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The Longyao ground ﬁssure (LGF) is the longest and most active among more than 1000 ground ﬁssures on the
North China Plain. There have been many studies on the formation mechanism of the LGF, due to its scientiﬁc
importance and its potential for damage to the environment. These studies have been based on both regional
tectonic analysis and numerical simulations. In order to provide a better understanding of the formation mechanism, the deformation of the crack and its surrounding environment should be taken into consideration. In
this paper, PS-InSAR technology was employed to assess the ground deformation of LGF and its surrounding
area, using L-band ALOS-1 PALSAR images from 2007 to 2011. The characteristics of ground deformation,
relationships between ﬁssure activity and surrounding faults and groundwater exploitation were analyzed. This
study shows that the north side of Longyao fault (LF) is uplifting while the south side is subsiding. This provides
the tectonic conditions responsible for the activity of the ground ﬁssure. Local groundwater exploitation also
plays an important role in the development of ground ﬁssures. InSAR observations were modeled to infer the
loading depth (-2.8 km) and the slip rate (31.1 mm/yr) of LF.

1. Introduction
A ground ﬁssure is a type of geo-hazard that occurs naturally on the
earth’s surface, usually as a discontinuous and broken feature (Geng
and Li, 2000; Peng, 2012; Xu et al., 2015). The occurrence of ground
ﬁssures is usually associated with either tectonic or human activities.
They can be caused by tectonic faulting (Peng et al., 2013), earthquakes
(Dou et al., 2005), oil mining, groundwater pumping (Holzer, 1984;
Rojas et al., 2002; Pacheco-Martinez et al, 2013.2), and other events.
Due to the diﬀerence in vertical deformation and horizontal tension
between the two sides of a ground ﬁssure, they have the potential to
cause great damage to the foundations of dams, buildings, roads, underground pipes and similar structures. The formation of ground ﬁssures not only reduces the value of the land along the cracks, but also
causes huge economic loss and has an environmental impact.
Considering the scientiﬁc importance and the potential damage
which ﬁssures can cause to the environment, studies on the formation
mechanism of ground ﬁssure have been conducted numerous times.
These studies have been based on both regional tectonic analysis and
numerical simulations (Stacey, 1999; Bankher and Al-Harthi, 1999;
Peng, 2012). In order to provide a better understanding of the
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formation mechanism, deformation on the crack and its surrounding
environment should be taken into consideration. Many methods can be
used to detect and monitor ground ﬁssures, including both geodetic and
geophysical approaches. Geodetic methods tend to be focused on deformation monitoring of ground ﬁssures, for example using repeat optical leveling and global positioning system (GPS) surveys. Geophysical
methods are usually used to detect the underground location of a
ground ﬁssure and its burial depth. This is done through the physical
characteristics of the underground medium, for example using ground
penetrating radar (GPR) and electrical prospecting.
As a geodetic technique, Interferometric Synthetic Aperture Radar
(InSAR) is capable of mapping subtle surface deformation with high
spatial resolution, and has been successfully applied to the observation
of many geophysical phenomena in past decades, including earthquakes, volcanoes and other geologic processes (e.g., Massonnet et al.,
1993; Zebker et al., 1994; Lu et al., 2003; Chaoying et al., 2012;
Lingyun et al., 2015; Yang et al., 2016). The InSAR technique can not
only monitor the deformation of ground ﬁssures, but also the surrounding area. Therefore, InSAR technology can provide a new tool for
monitoring ground ﬁssure activity (Yang et al., 2014a,b; Brunori et al.,
2015).
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of China is in a collision and squeezing situation caused by the convergence of the Indian, Eurasian and Paciﬁc plates. Consequently, the
North China Plain has suﬀered long term tensile stress (Furen et al.,
2004; Shixiong et al., 2006; Qiang et al., 2008). As a result, more than
1000 cracks spread across the North China Plain. Among these LGF is
the longest and most active, with a total length of 36 km (Xuejun et al.,
2011; Jishan et al., 2012).
The LGF was initially formed during the Xingtai earthquake in 1966
(Fig. 1). After this the crack entered an inactive period (Jishan et al.,
2012). The crack re-exposed in 2003, and the scale and activity of the
crack has increased rapidly since 2006 (Jianling et al., 2015). According to ﬁeld surveys, the ﬁssure was remarkably distributed, appearing in more than 20 villages with a nearly E-W orientation. The
maximum width of the crack at the ground surface is 60 cm, and the
visible depth is up to several meters (Xu et al., 2015; Peng et al., 2016).
Because LGF is a typical ground ﬁssure disaster in the North China
Plain, it has been studied by many experts and scholars. Using a numerical simulation of the tectonic stress ﬁeld, Ma (2009) concluded that
the crack was closely related to seismic activity, and caused by the
regional tectonic stress. Wei et al. (2011) pointed out that the crack was
caused by fault creep activities and suggested that it was a result of the
accumulation and release of tectonic stress. Jishan et al. (2012) suggested that the Longyao fault (LF) provided a source of tectonic engine,
and that the crack was the result of the expansion of tensile stress in this
system. Current research on LGF is mainly based on the regional tectonic background and numerical simulations, in order to determine the

