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Earthquake disasters are frequent, and the seismic intensity is large in Northeast China. Earthquake activity research is an
important aspect of earthquake disaster management. We chose some unconventional means to study fault activity, to find
updated activity evidence. The Ms 5.3 earthquake occurred near the Fuyu North Fault (FNF) of China on May 27, 2018. Using
the Sentinel-1B descending orbit data from 2016 to 2019, the line-of-sight (LOS) surface deformation in the study area was
calculated by using the small baseline subset (SBAS) method. After transforming to the horizontal EW deformation, the
variance component estimation method was used for fusion reconstruction with the EW data of the surrounding GNSS
stations. The polynomial least square method is used to fit the fault slip rate of three EW data on the surface trace of the FNF.
The fitting results of the three regions show that the horizontal eastward distribution rate of the upper plate is significantly
greater than that of the lower plate, which is left-lateral clockwise torsion. The vertical structural deformation caused by the
growth strata of the upper and lower plates of the upper SYT2 seismic profile of the FNF is quantitatively calculated, and the
thrust rate of the upper plate is 0.2mm/y relative to that of the lower plate. Based on the Li Siguang chessboard structure
model, we found that the compression stress in the north-south direction is gradually weakened, and the compression stress in
the east-west direction is gradually enhanced. Through the Coulomb stress analysis, the three events of CMT only induced the
historical focal location of the surrounding part. The events of 2017 did not induce the events of 2018, but the events of 2019
were related to the induced effects of 2017 and 2018.

1. Introduction

Active faults have, in SSR-1 [1], released by the International
Atomic Energy Agency, a clear definition: (a) faults that
show past movements or repeated movements (major sur-
face deformation and/or dislocation) in a reasonable period
to infer that further movements may occur on or near the
surface. In highly active areas, seismic and geological data
are consistent and/or only show shorter intervals of earth-
quake recurrence, and tens of thousands of years or so of
cycles may be appropriate to assess capable faults. It may
take longer in less active areas. (b) The structural relation-

ship with known faults has been demonstrated, one of which
may lead to another movement on or near the surface.
(c) The maximum potential earthquake related to the origi-
nal earthquake structure is large enough and deep enough
that it can be reasonably inferred that in the geodynamic
environment of the site, movement may occur on the surface
or near the surface (SSR-1, p. 18). If any of these is satisfied,
a fault can be confirmed as an active fracture. Earthquakes
can lead to surface rupture, and even buried faults may also
lead to surface deformation of sediments [2, 3]. These can
threaten facilities and human life. The Fuyu North Fault
(FNF) is an important east-west concealed active fault in
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the Songliao Basin (SB), China, and it easily accumulates
energy in the structure that can lead to earthquakes [4–9].
This region is currently known as the site of one of the stron-
gest earthquakes in Northeast China. Quaternary sediments
with a certain thickness have been found on the surface of
the FNF, and no obvious earthquake surface rupture has
been found following many earthquakes. In recent years,
many studies have involved the relationship between Qua-
ternary thickness and seismic surface rupture or fault surface
rupture [10–12]. Although Quaternary sediments can buffer
and absorb displacement and surface microgeomorphology
may be more or less affected, farmland leveling can only
transfer and mitigate vertical and horizontal displacement
of the surface; it cannot eliminate this displacement [13].

In the past, the active detection of concealed faults was
mainly determined by trenching and other methods to
expose stratigraphic dislocation [14–17], on-site investiga-
tion of seismic traces such as fault scarps [18–23], gully
dislocation [24–27], sand gushing and sand liquefaction
[28–31], and stress analysis modeling of geological rock
mass [32–37]. However, in recent years, a large number of
seismic reflection profiles have accumulated near the FNF
[38], which can be used to reveal the vertical deformation
of the growing strata. The “flower” structures are the most
typical sign of strike-slip faults in the seismic reflection pro-
file [39]. Therefore, the strike-slip characteristics of the FNF
need to be further verified. Interferometric Synthetic Radar
(InSAR) and GNSS are newly emerging remote sensing
monitoring methods. InSAR can monitor large-scale surface
displacement with a high spatial resolution and centimeter-
to-millimeter accuracy [40–45], which has the advantages
of providing large imaging data and a wide distribution area.
However, InSAR measurements are one-dimensional mea-
surements along the radar line of sight (LOS) [46, 47].
Although GNSS can accurately measure three-dimensional
(3D) surface displacement, its expensive construction cost
hinders its rapid development. The spatial resolution of
GNSS monitoring results cannot be compared with that of
InSAR. To solve this problem, the existing research generally
performs spatial interpolation on GNSS data, to obtain the
3D deformation field with the same spatial resolution of
InSAR. It is clear, however, that GNSS interpolation results
depend on the density and distribution of its stations and
cannot reflect local deformation information. For the study
area, where GNSS and InSAR data can be obtained simulta-
neously, their complementary advantages in monitoring
dimensions and spatial resolution can be fully utilized. The
fusion of GNSS and InSAR data to reconstruct 3D surface
deformations can solve the rank deficiency and morbid
problem of the InSAR 3D deformation estimation function
model [48]. The first design for polynomial regression exper-
iments appeared in Gergonne’s paper in 1815 [49, 50]. The
polynomial regression model is widely used in data smooth-
ing and data interpolation.

