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Abstract: The Weihe Fault is an important basement fault that is buried deep and controls the for-
mation, evolution, and seismicity of the Weihe Basin. It has been quiescent for more than 300 years
with only a few moderate and small earthquakes distributed unevenly. Therefore, it is necessary
to investigate the current tectonic deformation pattern in order to assess regional seismic risk. In
this context, the tectonic deformation velocities of the Weihe Fault were analyzed using an interfero-
metric synthetic aperture radar (InSAR), a global navigation satellite system (GNSS) and leveling
observations. The line of slight (LOS) deformation rates spanning from 2015 to 2019 were esti-
mated from stacking-InSAR technology. Subsequently, the three-dimensional deformation rates
in the north–south, east–west, and vertical directions were separated through the integration of
GNSS-derived horizontal deformation and InSAR-derived LOS deformation. After that, the long-
wavelength tectonic deformation was decomposed from the separated vertical deformation based on
the spherical wavelet multiscale approach. Finally, the slip rate and locking depth were inverted for
the assessment of the seismic hazard and tectonic activity of the Weihe Fault. The results show that
the separated vertical deformation is consistent with the leveling observations, where the standard
deviation between them is 1.69 mm/yr and the mean value is 0.6 mm/yr, demonstrating the reliability
of the proposed method. The decomposed long-wavelength tectonic deformation exhibits uplift in
the north and subsidence in the south, as well as the obvious vertical velocity gradient. The inversion
result shows that the slip rate of the Weihe Fault gradually decreases from the west to the east, and the
dip gradually increases from the west to the east, indicating a segmented activity and the geometric
characteristics of the fault. The locking depth of the Weihe Fault gradually increases from the west
(~5 km) to the east (~14 km), implying a higher stress accumulation and seismic risk on the eastern
section of the fault. Taking into account the higher locking depth and frequent historical earthquakes
on the eastern section of the Weihe Fault, further attention should be paid to the earthquake risk of
the eastern section of the Weihe Fault.

Keywords: Weihe Fault; crustal deformation; InSAR; GNSS

1. Introduction

The Weihe Basin is an intracontinental basin characterized by shear tensile deformation
and strong tectonic activity [1]. The fault’s depression pattern has been formed since
the Eocene under the influence of regional tectonic horizontal extension and vertical
force generated by deep material movement. Quaternary active normal faults are well-
developed in the Weihe Basin and divided it into multiple fault blocks [2]. The fault
structures are dominated by deep and large fault zones in the near EW direction, as well
as some secondary NW and NE directions, which jointly control the structural pattern
and earthquake-breeding of the Weihe Basin [3]. Among them, the Weihe Fault shows
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the most significant segmentation to the basin, with 68% of earthquakes above magnitude
4 and about 70% of earthquakes above magnitude 5 since 1177 AD [4]. In particular,
the M8.0 earthquake in Huaxian County, Shaanxi Province on 23 January 1556, is the
deadliest earthquake event in China’s history, causing over 830,000 casualties and huge
property losses [5]. The Moho interface uplifted abruptly relative to the Ordos block and
high-speed materials from the upper mantle intruded into the lower crust, providing
deep structural conditions for moderately strong earthquakes above [6]. However, it has
been quiescent for more than 300 years with only a few moderate and small earthquakes
distributed unevenly. Therefore, the Weihe Fault has always attracted attention. Crustal
deformation is the direct manifestation of deeper fault activity and therefore plays an
important role in understanding the current tectonic deformation pattern and in assessing
regional seismic risk.