The aim of this paper is to contribute to a better understanding of
the activity of the LGF and its surroundings. We exploited ALOS
PALSAR images (L-band), acquired along an ascending path, to map
activity on the Longyao ground ﬁssure (LGF) on the North China Plain.
The deformation of the surrounding area was also examined. The
StaMPS (Stanford Method for Persistent Scatter) PS-InSAR technique
was used to obtain the time series surface deformation (Hooper et al.,
2004, 2007). Ground deformation characteristics over the LGF and its
surrounding area were obtained. Possible explanations on the observed
deformations are then discussed in detail.
This paper is organized as follows: ﬁrst, the geological setting of the
LGF is introduced in Section 2. Then, the StaMPS InSAR technique and
ALOS PALSAR data processing are brieﬂy summarized in Section 3. The
results are reported and discussed in the subsequent sections (Sections 4
and 5). Modeling results are discussed in the ﬁnal section.
2. Geological setting of longyao ground ﬁssure
The LGF is located in Xingtai, North China Plain, China. The area is
also the core of the North China block. Three geological blocks, the
Ningjin-Hengshui Fault Convex, the Xing-Heng Uplift, and the Lin-Qing
Graben, meet in this area and form a “Trident” shape in the plane
(Fig. 1). There are several north-east and east-west fault zones in this
area, among which the main faults are the Taihang Piedmont Fault, and
the eastern and western sections of the Shulu Graben. In addition, there
are also several secondary ruptures (Jishan et al., 2012). The mainland

Fig. 1. Shaded relief map of the Longyao ground ﬁssure and its surrounding area. a) A sketch map of Hebei province in China. b) The location of the study area in Hebei province. c) A
shaded relief map of the study area. Cities are depicted with small diamonds. The dashed lines indicate the main faults in the region. The light blue solid line boxes show the coverage of
ascending ALOS PALSAR image tracks from Path 451 and Path 452. The Longyao ﬁssure is expressed as a black bold line with a cross and labeled as LGF. Faults F1 to F6 represent the
Taihang Piedmont Fault, Lincheng Fault, Shulu Graben Western edge Fault, Shulu Graben Eastern edge Fault, Jize Fault and Minghua Fault, respectively. The symbols ① to ③ represent the
Ningjin-Hengshui Fault Convex, Xing-Heng Uplift and Lin-Qing Graben, respectively. LGF and LF represent the Longyao ground ﬁssure and Longyao fault. The black stars indicate the
locations of the Xingtai earthquake group in 1966. Near the black pentagrams, the digits above the short line indicate the earthquake magnitude, and the digits below the short line
indicate the time of earthquake occurrence. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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at each coherent pixel were obtained.

formation mechanism. However, there is a lack of monitoring data for
ground surface deformation in the surrounding area. Therefore, in
order to gain a better understanding of the formation mechanism, it is
necessary to carry out deformation monitoring of the crack and its
surrounding.