We can use the reconstructed 3D deformation data to
extract the data near the FNF for polynomial least square
fitting, to find evidence of horizontal sliding activity of the
FNF. It is hoped that the activity and sliding condition of
the FNF will be able to be analyzed from previous plate

dynamics research results, and a regional tectonic model of
the study area will be established with the use of new and less
commonly utilized methods. This is the aim of this work.

2. Seismo-Geological Background

2.1. Tectonic Characteristics. Although there is a lack of deep
and large faults near the FNF, the tectonic scale is small, the
movement is weak, and the focal depth is shallow; the FNF is
located at the intersection of the central depression belt and
the southeast uplift belt of the SB (Figure 1). There are two
conjugate structures in the northeast and northwest, which
are prone to generating energy accumulation and earth-
quakes. The FNF began in the late Permian due to the colli-
sion between the Jiameng block and the North China plate;
its formation time was earlier than the NE and NW faults
[51, 52]. The FNF is 26 km long and nearly east-west trend-
ing. It extends eastward from Sunjia Town to Dawa Town,
which is the northern boundary of the Fuyu Uplift, with a
fault strike of approximately 60°–80°. The SB is a composite
sedimentary basin with a Cenozoic faulted-sag dual struc-
ture, developed on the basement of Inner Mongolia and
the fold of the Jihei trough in the late Hercynian period
[53, 54]. Since the Middle Jurassic, the SB has experienced
the closure of ancient Asia, the closure of the Mongolia
Okhot subocean, and the subduction of the ancient Pacific
Plate, which is known to have continued into the Late
Cretaceous [55, 56]. Plate tectonic interactions led to mantle
upwelling and produced fault structures and volcanic activi-
ties in the basin [57, 58]. In the early stage, under the
influence of the extensional stress of the Eurasian Plate and
Pacific Plate, multiple faulted-sag structures, such as
Wangfu, Dehui, and Lishu, developed in the southern SB
(Figure 1). The depression structure in the SB is a new struc-
ture dominated by stable subsidence. At the end of structural
deposition in the depression, the hanging wall of the FNF
was reversed and uplifted by the southeast uplift area under
the action of the east-west compressive stress, and the new
tectonic movement was characterized by thrust nappe. The
tectonic evolution stages of the SB are the uplift period,
faulted-sag period, depression period, atrophy period, and
uplift period, and the superposition basin of the faulted sag
and depression was formed.

2.2. Seismic Activity Characteristics. The spatial distribution
of moderate and strong earthquakes in the Songyuan area,
where the FNF is located, is uneven, and there are more
earthquakes in the south-central area. The distribution of
the earthquake distribution map in Northeast China from
1905 to 2022 in depth, time, and magnitude is shown in
Figure 2. The spatial activity of small earthquakes is also
unevenly distributed. The frequency of small earthquakes is
higher in places where moderate and strong earthquakes
occur. The small earthquake activity near Songyuan is signif-
icantly enhanced. Earthquakes occur more intensively in
Ningjiang District and in the Dawa and Fenghua area of
Songyuan and distribute along the NE-trending FNF and
NW-trending Second Songhua River Fault and its intersec-
tion. There was a strong earthquake with Ms = 6:75 before
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A.D. 1119, which was related to the NE-trending fault in the
tectonic part of the city; this historical earthquake had the
greatest impact on Songyuan. Since 2003, the earthquakes
in the Songyuan area have generally shown an accelerated
energy release trend, and multiple swarm activities have
occurred. In 2003, 2006, 2010, and especially 2017–2019,
earthquakes with Ms 4.9, Ms 5.2, and Ms 5.0 occurred near
the FNF for three consecutive years, and the occurrence
positions were similar. From 2020 to now, the earthquakes
have weakened obviously.

2.3. Stress Field and Focal Mechanism Solution. Sheng et al.
[38, 60] drew a map of the principal compressive stress
and tensile stress in the Songyuan area (Figure 3(a)) based
on 1755 P-wave initial motion data of 659 earthquakes in
the Jilin network of China. They collected the focal mecha-
nism data of the Songyuan area and drew a comprehensive
focal mechanism map of the Songyuan area (Figure 3(b)).
From the two maps, it can be seen that the main compres-
sive stress in the Songyuan area points to the northwest as
a whole and is in the near EW horizontal compressive stress
environment. The strike of the focal mechanism is mainly
northeast and northwest, and the rupture mode of earth-
quakes is mainly thrust. The rupture of individual earth-

quakes in the east has normal faults and strike-slip
properties.