Global navigation satellite system (GNSS) observations are commonly used in the
monitoring of the crustal deformation of the Weihe Basin and Fault. The three-dimensional
slip rate of the main faults in the Weihe Basin was analyzed through processing GNSS data,
combined with the particle swarm algorithm and theoretical dislocation model [7]. The
next year, a finite element dynamic model of the Weihe Basin was established to study the
characteristics of the regional crustal stress field based on high-precision GNSS monitoring
data, and the internal relationship between the Weihe Basin tectonic stress field, and local
ground fissures was analyzed [8]. Three-dimensional crustal deformation was derived from
GNSS observations before and after the Wenchuan earthquake, and found that the obvious
deformation of the Weihe Basin and Fault was caused by strong earthquakes [9]. The
tectonic stress and activity characteristics of the faults were inverted by using GNSS, and
the genetic mechanism of the earthquakes and ground fissure disasters were subsequently
analyzed in the Weihe Basin [10]. The regional vertical motion velocity field was obtained
through the dynamic adjustment method constrained by the GNSS vertical motion rate,
and the dip-slip rate and locking depth of the main faults were inverted in the Weihe
Basin [11]. The Weihe Basin was mainly dominated by extensional movement through
GNSS observations, and the differences between the current crustal movement and strain
of the Weihe basin and surrounding blocks were analyzed [12]. The maximum shear strain
rate at the western end of the Weihe basin appeared in the cycle of 2015–2017, and showed
a north–south rotation [13].

As an advanced space observation technology, interferometric synthetic aperture
radar (InSAR) has been employed to map the ground deformation of the Weihe Fault. The
land subsidence and ground fissure hazards over the Weihe Basin were investigated from
InSAR and other technologies, and indicated that the spatial pattern of these hazards was
controlled by active faults in the basin, including the Weihe Fault [14]. About 1 mm/yr
ground deformation of the Weihe Fault was detected through processing 32 European Space
Agency(ESA) Envisat ASAR images from the descending track 161 orbit between 2003 and
2010 [15]. The vertical deformation rate of the Weihe Fault was derived from ascending
Sentinel-1A images and descending ALOS-2 ScanSAR images, and the distribution of fault
slip was subsequently inverted by using a multi-fault model [16]. The results confirmed the
creep characteristics of the Weihe Fault. InSAR ground deformation maps were produced
during 2015–2019 using Sentinel-1A/B and ALOS/PALSAR-2 ScanSAR images over the
Weihe Basin, where the vertical and east–west deformation components decomposed
from ascending and descending InSAR measurements showed that vertical movement
dominated the deformation of the Weihe Basin [2]. A slip rate of ~13.7 mm/yr on the Weihe
Fault was inverted from the InSAR observations, which explained the phenomenon of
uplift along the Weihe Fault.

Although intensive research has been conducted in investigating the tectonic de-
formation of the Weihe Basin and Weihe Fault, most research is based on independent
deformation observation technologies, such as GNSS-derived horizontal deformation,
InSAR-derived line of slight (LOS) deformation, and leveling-derived vertical deformation.
These independent observations may not reflect the accurate tectonic deformation of the
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Weihe Fault in a different temporal-spatial scale. In this context, this study combines the
InSAR, GNSS, and leveling data to obtain high-spatial-resolution ground deformation
along the Weihe Fault. Subsequently, long-wavelength deformation caused by tectonic
movement and small-scale deformation caused by human activities are separated by the
spherical wavelet-based multiscale approach. Finally, the fault slip rate and locking depth
of the Weihe Fault are inverted from an improved dip-slip model.

2. Study Area and Datasets
2.1. Background of Study Area

The study area is in the Weihe Basin, which is located in the Shaanxi Province in central
China and is surrounded by the Qinghai–Tibet Block, Ordos Block, North China Block,
and South China Block, as shown in Figure 1. The Yellow River flows through the eastern
part of the basin. The Wei River flows from west to east and converges with the Yellow
River at Tongguan. The Weihe Basin has a semi-arid climate, which is mainly affected
by both the East Asia Summer Monsoon and Winter Monsoon [17]. The precipitation of
the basin decreases gradually from the southeast to the northwest [18]. The development
of the Weihe Basin was controlled by its southern and northern boundary faults. Five of
the most important faults in the Weihe Basin are the Qinling Piedmont Fault (QPF), the
Huashan Piedmont Fault (HPF), the Kouzhen-Guanshan Fault (KGF), the Qishan-Mazhao
Fault (QMF), and the Weihe Fault (WF) [19], as shown in Figure 1. The QPF bounds
the Weihe Basin on the south, building up an approximate EW-trending 210 km long
mountain frontal fault. The QPF has the metamorphic rock and granite Qinling Mountains
on its upthrown side, as well as the well-dated and thick Cenozoic loess tableland on its
downthrown side [2]. The KGF is a hidden fault in the northeastern Weihe Basin, which
has an overall strike of EW, a length of 100–150 km, a south dip of 40–80◦, and is one of the
most seismically active faults in the Weihe Basin [20]. The HPF is an important active fault
on the southeast side of the Weihe Basin and has been highly active since the Cenozoic [21].
The QMF is the longest and most active fault in the basin, which bounds the southwestern
margin of the Ordos block for more than 100 km [22]. The Weihe Fault is a basement fault
zone buried deep along the Wei River, which has a length over 300 km, a width of 1–2 km,
and an overall strike of EW. The depth of the Weihe Fault decreases gradually from the
west to east.