4. Results and analysis
According to the processing procedure mentioned in the previous
section, approximately 16 and 19 single-master interferograms were
formed from Paths 451 and 452, respectively. Finally, annual ground
deformation maps in line-of-sight (LOS) over LGF and its surroundings
were assessed from 2007 to 2011. As we already know, LOS deformation acquired by InSAR can be considered as a combination of displacements in east-west, north-south and vertical directions according
to the following equation (e.g., Lu and Dzurisin, 2014):

3. Methods and data processing
3.1. Methods
The precision of traditional diﬀerential InSAR is aﬀected by several
factors, such asinaccurate DEM, uneven atmospheric path-delay, and
decorrelations related to spatial and temporal changes of the surface
scattering properties (e.g., Hanssen, 2001; Lu and Dzurisin, 2014). To
reduce the eﬀects of these errors, multi-temporal InSAR (MTInSAR) was
proposed. Methods include persistent scatterer InSAR (PSInSAR)
(Ferretti et al., 2001; Hooper et al., 2004; Kampes, 2006), the Small
BAseline Subset (SBAS) approach (Berardino, 2002; Usai, 2003; Lanari
et al., 2004), and the coherent pixel technique (CPT) (Blanco et al.,
2008; Mora et al., 2003) among others (e.g., Zhang et al., 2015). In
order to understand the time series deformation characteristics of LGF
and its surrounding area, the StaMPS (Stanford Method for Persistent
Scatterers) was used (Hooper et al., 2004, 2007). The StaMPS uses
spatial correlation of interferogram phases to identify PS pixels. This
strategy makes it possible to detect PS or slowly decorrelating ﬁltered
phase (SDFP) pixels in all terrains. Assumption of temporal variations in
the deformation rate is not required (Hooper et al., 2004; Qu et al.,
2014). Please refer to Hooper et al. (2004, 2007) for processing details.

⎡− cosα·sinθ ⎤
Vlos = [veast vnorth vvertical] ⎢ sinα·sinθ ⎥
⎥
⎢
cosθ
⎦
⎣

(1)

where α and θ are the azimuth angle of the SAR satellite and the incidence angle, respectively. In our case, α is −10.1° and θ is 38.7°. As a
result, Vlos = − 0.6156veast − 0.1096vnorth + 0.7804vvertical. Under the
same magnitude of displacement in the three directions, vertical displacement will make a major contribution to the LOS deformation
measurement. Past study has shown that horizontal deformation in
North China Plain is very small (Wei et al., 2014). Therefore, InSAR
LOS deformation on two paths were converted to vertical deformation
by vvertical = Vlos/cos θ. A mosaic of vertical deformation map from two
adjacent satellite tracks (Paths 451 and 452) is shown in Fig. 3. The
positive and negative signs represent subsidence and uplift, respectively. Since no prior deformation information is available, the mean
value of the InSAR results in the whole image is used as the zero reference value. This is recommended in StaMPS processing when no
ground truth is available (Hooper et al., 2013).

3.2. InSAR data and processing
We collected two overlapping ascending tracks of L-band ALOS-1
PALSAR data acquired between 2007 and 2011: 20 acquisitions from
path 452 and 17 acquisitions from path 451. Each acquisition consists
of 3 consecutive frames. 20100101 and 20100118 (in yyyymmdd) were
selected as the master images for Paths 451 and 452, respectively. The
temporal-spatial baseline distributions of the interferograms are shown
in Fig. 2. Single look complex images were generated using ROI_PAC
(Rosen et al., 2000). Interferograms were generated using Doris
(Kampes, 2006). The topographic phase was removed from the interferograms with Shuttle Radar Topography Mission (SRTM) 1 arc-sec
(30 m) data. The StaMPS PS-InSAR technique was used for InSAR time
series analysis of the interferograms. Orbit error and atmospheric
phases were estimated and subtracted from diﬀerential interferograms
during the StaMPS processing. Finally, time series deformation results

4.1. Annual deformation rate
According to the LOS deformation results from the ascending ALOS
PALSAR-1, ground subsidence is mainly found in the three regions.
These are Jvlu, Ningjin-Xinji and a local area to the east of Longyao
(Fig. 3). Subsidence in the Jvlu region is especially serious, and can be
seen as a “7” shape. The maximum subsidence rate in this region is up
to 60 mm/yr. This deformation occurred at the intersection of the NNESSW striking fault (F5) and the near E-W striking fault (LF), i.e., at the
turning zone of the two faults. It indicates that the faults play a leading
role in the shape of the deformation ﬁeld, and this eﬀect was most likely
to be caused by the blockage of groundwater aquifers by existing faults.
The localized subsidence east of Longyao (about 10 km to the north of
Fig. 2. Baselines of interferograms from Path 451 and Path 452. The Yaxis shows the perpendicular baseline in meters. The image acquisition
dates are shown on the X-axis. All of the connecting lines represent
interferometric pairs used for time-series analysis.
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Fig. 3. Annual deformation rates derived from the InSAR time series over the Longyao ground ﬁssure and its surrounding area. P1 to P5 show the positions of the points being used to plot
the time series deformation curve in Fig. 4. They represent Jvlu (P1), Longyao (P2), Ningjin (P3), Xingtai (P4) and the mountain area (P5). F1 to F6 represent the major faults described in
Fig. 1. The red rectangle is the region shown in Fig. 5. Concentric circles represent the position of the Longyao Industrial Park (LIP). (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)