3. Polynomial Least Square Fitting

To obtain the surface deformation of the FNF, we selected a
Sentinel-1B image provided by the European Space Agency
(ESA). Only 87 Sentinel-1B constituted the full time-series
data from 2016 to 2019. The digital elevation model
(DEM) data in the study area were generated by the ALOS
DSM data, with a resolution of 30m, and provided by the
Japan Aerospace Exploration Agency. In addition, precise
orbit data (POD) for Sentinel-1B were provided by the
ESA. We used GACOS data to correct the atmospheric delay
error [61, 62]. Details of the image are shown in Table 1. To
increase the number and reliability of selected time-series
coherence (TC) points, we first calculated and analyzed the
average spatial coherence of the interferograms and then
constructed an inversion network with high coherence
interferograms. As shown in Figure 4(a), the interference
pairs in the crop growth period from April to September
each year are lowly coherent, and the interference pairs in
winter are highly coherent. Affected by farmland, the aver-
age spatial coherence (SC) of the whole study area is about

Figure 1: Distribution map of faulted-sag groups around the FNF (modified by Zhao et al. [59]). There are six primary tectonic zones in the
SB, and the two zones that are not identified are the north descent area and northeast uplift area. The orange arrow shows that the SB
formed faulted-sag groups under the extension of the Pacific Plate and the Eurasian Plate during the faulted-sag period.
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0.4, so the vertical spatial baseline threshold range was set to
200m, and the time baseline threshold was set to 12–48
days. The annual settlement calculated by SBAS is shown
in Figure 4(b). The location of the InSAR image is shown
in Figures 4(c) and 4(d). As shown in Figure 4(e), the
motion direction and size of the ground target in the west
direction are constrained by the projection of SAR image
descending orbit and ascending orbit in the east-west direc-

tion. Unfortunately, there is only ESA Sentinel-1B descend-
ing orbit data in this study area. In order to compensate for
the only InSAR data, we referred to Hu et al.’s variance com-
ponent estimation (VCE) method [48] and used the 2018
GNSS east-west data to constrain the InSAR data to obtain
a high-precision 3D deformation field in the east-west direc-
tion (Figure 5). The variance component estimation method
is shown in equations (1)–(7).

Figure 2: (a) The distribution of seismic location in depth can be seen that the seismic depth in the Songnen Plain is 5–15 km, and
the seismic depth in the lower right corner is 70–620 km, which may be related to the subduction of the Pacific Plate. (b) Time
distribution of earthquake location. (c) The distribution of earthquake location on magnitude. The Songnen Plain is mainly distributed
with 4-5 earthquakes.
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As shown in Figure 4(e), the moving direction and size
of the east-west ground target were constrained by the pro-
jection of the ascending and descending orbit SAR image

in the east-west direction. To make up for the fact that only
the InSAR descending data were available, we used the 2018
GNSS and InSAR data fusion method to obtain the high-

Figure 3: (a) The distribution maps of principal compressive stress and assertive stress in the Songyuan area. (b) The comprehensive focal
mechanism in the Songyuan area (modified by Sheng et al. [38, 60]).
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precision 3D deformation field in the east-west direction
(Figure 5).

We assumed that a SAR image in the study area
constitutes b interference pairs. For a coherent point m in
the nth interference pair, assuming that pointm has uniform
deformation, we have

Dispnmlos = tn∙B
nm
e½ �∙ vme½ �T : ð1Þ

In the equation, vme is the east-west deformation rate of
coherent point m. Dispnmlos is the LOS variable of the coher-
ent point m on the nth interference pair. tn is the time
interval of the nth interference pair. Bnm

e is an east-west
projection vector on the coherent point m in the LOS
direction, such that

Bm
e = − sin θminc sin αmazi −

3π
2

� �
: ð2Þ

In the equation, θminc is the incident angle of coherent
point m in the SAR image, and αmazi is the heading angle
of coherent point m in the SAR image. We selected the
east-west data of GNSS stations around the FNF in 2018
and InSAR to obtain the LOS deformation results using
SBAS and converted the east-west data. They all used Kri-
ging interpolation to raster data with a resolution of
275m.

Gnm
e½ � = tn∙ v

m
e½ �T : ð3Þ

In the equation, Gnm
e denotes the type of variable of

coherent point n in the east-west direction obtained by
interpolation of GNSS measurements. Through the least
square model, the interpolated GNSS and InSAR data
can be fused to solve the 3D surface deformation.

O = AX +V : ð4Þ

In the equation, X = ½vme �T is the east-west deformation

rate to be calculated. O = ½Disp1mlos ⋯Dispnmlos G1m
e ⋯G1m

e �T
is the observation value composed of m InSAR east-west
interpolation measurements and m GNSS east-west inter-
polation. V is the corresponding observation residual. A
is the design matrix.

A = t1∙B
1m
e ⋯ tn∙B

nm
e t1 ⋯ tn

� �T
: ð5Þ

By using the least square adjustment and VCE method
to calculate ρ2 in P, the optimal estimation of the 3D sur-
face deformation rate can be obtained:

X̂ = BTPB
� �−1

BTPO: ð6Þ

In the equation, P is the weight matrix of variance of
each observation.