2.2. Data Collection

To observe the ground deformation rate of the Weihe Fault, the SAR, GNSS, and
leveling data were collected. For the SAR data, 26 Sentinel-1A Interferometric Wide Swath
(IW) single-look complexes (SLC) spanning from 2015 to 2019 were downloaded from
the ESA’s Sentinels Scientific Data Hub (“https://scihub.copernicus.eu”(18 December
2022)). The SAR data were processed by the stacking-InSAR technique to obtain the high-
spatial-resolution LOS deformation rate from 2015 to 2019. Table 1 shows the parameters
of these SAR images. The shuttle radar topography mission (SRTM) digital elevation
model (DEM), which had a spatial resolution of 30 m, was acquired as an external DEM
to remove the topographic phase from the differential interferograms. The GNSS-derived
horizontal deformation rates, with a temporal span of 1999 to 2016, were acquired from
the Crustal Movement Observation Network of China (CMONOC) [23], as shown by the
blue arrows in Figure 1. The longer time span of GNSS data enabled more accurate velocity
estimates. The SAR-derived and GNSS-derived deformation rates were further combined
to produce the three-dimensional deformation rates. The leveling-derived deformation
rates in the vertical direction were mainly from the network of leveling benchmarks used
for seismic applications across the major active faults in China and those surveyed by the
China Earthquake Administration (CEA) [24], as shown by the gray arrows in Figure 1.
In this study, the leveling deformation rates were mainly used for evaluating the vertical
deformation rates produced by the integration of SAR and GNSS.

https://scihub.copernicus.eu
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Figure 1. The location of the study area (a), where the white and red rectangles show the coverages 
of the study area and SAR images, respectively; the blue lines show the rivers in the Weihe Basin. 
The enlarged study area is shown in (b), where the gray lines represent the faults in the Weihe Basin; 

Figure 1. The location of the study area (a), where the white and red rectangles show the coverages
of the study area and SAR images, respectively; the blue lines show the rivers in the Weihe Basin.
The enlarged study area is shown in (b), where the gray lines represent the faults in the Weihe
Basin; the black circles represent the historic earthquake events above magnitude 5; the white circles
represent the historic earthquake events below magnitude 5; the blue arrows represent the GNSS-
derived horizontal deformation rates; and the black arrows represent the leveling-derived vertical
deformation rate.

Table 1. Data coverage for SAR images used in this study.

Satellite Path Orbital Direction Azimuth Angle Data Period No. of Images

Sentinel-1A 84 Ascending −13 12/2015–03/2019 26

3. Methods
3.1. LOS Deformation Rate Derived from Stacking-InSAR

The collected Sentinel-1A SAR images spanning from 2015 to 2019 were processed
by stacking-InSAR technology to obtain the LOS deformation rate. Stacking-InSAR is an
enhancement technology that obtains the deformation rate by linearly stacking a set of
unwrapped differential interferograms, and is expressed by the following equation [25]:

Phrate =
∑N

j=1 ∆tj ϕj

∑N
j=1 ∆t2 (1)

where Phrate was the deformation rate; N was the number of interferograms involved
in the estimation; ∆tj was the time interval between the master and slave image; and ϕj
were the unwrapped interferograms. Prior to stacking-InSAR processing, the interfero-
grams with perpendicular baselines shorter than 100 m and temporal baselines longer
than 300 days were produced in this study. This operation could mitigate the noise effects
and preserved the temporal and spatial coherence characteristics of the interferograms. It
should be noted that the temporal baseline threshold of 300 days, which was considered
longer than the conventional stacking-InSAR processing, was designed with the purpose of
capturing long-term accumulated surface deformation along the Weihe Fault. As a result,
74 interferometric pairs were produced and involved in the deformation rate estimation
(Figure 2). The collected SRTM DEM was used to improve co-registration accuracy and
correct topographic phase contributions in all interferograms. The process of adaptive spec-
tral filtering with a window size of 32 was executed to suppress interferometric noise [26].
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Phase unwrapping of the minimum cost flow (MCF) method was carried out to retrieve
the absolute phase [27]. After processing, the unwrapped interferometric phase may have
consisted in residual phase errors, such as orbital error and atmospheric delay error. In
this case, the atmospheric delay errors, which were highly correlated in space but poorly
in time, were mitigated through the cascade of a low-pass filter implemented in the two-
dimensional spatial domain, followed by temporal high-pass filtering [28]. This filtering
operation also allowed us to detect possible orbital phase errors caused by inaccurate SAR
orbital information. It was found that the orbital errors were not obvious for the generated
interferograms; therefore, there was no further manipulation with the orbital error. The
detection of possible orbital errors was important in monitoring tectonic deformation since
both of them presented the characteristic of a long wavelength. The empirical linear model
between the interferometric phase and elevation was constructed to mitigate the residual
atmospheric errors with respect to terrain. Finally, the LOS deformation rate was obtained
from Equation (1).
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and blue lines represent the generated interferograms.

3.2. Three-Dimensional Deformation Rate by Integrating of GNSS and InSAR

Previous studies showed that the Weihe Fault was dominated by vertical deformation
and slight strike–slip shear movement [24]. The deformation estimated from stacking-
InSAR was in the one-dimensional LOS direction. GNSS observations can measure the
two-dimensional horizontal displacements at discrete locations with millimeter-level ac-
curacy. Therefore, this study calculated high-spatial-resolution three-dimensional ground
deformation through the integration of InSAR LOS deformation and GNSS horizontal
deformation [29].

The software published by [30] was used to calculate the integrated three-dimensional
deformation rates, where the north–south rate was mainly constrained by GNSS observa-
tion, the east–west rate was constrained by both InSAR and GNSS observations, and the
vertical rate was constrained by the InSAR observations. The leveling observation with
a more reliable vertical accuracy was not involved in the three-dimensional deformation
estimation due to the nonuniform spatial distribution, which may have distorted the overall
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deformation. The discrete GNSS deformation rates were interpolated to the same grid
interval of InSAR observations by utilizing the algorithm proposed by [31], where the GNSS
network density and configurations were considered during the process of data weighting.
The Gaussian distance weighting function and a Voronoi cell-spatial weighting function
were used in the interpolation. The offsets between InSAR and GNSS reference frames
were also calculated and removed from the InSAR LOS deformation rate. Finally, the
three-dimensional velocity was solved for each grid by combining the GNSS-interpolated
velocities and the InSAR LOS velocities through least-squares regression.

3.3. Tectonic Deformation Decomposition through Wavelet Analysis

The studies have indicated that the vertical deformation field along the Weihe Fault
occurred at multiple length scales, including long-wavelength deformation caused by
tectonic movement and small-scale deformation caused by human activities [2,14]. A
scale of tens to hundreds of kilometers might be reasonable for a given tectonic defor-
mation, while a scale of several kilometers might be reasonable for local deformations
due to hydrological variations. Therefore, it is necessary to calculate the deformation at
different spatial scales to better characterize the fault activities caused by the different
mechanisms. In this study, a spherical wavelet-based multiscale approach was used to
estimate the spatial velocity field in different scales since any velocity field on the sphere
can be represented as a linear combination of spherical wavelets [32]. Different from the
physical model, the spherical wavelet-based multiscale approach is a non-physical model,
which separates the deformation processes at different spatial scales without imposing
physical descriptions of the system. The secular tectonic motion and time-dependent subtle
signals were simultaneously detected by selecting different scale factors. Based on the
geometric properties of the spherical–triangular grids summarized in Table 2, the scale
factor q = 5–10 was used as the secular vertical tectonic deformation field and q = 11–12
was used as the local human-activities-induced deformation. These scale factors were
determined based on the local station density and three-dimensional ground deformation.
After this operation, the long-wavelength deformation caused by tectonic movement and
small-scale deformation caused by human activities were separated.