LGF) (Fig. 3) was likely caused by ground water pumping. The NingjinXinji area has a subsidence rate of about 20 mm/yr. The InSAR results
also show that Longyao town was uplifting during the period from 2007
to 2011. There is also a slight uplift trend near Xingtai, which is located
in the transition zone between the Taihang Mountain and the North
China Plain (Fig. 1). We suspect that, under the inﬂuence of the Taihang
uplift (to the west of F1), a diﬀerential movement between Xingtai and
the North China Plain (to the east of F1) exists, resulting in a relatively
slight uplift near Xingtai.
To understand these deformation results, there are two phenomena
that deserve our attention:

subsidence funnel, where the horizontal tension was greatest.Although two larger settlement centers are located in the research area, they have diﬀerent deformation features.
2) The NingJin-Xinji settlement center has a smaller subsidence magnitude, and no obvious deformation boundary. The subsidence
magnitude of the Jvlu settlement center is signiﬁcantly larger, and
there is a clear boundary. These phenomena suggest that the
boundary of deformation in Jvlu may be inﬂuenced by external
factors, such as regional faults, stratigraphic structure, compression
layer thickness and other factors (Zi-yong et al., 2007).

1) The Longyao ﬁssure is located in the transition zone between subsidence and uplift, where the deformation gradient is the largest.
Guangya et al. (2010) suggests that the occurrence of ground ﬁssures is related to subsidence, especially at the edge of the

4.2. Time series of deformation
The StaMPS PS-InSAR procedure allowed the estimation of time
series deformation data for each of the coherent points identiﬁed in the
SAR scene. Therefore, a time series of deformation was extracted for
4
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Fig. 4. Accumulated subsidence curves. ‘P1-P452′
represents the deformation derived at P1 from P452.
‘P2-P451′ and ‘P2-P452′ represent the deformations
observed at P2 from paths 451 and 452, respectively.
‘P3-P451′ and ‘P3-P452′ represent the deformation
observed at P3 from paths 451 and 452, respectively.
‘P4-P451′ represents the deformation observed at P4
from path 451. ‘P5-P452′ represents the deformation
observed at P5 from path 452. The locations of P1 to
P5 can be found in Fig. 3. The lengths of the I-symbols superimposed on the time series plots represent
the standard deviations of the deformation measurements.

ﬁve points, which are P1 to P5 (shown as triangles in Fig. 3). Due to the
slight diﬀerence in the deformation measurement between the neighboring PS points, we averaged the rates of all PS points within a square
of 500 m × 500 m. This produced a ﬁnal deformation measurement for
each of the selected regions. The standard deviation of the deformation
measurements within the square was calculated at the same time, and is
shown as the error bar in Fig. 4. For the purpose of comparing the
consistency of two adjacent paths, the InSAR results within the common
coverage area of paths 451 and 452 were extracted and converted into
vertical components, using their incidence angles (Fig. 4). The cumulative uplift values around Longyao (P3) and Xingtai (P5) were 60 mm
and 50 mm, respectively, during the period from 2007 to 2011. The
annual average uplift rates were approximately 15 mm/yr and 12 mm/
yr, respectively. Deformation was nearly steady from January 2007 to
January 2009 in the Longyao area, while it showed a clear linear upward trend from January 2009 to February 2011 for unknown reasons.
The cumulative subsidence values at P2 and P4 were 250 mm and
80 mm, respectively, during the period from 2007 to 2011. The annual
average subsidence rates were approximately 65 mm/yr and 20 mm/yr,
respectively at these sites.