P = diag 1
ρ2Disp1mlos

⋯
1

ρ2Dispnmlos

1
ρ2G1m

e

⋯
1

ρ2Gnm
e

 !
: ð7Þ

The process of VCE can be simply described as follows.
Firstly, the initial weights of all kinds of observations are
determined, and the least square method is used for pread-
justment. Then, according to certain principles, the variance
of the observation is iteratively estimated by using the
observed value correction obtained from the adjustment,
until the error in the unit weight of all kinds of observations
is equal.

The reconstructed data were fused by the VCE method,
as shown in Figure 5. Global CMT only provided seismic
parameters of three events in 2017, 2018, and 2019
(Table 2). The focal mechanism solution shows that the
earthquake was a strike-slip. Table 3 collects the historical
seismic parameters of Figure 5. In addition to the three
events in Table 2, the rest were obtained from the China
Seismic Network, but this only provided the focal depth
and magnitude.

As shown in Figure 5, we selected points in three regions
for polynomial least square fitting. After many experiments,
we selected the values of R2 and RMSE with a polynomial
of 7th power as the optimal values. The polynomial equa-
tion is [49]

V = p1 × x7 + p2 × x6 + p3 × x5 + p4 × x4

+ p5 × x3 + p6 × x2 + p7 × x + p8,
ð8Þ

where V represents the velocity component of the station
parallel to the fault strike and p is the polynomial param-
eter. According to equation (8), we, respectively, fitted the
fault sliding rate of the three regional points of the FNF in
Figure 5. The FNF is located at x = 0 km, and x > 0 was set
as the upper plate of the FNF; otherwise, it was the lower
plate of the FNF. The results are shown in Table 4, and
the fitted curve is the fitted value of the inversion conver-
gence rate. The values of the fitting curves of the upper
plate in the three regions are all greater than those of

Table 1: The SAR dataset information.

Satellite Time span Image number Incidence angle (°) Heading angle (°)
Resolution
(Rg × Azim)

Number of
interferograms

Sentinel-1B (IWS)
20161007
20191231

87 43.7737° -170.6575972 2:33 × 13:94 156
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the lower plate, and they are all positive, indicating that
the upper plate and the lower plate of the FNF move east-
ward horizontally, and the horizontal eastward movement

rate of the lower plate is less than that of the upper plate.
Therefore, the lower plate of the FNF has left-handed
torsion relative to the upper plate. Table 2 shows that

Figure 4: (a) The time-space baseline map of interferometry combinations in SBAS-InSAR from 2016 to 2019. The color values of the
connection lines represent the average spatial coherences of the interferometry. (b) The LOS annual subsidence results of Sentinel-1B
data in the study area from 2016 to 2019 are based on the SBAS method. (c) The velocity field distribution map of the 1998–2018 GNSS
campaign and continuous stations in northeast China and (d) Sentinel-1B IWS and the location of the study area. (e) Geometric
relationship of descending and ascending orbit SAR image imaging.
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the location of the three earthquakes was close and the
focal depth concentrated at 12–14.2 km, indicating that
the locking depth of the FNF fault is not more than
14.2 km.

4. Seismic Reflection Profile

The FNF area has a dualistic structure consisting of faulted
sag. In the late sedimentary period of the self-occupied city
formation, the early fault basin was transformed into a
depression basin [63]. Although the compressional action
of the late northern and southern orientations was based
on the pretensioning structure, the cross-sectional tendency
of the early extensional actions was not the same. According
to the extension and extrusion critical surfaces as the inver-

sion interface, the fault inclines from the early extension
northward to the later extension southward and forms an
inverted fold structure in the shallow stratum. Figure 6(d)
was modified according to the SB fault model established
by Wang et al. [64], and the division of the Jh-K1sh fault
zone in the upper part of the fault was added. As shown in
Figure 6(b), only SYT2 contains a shallow seismic profile
that can be used to estimate the velocity of the Quaternary
to the surface seismic reflection layer and, in combination
with Figure 6(d), the tectonic deformation in the study area.
In Figure 6(e), the FNF zones can be observed in the black
box, with a two-stroke travel time of 200–2000ms for the
effective exploration depth profile and an effective depth of
71–2392m, determined by time-depth conversion. Propen-
sity S of F3 and propensity N of fractures F1, F2, or F4 are

Figure 5: The 2018 GNSS east-west data and the InSAR east-west annual subsidence data are based on the VCE method to obtain grid data
with a resolution of 275m (unit: east-west mm/yr). The contour interval was 0.1mm/yr. The points in the Area1, Area2, and Area3 regions
were used to fit the fault slip velocity. The parameters of the three source spheres are shown in Table 2. The seismic reflection profiles of
SYT1, SYT2, and SYT3 are shown in Section 4. The red polygon is the source location of historical earthquakes, and the number size is
arranged in the order of earthquakes. Light blue is the Second Songhua River.

Table 2: Global CMT catalog for Songyuan, China.