Table 2. Geometric properties of the spherical–triangular grids [32].

Order, q Faces, Fq Vertices, Vq
Average Side

Arc-Length, a
-
Lq

Max Representable Bandwidth,
−
l q

0 20 12 63.435◦ 7053.64 km 3
1 80 42 31.718◦ 3526.82 km 6
2 320 162 15.859◦ 1763.41 km 11
3 1280 642 7.929◦ 881.71 km 23
4 5120 2562 3.965◦ 440.85 km 45
5 20,480 10,242 1.982◦ 220.43 km 91
6 81,920 40,962 0.991◦ 110.21 km 182
7 327,680 163,842 0.496◦ 55.11 km 363
8 1,310,720 655,362 0.248◦ 27.55 km 726
9 5,242,880 2,621,442 0.124◦ 13.78 km 1453
10 20,917,520 10,485,762 0.062◦ 6.89 km 2906
11 83,886,080 41,943,042 0.031◦ 3.44 km 5811
12 335,544,320 167,772,162 0.016◦ 1.72 km 11,623

q Fq = 20× 4q Vq = 10× 4q + 2 −
Lq = 2−q

−
L0

−
l q = int(π/

−
Lq)

a
−
L0 = cos−1{cos(72◦)/[1− cos(72◦)]} ≈ 1.1071 ≈ 63.43◦.

3.4. Inversion of Slip Rate and Locking Depth along the Weihe Fault

The cumulative seismic moment was directly related to the fault slip rate, locking
depth, and fault length [33]. The accumulated seismic energy will increase with the locking
depth and slip rate of the fault when the accumulation time and fault length are fixed.
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Therefore, the slip rate and locking depth are two important parameters for assessing the
seismic hazard and tectonic activity of an active fault [34]. Velocity profiles can provide
direct observations to determine the slip rate and locking depth. In this study, a series of
fault-perpendicular profiles (6 km wide and 20 km long) from the secular vertical velocity
field after wavelet decomposition was extracted to invert the slip rate and locking depth.
Taking into account the minimal horizontal movement in the study area, an improved
dip-slip model was used to investigate the current slip rate and locking depth of the
Weihe Fault [35]. The mathematical expression of the improved dip-slip model is shown
as follows:

uz = −
s
π

sinδtan−1


(

x− d
tanδ

)
d

+
cosδ +

(x− d
tanδ )
d sinδ

1 +
[
(x− d

tanδ )
d

]2

 (2)

where s is the relative slip rate between the hangingwall and footwall, uz is the vertical slip
rate, x is the distance from the observation point to the fault, d is the locking depth, and δ is
the dip. Figure 3 shows the geometry of the dip-slip fault.
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4. Experiment and Analysis
4.1. LOS Deformation Rate from Stacking-InSAR

The LOS deformation rate of Weihe Faults was derived from stacking-InSAR tech-
nology using the collected Sentinel-1A images, as shown in Figure 4. All measurement
values are relative to a common reference point (the red cross in Figure 4) that is considered
to be stable over the entire time period. The positive and negative values indicated that
the ground object was approaching and away from the satellite along the LOS direction,
respectively. It is observed that the deformation presents a clear spatial pattern: the south
of the Weihe Fault is mainly dominated by negative values, while the north is mainly
dominated by the positive values. The maximum deformation is about 6.8 mm/yr, which
is located at the north-west of Figure 4. The minimum deformation is about −8.2 mm/yr,
which is located at the center-south of Figure 4. The LOS deformation is a combination of
east–west, north–south and vertical components. It is possible to separate these compo-
nents from LOS deformation if multi-platform SAR images with different orbital directions
are collected, such as ALOS-2, TerraSAR-X and COSMO-SkyMed. However, it is difficult
to separate these components in this case since only Sentinal-1A ascending images were
involved in the deformation estimation. As indicated in a previous study, the Weihe Fault
is dominated by the vertical deformation and slight strike-slip shear movement. Therefore,
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it is speculated that the LOS deformation rate estimated by stacking-InSAR in Figure 4 is
mainly from the vertical component due to the fault and human activities.
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4.2. Three-Dimensional Deformation Rates along the Weihe Fault