the spatial distance of the deformation gradient, the inﬂuence width of
the crack at this cross-section was more than 400 m. It should be noted
that there might be a branch of the ground ﬁssure to the east of the road
(R1). The possible location of this branch has been marked with a thick
blue break line. The deformation in the northern block is basically
stable, while signiﬁcant subsidence is occurring in the southern block. A
signiﬁcant deformation gradient also appeared on the road (R3), which
has similar deformation characteristics to R1 and R2.
According to leveling measurement results, carried out from 2013 to
2014, the diﬀerence in deformation rates between the two sides of the
crack were 12 mm/yr and 48 mm/yr in Zhouzhang village and Xidianzi
village (Fig. 5), respectively (Jianling et al., 2015). Our InSAR measurements at two sites show the diﬀerences are 10 mm/yr and 40 mm/
yr, respectively. Although the leveling and InSAR results were carried
out at diﬀerent times, they are generally consistent in magnitude. Both
results showed that the ground ﬁssure was more active in the eastern
section of the LGF than in the western section where groundwater induced subsidence is much less (Fig. 3).

4.3. Ground ﬁssure deformation

5.1. Ground ﬁssure activity and groundwater

The activity characteristics of ground ﬁssures are usually complex.
Activity occurs in an intermittent fashion in space and intermittently in
time. The detailed deformation over red rectangle in Fig. 3 is shown in
Fig. 5. It can be seen that the deformation rates between the two sides of
the ground ﬁssure are diﬀerent from one part to another. This diﬀerence is particularly obvious in the eastern part of the crack.
The pink crossed line in Fig. 5 is the location of the LGF as obtained
from ﬁeld investigations. The black line is the location of the LF. Deformation measurements at coherent points along two lines (R1 and R2)
near the LGF show discontinuous deformation rates. Both lines are
roads surrounded by agricultural ﬁelds. According to the location of
LGF (Fig. 5) and our ﬁeld investigation, the location of the discontinuous deformation rates is exactly LGF. Field investigation photos
are also shown in Figs. Fig. 55(b) and Fig. 55(c). The ground scarp
formed by the deformation of the ground ﬁssures can clearly be seen in
these photos. Deformation rates from path 451 and 452 were extracted
from points A to B along road R1. These are shown in Fig. 6. The deformation rate proﬁles were found to be very consistent with one another. The ground deformation rate had an obvious gradient of approximately 40 mm/yr between the two sides of the crack. According to

Groundwater in the Longyao region is in a state of over-exploitation,
causing groundwater levels to decline at an ever increasing rate.
According to the report (Jianling et al., 2015), the depth of the
groundwater level in Xidianzi village (Fig. 5) decreased from 2 m to
20 m in the period from 1959 to 1992. The average rate of decline was
0.54 m/yr (Jianling et al., 2015). Up to 2013, the underground water
level at Xidianzi dropped to 52 m, with an average decline rate of
1.52 m/yr (Jianling et al., 2015). Hence, the groundwater decline rate
has tripled over the last 20 years. It is important to note that the subsidence center, adjacent to the eastern end of the LGF, is the Longyao
Industrial Park (LIP), which was established in November 2003 (Fig. 3).
The main products of the LIP are instant noodles and beverages. Its
annual production consists of 1.1 million tons of instant noodles, 1
million tons of drinks and 200 million cups of milk tea (https://baike.
so.com/doc/1075234-1137813.html, visited on September 15, 2017).
In addition, various kinds of food and light industrial products are also
produced. These industrial processes consume large amounts of
groundwater. The time at which accelerated activity occurred on the
LGF is very consistent with the time at which the industrial park was set
up. This highlights the role that groundwater exploitation plays in

5. Discussion
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Fig. 5. a) Ground deformation rates over the ground ﬁssure region derived from P451. b) Field investigation photo of road 1 (R1). c) Field investigation photo of road 2 (R2). The bold
black arrows show the relative movement direction of the two sides of the ground ﬁssures).

will easily slip and crack along the fault zone when underground water
pumping takes place (Zhenwei et al., 2012). This means that the LF and
underground water pumping have a beneﬁcial eﬀect on the activity of
the LGF.

accelerating the activities of the LGF.
Several studies have shown that the existence of the fault may act as
a water barrier and thus aﬀect groundwater migration (Lu and Danskin,
2001; Donnelly et al., 2008; Brunori et al., 2015). The mechanical
strength of soil on the existing fault zone is weak. As a result, the soil