Date Lon (°) Lat (°) Depth (km) Ms Fault plane Strike (°) Dip (°) Slip (°) Source sphere

22 July 2017 124.69 45.25 12.1 4.9
1 305 73 0

2 35 90 −163

27 May 2018 124.65 45.26 14.2 5.2
1 314 75 −1

2 44 89 −165

17 May 2019 124.68 45.24 14.2 5.0
1 29 84 −175

2 299 85 −6
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in the early stage of extensional fracture, the middle stage is
in a relatively stable depression under extrusion, and the late
stage is in pleated compressions.

The calculation of tectonic deformation was divided into
three parts. First, we analyzed the process of the two fracture
blocks to determine whether the changing trend was uplifted
or subsided. Next, we assessed the changing thickness and
formation age of the fractured strata. Finally, when the
thickness of the formation was divided by the time of depo-
sition or uplift, the result was structural deformation.

The black box of the Figure 6(b) seismic section in
Figure 6(e) was enlarged, as shown in Figure 6(f). The frac-
ture of F2 was first passed through the T02–T06 stratum to
estimate the deformation of the upper and lower plate of the
FNF. As shown in Figure 6(c), the average thickness of the
upper plate was estimated to be 82.327m, and the lower
plate was 126.251m, with a stratum age of 12.4Ma. Accord-
ing to the formation thickness divided by formation age, for-
mation structure deformation was obtained by 3.2 analysis
of formation tectonic evolution, the upper plate tectonic
deformation increased by 0.0966mm/a, and the lower plate
deformation subsidence decreased to 0.1047mm. Such an
extrapolation was used to estimate the uplift and settlement
of the upper and lower plate, as presented in Table 5. Due to
the lack of Quaternary borehole data, calibrating the shallow

seismic reflection layer was not possible, so the tectonic
deformation was only estimated to be T02. The total struc-
tural deformation of the upper and lower plates estimated
by SYT2 was taken as the average structural transformation
in the study area.

The calculation results are shown in Table 5. The upper
plate of the FNF thrusts 0.2mm/a upward relative to the
lower plate, which is consistent with previous research
results. The upper plate rises and the lower plate declines,
which is an inverse fault.

5. GNSS and Plate Dynamics

The latest active age of the FNF is 23:9 ± 0:6 ka~28:9 ± 0:6 ka,
making it a Late Pleistocene active fault [65]. A total of 26
shallow earthquakes occurred near the northern FNF zone
from early 2017 to late 2019, with focal depths ranging from
6 to 14 km. The Ms 5.3 earthquake swarm occurred on 27
May 2018, and the magnitude was the highest so far. The
Ms 5 earthquake swarm occurred on 18 May 2019, which
made the SB the highest level II tectonic unit of seismic activ-
ity in Northeast China [66].

From Figures 6(a)–6(c), it can be seen that the two sec-
tions of the FNF are in the shape of letter “y,” and the nature
of the fault was dominated by normal faults in the early

Table 3: Historical source information from Figure 4.

Sn Date Lat (°) Lon (°) Depth (°) Ms Source

1. 22 July 2017 45.25 124.69 12.1 4.9 Global CMT

2. 28 July 2017 45.26 124.73 14 3

China Seismic Network

3. 4 Jan 2018 45.29 124.65 8 4.3

4 5 March 2018 45.26 124.62 10 4.2

5. 23 April 2018 45.26 124.74 14 3.4

6. 27 May 2018 45.24 124.64 10 5

7. 27 May 2018 45.26 124.65 14.2 5.2 Global CMT

8. 28 May 2018 45.27 124.71 13 5.1

China Seismic Network

9. 31 May 2018 45.23 124.64 7 3.6

10. 31 May 2018 45.29 124.71 6 3.1

11. 12 Aug 2018 45.24 124.67 9 3.2

12. 15 Sept 2018 45.19 124.71 10 4.5

13. 15 Sept 2018 45.29 124.66 10 4.4

14. 9 Nov 2018 45.26 124.75 8 2.6

15. 30 Nov 2018 45.24 124.69 9 4

16. 12 Jan 2019 45.24 124.65 9 3

17. 11 May 2019 45.29 124.66 11 3.3

18. 11 May 2019 45.27 124.74 10 2.6

19. 17 May 2019 45.20 124.62 16.4 4.8

20. 17 May 2019 45.24 124.68 14.2 5 Global CMT

21. 18 May 2019 45.30 124.75 10 5.1

China Seismic Network
22. 19 July 2019 45.28 124.72 10 3.3

23. 26 Sept 2019 45.22 124.68 9 3.1

24. 4 Oct 2019 45.23 124.69 9 2.8
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Cretaceous, which control the deposition of the northern
faulted sag. The deposition thickness of the southern uplift
is significantly smaller than that of the northern one, and
the strong reflection layer is clear, continuous, and complete.
It is inferred that the FNF was subjected to compression of
the north-south direction in the late period, and its upper
plate was thrust, and the surface was eroded and thinned.
Since the neotectonic movement, the FNF has been charac-
terized by thrusting, and the northern part has been trans-
formed from a faulted sag (extension formed in fractured
two blocks) to a depression (extrusion formed in fractured

two blocks). The depression boundary at the fault has been
obviously dragged. The nature of the FNF thrust slip
indicates that there is still compressive stress in the north-
south direction, but it is not obvious in the east-west
direction, and the horizontal stress can be seen from the
GPS velocity field in Northeast China in Figure 4(c). The
length of the red arrow indicates the size of the velocity.
The length of the velocity in the legend is 5mm/a. The red
circle indicates the error ellipse. The smaller the circle, the
more accurate the GPS velocity field; the overall direction
of the GPS velocity field near the FNF is from west to east.

