus, magnitude, depth, and phases of seismograms
online. We extracted ML ≥ 3.0 events that took place in northeastern China after the 2011 Tohoku
earthquake over the period of 2012–2017. Statistically, 767 ML ≥ 3.0 events and 208 ML ≥ 4.0 events
recorded in this timespan. Moreover, 24 ML ≥ 5.0 earthquakes occurred in this timespan, among which
six earthquakes were deep-focus events in the southeastern part of northeastern China, with focal
depths larger than 440 km. We did not take into account the deep focus events, as these earthquakes
could not bring about significant surface deformation, as sampled by GPS observations on the ground.

The epicenters of earthquakes following the 2011 Tohoku mega-earthquake were plotted on
the figures of principal strain rates and areal strain rates, shown in Figure 11, and the figures of the
maximum shear strain rates, shown in Figure 12. The densities of registered earthquakes were relatively
higher in the western and southern areas. Spatially, the seismicity did not show a clear relationship
with the areal strain rates and the maximum shear strain rates at scales of 2–9. A preliminary analysis
shows that the seismicity following the Tohoku meg-earthquake did not hold a high spatial relationship
with various strain rate components in the study time span. However, further in-depth insight is
warranted with an advanced statistical analysis approach.

6. Conclusions

Utilizing the data of 178 continuous and survey-mode GPS sites throughout northeastern China
and its adjacent southeastern region of the Russian Far East during the period of 2012–2017, we have
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analyzed the crustal deformation following the 2011 mega-earthquake in Tohoku, Japan. The velocities
show a prominent decrease, from the intersection of northern China and southeastern zone of
the Russian Far East to the western areas of northeastern China. The motion of the DMF and
YYF were dominated by extensional deformation, with their northeastern segments being more
active than the southwestern portions. We estimated extensional rates of 3.98 ± 0.04 mm/year and
2.55 ± 0.04 mm/year for northeastern and southwestern segments of the DMF, respectively. Extensional
rates of 1.07 ± 0.04 mm/year and 0.70 ± 0.05 mm/year were identified for the northeastern portion and
southwestern portion of the YYF, respectively.

The 2011 Tohoku earthquake brought about significant influence on the crustal deformation
of northeastern China, due to its viscoelastic relaxation of stress, despite it occurring more than
1000 km away from northeastern China. Components of strain rates at multiple scales displayed a
highly heterogeneous deformation pattern after the Tohoku earthquake. We found that the ML ≥ 4.0
earthquakes were mostly located around the southeastern area of northeastern China, where at the
scales of 4 and 5, higher areal strain rates and shear strain rates were identified.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-4292/11/24/3029/s1.
Tables S1 and S2: Eurasian plate-referenced horizontal velocities of continuous sites and campaign sites of
CMONOC, respectively. Table S3: Eurasian plate-referenced horizontal velocities of continuous GPS sites
of CMA. Figure S1: Influence on the DMF and YYF motion owing to viscoelastic relaxation of the 2011
Tohoku mega-earthquake.
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