Fig. 6. Deformation rate proﬁles across the ground
ﬁssure. The gray wide line shows the location of the
ﬁssure. A and B represent the direction of the proﬁle as
shown in Fig. 5.
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Fig. 7. Deformation rate proﬁles crossing
the LF. The grey lines represent the deformation proﬁles along the dashed black
box shown in Fig. 3. Areas 1 and 2 represent
the region aﬀected by the ground ﬁssure and
the pumping-induced subsidence area, respectively. The red and blue lines represent
the positions of the Longyao ground ﬁssure
(LGF) and Longyao fault (LF), respectively.
Black dashed line represents the model results from Eq. (2). (For interpretation of the
references to colour in this ﬁgure legend, the
reader is referred to the web version of this
article.)

5.2. Ground ﬁssure activity and regional stress

sections of the trenches show that the extension of LGF in the deep is
connected to the LF (Jishan et al., 2012). In addition, the ﬁllings of
LGF are multi-staged, meaning that there have been many activities
in history (Peng et al., 2016).
4) As revealed by our InSAR result (Fig. 6), the LGF and LF have the
same characteristics, i.e., the southern fault block drops and the
northern fault block uplifts. In addition, our ﬁeld investigation has
shown that LGF has a left-lateral sliding characteristic, which is
consistent with that of LF. The groundwater pumping alone cannot
lead to strike-slip motions in the horizontal.

There may be multiple causes for the activity along the LGF. In
addition to underground water pumping, we believe that the regional
stress has a certain role in promoting LGF activity. Both the ﬁeld investigation and InSAR results show that the north blocks of the LF and
LGF are rifted upwards, relative to the southern one that declines
(Fig. 3). The LGF is located in the transitions zone between the XingHeng Uplift block to the north and the Lin-Qing Graben to the south.
The proﬁle of ground surface displacement across the LF is shown in
Fig. 7. The northern segments of the proﬁles have an uplift trend relative to the southern segments. This is consistent with existing stratigraphic proﬁle data (Wanghe, 1987). Two settlement funnels in the
proﬁles (Areas 1 and 2 in Fig. 7), correspond to the areas aﬀected by the
ground ﬁssure and the pumping-induced subsidence, respectively.
These proﬁles show that the motion of the blocks still has an eﬀect on
the surface deformation, which provides the conditions for the activity
on the LGF.
Moreover, studies on the Fenwei basin have shown that the ground
ﬁssures within this area are mainly controlled by the surrounding
continental dynamics and that excessive pumping of groundwater is a
positive factor for promoting their activity (e.g., Peng et al., 2007). The
North China Plain is adjacent to the Fenwei basin, and they have a
similar regional tectonic stress ﬁeld (Jishan et al., 2012). Therefore, the
LGF should also be aﬀected by the regional tectonic stress.

6. Modeling proﬁle velocities of the fault and ground ﬁssure
Many studies have shown that geodetic observations across active
faults can be explained by creeping dislocations buried in an elastic
homogeneous half-space (Vergne et al., 2001; Biggs et al., 2008;
Hussain et al., 2016). The ground deformation across an active fault can
be modeled as an arctangent, which provides an estimate of both the
slip rate of the fault and its locking depth. A simple model of this
movement for vertical strike slip faults is a homogenous elastic half
space (Savage and Burford, 1973). This can be described as:

V(x) =

S
x
arctan ⎛ ⎞ + α
π
⎝D⎠

(2)

whereV(x) is the fault-parallel velocity of points estimated along a
perpendicular proﬁle across the fault, x is the distance from the fault, S
is the fault slip rate, D is the dislocation depth, and α is a static oﬀset.
To better understand the ground deformation across LF, the above
model was used to model the InSAR deformation proﬁles in Fig. 7. The
results in areas 1 and 2 (Fig. 7), caused by ground ﬁssure activity and
groundwater pumping, respectively, were removed to avoid the impact
on creeping dislocations on the model. Taking into account the geological observation, the latitude of 37.3 ° was considered to be the location of the fault, for the purposes of calculating x in formula (3). We
found the best ﬁt values for each model parameter (S, D and α) using a
Markov chain Monte Carlo (MCMC) sampler algorithm (Haario et al.,
2006; Hussain et al., 2016). This algorithm samples the target distribution using a Markov chain with a steady distribution. It ensures
that the correct samples are collected to build the desired posterior
distribution. The MCMC sampler explores the parameter space constrained by −100 < S (mm/yr) < 0, −50 < D (km) < 0 and
−100 < α (mm/yr) < 100, assuming a uniform prior probability
distribution over each range.
In total, we produced more than 30,000 independent model parameter solutions. Fig. 8 (bottom) shows the frequency histograms for
each model parameter. The probability distributions for the fault slip
rate, the locking depth, and the static oﬀset are approximately normally