Table 4: Fitting results of the polynomial least square method.

Fitting result p R2 and RMSE (mm/a)
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The average velocity field on the SB is 2–8mm/a, mainly in
the east-west direction. There are 10–12mm/a east-west and
southeast velocity fields in the Japan Sea near the southeast
of Heilongjiang Province in China.

The FNF in the study area is squeezed by five plates,
namely, the Eurasian Plate in the northwest, the Siberia plate
in the southwest, the Pacific Plate in the southeast, the
Philippine Plate in the south, the Australian Plate, and the

Indian Ocean Plate in the northwest. The stress direction
of the plates is shown in Figure 7. This direction is approx-
imately perpendicular to the compressive stress trace, and
this direction is close to the extrusion direction of the
Eurasian Plate in the left coordinate system of Figure 7. In
Figure 7, the 10–12mm/a east-west and southeast-trending
velocity fields in the Japanese Sea, which is on the southeast
coast of Heilongjiang Province, China, may be related to the

Figure 6: (a–c) The lower part of the FNF is faulted to the bedrock reflection layer, showing a normal fault layer. The fault in the upper
strata is small, mainly showing the formation bending. The upper side of the FNF rises and the footwall falls, and the strata have a
dragging phenomenon, owing to the reverse fault nature. (d) Regional tectonic stages and caprock fault system (modified by Wang et al.
[64]). (e) Seismic reflection profiles of (b) and geological explanation. (f) The black box section in Figure 6(e). From the seismic
reflection interfaces on the left side of F1, F2, F3, and F4, it can be seen that under the stress compression in the north-south direction,
the upper plate of the FNF is uplifted by thrust, and the lower plate is decreased relative to the upper plate. The red arrow indicates the
movement direction of the fault block under the compression of north-south stress.
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westward subduction of the Pacific Plate and the direction of
the north-northeast advancement of the Philippine Plate,
indicating that since the more recent tectonic movement
has occurred, the north FNF has mainly experienced east-
west and horizontal compression.

6. Discussion

6.1. Location Significance of the Study Area. The main faults
in northeast China are NE and NW (Figure 4(c)). FNF, as a
near EW fault in Late Pleistocene, is located at the intersec-
tion of NE and NW. The velocity field of FNF’s north-facing
GPS station changes from southeast to southeast, and the
velocity field of FNF’s south-facing GPS station changes
from southeast to nearly east-west and then to southeast
and east. Based on this change rule, we can first see that
the Pacific Plate and Eurasian Plate move oppositely in the
northwest (Figure 7). The change of the velocity field of
the FNF northward GPS station is affected by the movement
of the Siberian plate to the southwest and west. From the
north to the south, the FNF northward is less and less
affected by the Siberian plate, so the velocity field changes
from southeast to southeast. In the south direction of FNF,
the velocity field of the GPS station changes from southeast
to near-east-west direction and then to southeast-east-
east direction, influenced by the NWW movement of
the Philippine Plate and Australian Plate. From this analysis,
we can think that the position of FNF is the inflection point
of tectonic plate dynamics in this region. It is of great signif-
icance to analyze the dynamics of surrounding plates with
FNF as the research object.

6.2. Flower Structure. The vertical calculation results of the
seismic reflection profile verified the results of the thrust
on the hanging wall of the FNF. The quantitative calculation
results showed that the vertical velocity of the FNF is
0.2mm/a. These three seismic reflection profiles have a
flower structure, which is the most typical sign of a fault
strike-slip. In these structures, the main faults converge
downward into the main displacement zone, and the upper
dip angle of the fault becomes flat and flowery. When the
strike-slip fault displacement is caused by compressive
stress, there will be a “positive flower” structure (PFS), while
the “negative flower” structure (NFS) is caused by tensile
stress. The NFS was mainly in the lower part of the Upper

Cretaceous (T2–T11), indicating that it was in a tensile state.
A normal flower structure mostly appeared in the late Upper
Cretaceous (T07–T03), indicating that it was in a compres-
sive stress state. In Figure 6(a), the NFS began to appear
below the T2 layer, and the PFS appeared above it. In
Figures 6(b) and 6(c), the PFS begins above T5, and there
is no NFS feature below. These characteristics indicate that
the image of compressive stress on the right side of SYT1
on the FNF is earlier than that on the left side, and the right
side is not affected by tensile stress. The left side of SYT1 is
at the edge of the FNF, and the extrusion effect was later
than that on the right side, but it was greatly affected by early
tensile stress. More regular flower structures cannot be
found in Figures 6(a)–6(c), which may indicate that the
strike-slip effect was not so strong, and the extrusion stress
may be released in other ways.