In order to obtain the east–west, north–south and vertical deformation components,
the three-dimensional rates were calculated by integrating GNSS and InSAR observations,
as described in Section 3.2, and as shown in Figure 5. The north–south components were
mainly contributed to by GNSS data as the InSAR is insensitive to the north–south motion
of its near-polar-orbit observations. It is found that deformation patterns in horizontal
east–west (Figure 5a) and north–south directions (Figure 5b) are not as clear as the vertical
deformation patterns (Figure 5c) in the Weihe Basin. The east–west deformation, ranging
from 5.6 mm/yr to 7.4 mm/yr, is dominated by the eastern component. The north–south
deformation, ranging from −3.2 mm/yr to −2.4 mm/yr, is dominated by the southern
component. The small spatial variations in east–west and north–south deformation suggest
the small strike-slip motion rate of the Weihe Fault. The spatial variations of vertical
deformation (Figure 5c) are relatively large along the Weihe Fault, where the minimum
and maximum deformation rates are −9.7 mm/yr and 6.2 mm/yr, respectively. There are
two main reasons to explain it. The first is the activity of normal faults in the Weihe Basin,
and the second is related to anthropological activities such as groundwater extraction and
recharge. Precise leveling data are used to evaluate the integrated vertical deformation
rates. As shown by the gray arrows in Figure 5c, they show the similar spatial pattern:
subsidence in the south and uplift in the north. The statistical results show that the standard
deviation between them is 1.69 mm/yr and the mean value is 0.6 mm/y, demonstrating
the reliability of the produced vertical deformation.

4.3. Tectonic Deformation along Weihe Fault

The vertical deformation from the last section was decomposed by wavelet analyses
to distinguish the long-wavelength tectonic movement and small-scale human-activities-
induced deformation, as shown in Figure 6. It can be seen that the deformation fields
decomposed by different scale factors manifested clear differences. The deformations
composed with small-scale factors generally presented large-scale tectonic deformation
characteristics, while deformation fields composed of large-scale factors were mainly from
the non-tectonic deformation. As analyzed in Section 3.3, q = 5–10 was used as the secular
vertical tectonic deformation (Figure 6d) and q = 11–12 was used as the local human-
activities-induced deformation (Figure 6f). The estimated vertical field in Figure 6d reveals
that the deformation on both sides of the Weihe Fault exhibit completely different patterns:
the northern side is uplifting and the southern side is undergoing subsidence. The largest
uplift area is located in Liquan county with a magnitude up to ~4.5 mm/yr, and the
largest subsidence area is located to the south of the Weihe Fault with a magnitude up to
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~6 mm/yr. Meanwhile, it can be seen in Figure 6d that the Weihe Fault exhibits the obvious
vertical velocity gradient, implying stress accumulation and posing a risk of moderate
to strong earthquakes in the Weihe Fault. The residual deformation (Figure 6f) reveals a
spatial pattern dominated by strong subsidence or uplift signals, which are mainly caused
by anthropogenic activities.
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5. Discussion
5.1. Current Earthquake Risk of the Weihe Fault