5.3. Is LF responsible for the opening of LGF?
Several studies have shown that the formation and opening of
ground ﬁssure are related to hidden faults (Wesley Peirce, 1979;
Quanzhong et al., 2013; Brunori et al., 2015). Under the combination of
tectonic and human factors, hidden faults begin to expand upward.
When the absorption eﬀect of the overlying strata is insuﬃcient to resist
the expansion, the crack is generated. The opening of LGF is also considered to be related to the hidden fault, which is the LF. There are
several reasons to support our opinions:
1) According to our ﬁeld investigation, the destructive, exposed, segments of the LGF are linear and oriented with the strike of the LF,
proving that the LGF is closely related with the LF.
2) The LGF formed during the Xingtai earthquake group (Fig. 1), when
5 earthquakes with Ms ≥6.0 occurred within 21 days. Consequently, we speculate that the intensive earthquakes may have
caused the LF to slide and so caused the appearance of the LGF.
Ground cracks induced by earthquakes have been reported elsewhere (Dou et al., 2005; Konagai et al., 2016).
3) Several trenches that across the LGF have been explored. The
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Fig. 8. Bootstrap analysis and frequency histograms for modeled parameters, for proﬁles across the LF. The optimal solution for the parameters is estimated from the mean value (the blue
vertical line) of the best-ﬁt Gaussian distribution (the red curve).The dots indicate the parameter solutions that were selected. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)

technology was employed to assess the ground deformation of LGF and
its surrounding area. ALOS PALSAR images, for the period from 2007 to
2011 were used. The characteristics of ground deformation were analyzed, as was the relationship between the ﬁssure activity, surrounding
faults and groundwater exploitation. Both the InSAR results and the
geological data show the same plate movement characteristics: the
north side of LF is in uplift and south side is in subsidence. This indicates that the sustained action of plate motion provides the conditions
for the ground ﬁssure activity. At the same time, groundwater exploitation has played an important role in the activity of LGF. By extracting deformation proﬁles perpendicular to the ground ﬁssure, we
show that there is an obvious deformation gradient of approximately
40 mm/yr between the two sides of the crack. A simple model in a
homogenous elastic half space was used to model the inﬂuence of the
existing fault on the regional deformation. For proﬁles across the LF, a
locking depth of −2.8 km and a far ﬁeld fault slip velocity of
−30.1 mm/yr are the best ﬁt model parameters.

distributed. The remainder panels in Fig. 8 show two-dimensional
conﬁdence regions for parameter pairs. All of the model parameters are
well constrained according to the bootstrap analysis. The optimal solutions for the parameters are estimated from the mean value (the blue
vertical line in Fig. 8): a fault slip rate of −31.1 mm/yr and a depth of
−2.8 km. The modeled proﬁle for LF is shown as the black dotted line
in Fig. 7. It is worth noting that the simple model used assumes that the
dip angle is 90°, which is often not the case in reality. According to
seismic exploration data, the dip angle of the LF is 70–80 ° (Jun et al.,
2011). Although this is a potential source of error, the simple elastic
dislocation model matches the proﬁle well, and is able to give a ﬁrstorder estimate of the fault slip rate and locking depth. Finally, we note
that the locking depth of the best ﬁtting model is very consistent with
that of the geological survey data (Wanghe, 1987).
Using the same method, the dislocation depths for the ground ﬁssure are found to be 30 m and 40 m, based on InSAR observations from
paths 451 and 452, respectively. Both of the slip rates are −48 mm/yr.
The modeling results are shown as solid lines in Fig. 6. The model results from the two paths match each other very well. According to the
model results, the cracks exist in the shallow soil layer within 40 m of
the surface, which agrees with that from our ﬁeld investigations.
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