6.3. Source of Strike-Slip Force on the Footwall of the FNF.
The FNF intersects with the Second Songhua River Fault
and with the NW strike, and its lower plate partially overlaps
with the right plate of the Second Songhua River Fault. The
lower plate of the FNF may have the same strike as the right
plate of the Second Songhua River Fault. Zhang [69] believes
that the northeast Yishu Fault and the Second Songhua
River Fault are in maximum shear stress and have obvious
conjugate structural activity characteristics and puts forward
geological evidence of the left lateral of the Second Songhua
River Fault, as shown in Figure 8.

Wang and Liu [70] discussed the evolution process of
the Yitong-Shulan Fault, which experienced three stages
and finally formed a right-lateral tensile shear fault. The net-
work structure of the conjugate intersection of the Second
Songhua River Fault and the Yitong-Shulan Fault conforms
to the chessboard structure proposed by Li [71]. Based on
this theory, the following change model is conceived, as
shown in Figure 9. The location of each active fault is shown
in Figure 4(d).

The chessboard structure model (Figure 9) combines the
active faults involved in the study area into a grid that can be
linked. In Figure 4(c), we can see that the velocity field near
the FNF is mostly east-southeast and nearly horizontal. It
shows that the force source in the east-west direction of
the chessboard model is significantly greater than that in
the north-south direction. In Figure 7, the main plate force
source in the east-west direction of the FNF is the Eurasian
Plate and the Pacific Plate. According to the vertical direc-
tion of the pink pressure line trajectory in Figure 7, the
Australia plate, the Philippine plate, and the decomposition
stress of the Eurasian Plate and Siberia plate in this vertical
direction are relatively related, especially the Philippine Plate
and Australia Plate. Although we have not been able to
quantitatively analyze the contribution difference between
the east-west- and north-south-related force source plates,
we still obtained the following conclusions from the chess-
board model (Figure 9). With the stress of the FNF near
east-west under the extrusion of the Eurasian Plate and the
Pacific Plate gradually increasing, the fractures F1 and F3
are similar to the scissors under the linkage of the chess-
board model, and the upper is closed. The β angle gradually

Table 5: Results of uplift and subsidence of upper and lower
reflectors in the SYT2 seismic profile.

Seismic reflection layer Upper side (mm/a) Footwall (mm/a)

T02–T06 +0.0066 −0.0102
T07–T06 +0.0161 −0.0161
T07–T1 +0.0179 −0.0179
T1–T2 +0.0112 −0.0240
T2–T4 +0.0139 −0.0159
T4–T5 +0.0309 −0.0206
Total +0.0966 −0.1047
“mm/a” and “mm/yr” have the same meaning.
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decreases, and the α angle gradually increases. The left side
of F3 rises, the right side of F1 rises, and the left side occurs.
The FNF is left-handed in the lower plate under the action of
the Siberia plate, which makes the upper part of the intersec-
tion of the FNF, and the Second Songhua River Fault occurs
as clockwise torsion. Section 2 obtained the left-handed
result of the north fault by quantitative calculation, which
can be reasonably explained by this model and previous
evidence. Yu et al. [61] believed that the northward plate
force of Australian and Philippine plates may be the reason
for the formation of faulted sag or depressions in the SB.
In Figure 1, the stress source in the faulted-sag area may
be generated by the Eurasian Plate and the Pacific Plate in
the extensional state, so the analysis of the source of force
in the faulted-sag area may also involve the Australian Plate
and the Philippine Plate.

6.4. Influence of Coulomb Stress. Table 2 lists the strongest
seismic events in the three adjacent years near the FNF.
Among them, the seismic event in 2018 was the largest mag-
nitude in history. Only these three seismic events contain
information on the focal mechanism. The focal mechanism
is shown as strike-slip and is distributed at the bottom of
the FNF. From Figure 6(b), it can be speculated that the
FNF upper plate has mainly thrust faults and has strike-
slip properties. The FNF thrust property was consistent with
the results observed in Figures 6(a)–6(c). To answer whether
the three earthquakes induce the reactivation of the sur-
rounding surface faults, we can examine the induced effect
of the three events on the surroundings by calculating the
Coulomb stress.

We used the Coulomb 3.3 software provided by USGS to
calculate the Coulomb stress. For the calculation process, we
refer to Liu et al.’s [72] parameter; the crustal shear modulus
is 3:3 × 104 MPa, Poisson’s ratio is 0.25, and f ′ is 0.4 [73, 74].
Equation (9) is

ΔCFS = Δτ + f ′Δσn: ð9Þ

Δτ represents the change of shear stress, Δσn is the
change of positive stress, and f ′ includes the characteristics
of pore fluid and medium on the fault plane. The focal
parameters of the three earthquakes are provided in
Table 2. The dip thrust slip distance of the FNF is 0.2mm,
which is the calculation result of the three sections. Referring
to the results of the two sections, the left-lateral slip distance
of the FNF is 0.2mm. The calculated results are shown in
Figure 10.