To evaluate the earthquakes risk of the Weihe Fault, the variations of slip rate and
locking depth along the profiles in Figure 6d were inverted by the improved dip-slip model,
as shown in Figure 7. Gray dots and red lines in Figure 7 are secular vertical observations
and the corresponding best-fitting models, and the best-fitting parameters (S, d and δ) are
labeled on each subfigure. It can be seen that most observations are well fitted by the
improved dip-slip model. The slip rate of the Weihe Fault shows a decreasing trend from
west (~4 mm/yr) to east (~3 mm/yr), suggesting different activities at different sections
of the Weihe Fault. This finding is consistent with prior research. However, the slip rate
obtained in this study is higher than that of the geological results, which may be caused by
the fact that the slip rate obtained by the geological method spans multiple seismic cycles
while the rate obtained by the geodetic method is the current crustal deformation rate. The
dip of the Weihe Fault is generally increasing from west (~50◦) to east (~80◦), which is
slightly smaller than the previous results in the western section (65~80◦) and slightly larger
than those in the eastern section (70◦). This difference may be related to the fact that the
Weihe Fault is a shovel-type fault with a large dip in the shallow part (within 5 km) and a
gradually smaller dip in the deeper part, while the dip-slip model used in this study did
not consider the variation of the fault dip with different depths. For the locking depth, the
results showed that the locking depth was gradually increasing from west (~5 km) to east
(~14 km). It should be noted that the locking depth for profile 6 was very large, indicating
that the slip rate in this profile was not significant.
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According to the earthquake catalogues of the Weihe Fault, most earthquakes are
distributed on the eastern section of the Weihe Fault, including the 1161 M5, 280 BC M5.5,
1487 M6.3, and the 1568 M6.8 events. Taking into account the higher locking depth and
historical earthquake record, attention should be paid to the earthquake risk of the eastern
section of the Weihe Fault.

5.2. Ground Subsidence Caused by Groundwater Withdrawal

The residual small-scale deformation (Figure 6f) obtained by the wavelet analysis
shows the clear local deformation funnels, which are mainly related to the excessive
exploitation of groundwater [14]. The activities of normal faults in the Weihe Basin resulted
in the accumulation of a thick pile of sediments in the rift basin. The thickness of the
Quaternary strata in the Weihe Basin could reach 600 to 1000 m, with a shallow depth
within 300 m, mainly composed of cohesive soil [16]. It is known that irreversible plastic
deformation will occur for the cohesive soil when releasing water pressure. Therefore, the
overexploitation of groundwater can easily cause ground subsidence in the Weihe Basin.
Furthermore, the existence of the Weihe Fault disrupts the integrity of groundwater flows
and limits the lateral extent of the subsidence. In addition to subsidence, uplift deformation
with a rate up to ~5 mm/yr is also observed in the study area, which may be related to the
recharge of urban groundwater [2].
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6. Conclusions

To investigate the activity of the Weihe Fault, three-dimensional ground deformation
rates were estimated by the integration of GNSS and InSAR observations, and the vertical
component was evaluated by using the dependently observed leveling data. Then, the
tectonic vertical deformation was decomposed from the integrated vertical deformation
field by wavelet analysis. Finally, the improved dip-slip model was adopted to inverse the
slip rate, locking depth, and dip changes along the Weihe fault. Based on this study, the
following conclusions are made:

(1) The high-spatial-resolution vertical deformation rate of the Weihe Fault was success-
fully estimated through integrating InSAR and GNSS observations. The GNSS was
sensitive to the horizontal deformation, while InSAR was sensitive to the vertical
deformation. Based on this fact, the three-dimensional deformation rates were pro-
duced by integrating GNSS and InSAR datasets. The standard deviation between
the leveling and integrated vertical deformation rate was 1.69 mm/yr, and the mean
value was 0.6 mm/yr, demonstrating the reliability of the proposed method.

(2) The earthquake risk of the eastern section of the Weihe Fault should attract attention.
The long-wavelength tectonic movement and small-scale human-activities-induced
deformation were decomposed by wavelet analyses. The expected tectonic velocity
gradient was found along the Weihe Fault, implying stress accumulation and posing
a risk of moderate to strong earthquakes in the Weihe Fault. Taking into account the
higher locking depth and historical earthquake record, attention should be paid to the
earthquake risk of the eastern section of the Weihe Fault.

Although the activity of the Weihe Fault was investigated in this study, there are
still two limitations. The first concerns the limited SAR images. A total of 26 ascending
Sentinel-1A images spanning from 2015 to 2019 were utilized in this case. These datasets
may be enough for estimating the LOS deformation rate. However, they are not enough
to obtain the two- or three-dimensional time series deformation. The second limitation
concerns the time series deformation. Besides spatial deformation variation, temporal
deformation variation is also an important aspect of fault investigation. However, the time
series deformation in the Weihe Fault was not estimated in this study due to the limited
datasets. Thus, these two limitations should be addressed in the future.
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