Three earthquake events only induced part of the histor-
ical focal area; we can see that the Figure 10(a) event did not
induce the Figure 10(b) event. However, the Figure 10(c)
events were induced by the events in Figures 10(a) and
10(b). Combined with the analysis results of seismic profiles,
we can see that these historical seismic events that were not
induced were induced and unloaded in other ways.

6.5. Limitations. In the past, most of the research on fault
activity is limited to the location of the study area, and most
of them adopt several similar methods to deal with scientific
problems through comparative analysis and mutual verifica-
tion. The surrounding or larger scale plates may be closely
related to it. This is different from the previous research

Figure 7: Spatial distribution of the East Asian continental marginal deformation system (plate boundary and direction [67], compressive
stress trace [38], and fault in China [68]).
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ideas; in this paper, through the local extension to the
surrounding fault, we analyze the activity of FNF from
the perspective of larger-scale plate stress change. Multi-
disciplinary cross-analysis is used to fuse and reconstruct
the data from geodetic technology including InSAR and
GNSS using the VCE method. Seismic reflection profiles,
structural models, and plate dynamics are analyzed from
the perspective of structural geology and geophysics. Rely-
ing on the correlation of the overall analysis results, the
relevant models are established based on the Li Siguang
chessboard model, and relatively objective results are
obtained. Although this is the innovation and advantages
of this method, there are also some shortcomings. If the
study area has Sentinel-1B of descending orbit and
Sentinel-1B and Sentinel-1A of ascending orbit, the data
after VCE fusion may be more accurate. This paper only

Figure 8: Second Songhua River left-handed geological evidence [69]. (a, b) The original image from Zhang [69]. (a) The schematic diagram
of the slogan of the Sheling Liujia Village. (b) The intersection of the Second Songhua River tributary in Qitamu Town (Figures 1 and 3(c)).
(c) The intersection of the Second Songhua River tributary in Google Maps; some rivers have dried up. They may turn into seasonal rivers,
or this may be the impact of human factors on surface reconstruction. These do not affect the result of the left-handed fracture from the
form of river dislocation bending. The exact location of (a) is not found in Google Maps, which may be because the surface has been
converted into farmland.

Figure 9: Chess format constructor.
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shows the stress field of GPS stations in Northeast China,
and the surrounding plate is analyzed by previous results.
If the GPS stress field of the surrounding plate can be

independently calculated, it may be able to calculate the
change of the surrounding plate more accurately and
quantitatively.

(a)
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(c)
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Figure 10: Coulomb stress (bar). The historical focal numbers of the three seismic events are the same (Figure 4 and Table 3). (a) The
influence of seismic events on the surrounding stress is mainly unloading, and the loading-induced positions are serial numbers 15, 20,
23, and 24. (b) The unloading area is mainly distributed in the lower plate of the FNF, and the loading area is mainly distributed in the
upper plate of the FNF and the fault. Compared with (a), the magnitude is larger, and the loading value at both ends of the seismogenic
fault is larger. The loading-induced positions are serial numbers 1, 9, 18, 20, 23, and 24. (c) The distribution of the unloading area is
similar to that of (b), but the value is slightly smaller. The loading-induced locations are serial numbers 18, 20, 23, and 24.
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7. Conclusions

In this study, we use the time-series Sentinel-1B descending
orbit data to calculate the east-west results and GPS east-
west data, using VCE fusion reconstruction, so that the
reconstructed data not only has the characteristics of large
density of InSAR data but also has the characteristics of high
accuracy of GPS in the horizontal. The polynomial least
square method is used to fit the three east-west point data.
The distribution of the east-west velocity field near FNF is
studied, and the conclusion of FNF left-handed is obtained.
The subsidence velocity of FNF underground structure is
quantitatively estimated using the SYT2 seismic profile.
The thrust velocity of 0.2mm/a indicates that the vertical
velocity of FNF is slow. The horizontal velocity of GNSS sta-
tions near FNF has certain regularity, revealing that the
region where FNF is located is the inflection point of the
horizontal velocity field change in Northeast China. Refer-
ring to the previous three horizontal sliding evidences of
the Yitong-Shulan Fault and the Second Songhuajiang Fault,
we qualitatively analyze the possible change factors and
process of FNF fault in the past and present based on the
Li Siguang chessboard model and the dynamic change char-
acteristics of surrounding plates. Our results show that the
compressive stress in the north-south direction gradually
decreases and the compressive stress in the east-west direc-
tion gradually increases.

In future research, we can start from the perspective of
the microscopic microstructure and combine the method
of rock dating to quantitatively analyze the stress of each
fracture and deduce the temporal variation of the fractures.
This will combine qualitative and quantitative analysis and
macro- and microanalysis of fracture activity; such geologi-
cal evidence tends to be objective.

Data Availability

Both Tables 2 and 3 are from the Global CMT website.
Details of GNSS results can be obtained by sending an email
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