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Fault scarps preserve important information about past earthquakes on a fault, and thus
can be applied to investigate the fault slip histories and rupture patterns. In this study, the
morphology of fault scarps was used to constrain the paleoseismicity of the Wulashan
Piedmont Fault located on the northern margin of the Ordos Block based on high-
resolution LiDAR topography. We constructed the vertical displacement distribution of the
fault through measuring the heights of a large number of scarp profiles extracted on
different geomorphic surfaces along the fault. Through statistical analysis of the dense
collection of vertical displacement dataset, a total of seven paleoseismic events were
identified which followed a characteristic slip pattern with an average slip of ~1.0 m. We
further detected slope breaks in the fault scarp morphology to quantify the number of
paleoearthquakes that occurred on the scarps, and discriminated at least five individual
surface-breaking events. Both the number and slip of paleoearthquakes recognized from
the morphology of fault scarps were in good agreement with previous paleoseismic
trenching records. Based on the empirical scaling relationship between moment
magnitude and rupture parameters, a moment magnitude of Mw 6.7–7.5 was
determined for the paleoearthquakes occurred on the fault. With the fault slip rate
derived by previous studies, we estimated an average recurrence interval of
1.3–1.8 kyr for the paleoseismic events, which is very close to the elapsed time since
the most recent earthquake, indicating a high potential seismic hazard on the Wulashan
Piedmont Fault.
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1 INTRODUCTION

Investigating the slip histories and rupture patterns of past earthquakes helps to estimate the size and
timing of future earthquakes on the fault, which is of great significance for seismic hazard assessment
(Zielke et al., 2015). Historical documents or instrumental datasets provide only short and
incomplete records of past earthquakes (McCalpin, 2009), and many devastating earthquakes
have been demonstrated to occur on faults with no records of large historical events (Fu et al.,
2004; Kaneda et al., 2008; Liu-Zeng et al., 2009). Paleoseismic trenching can provide detailed
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information about the time and magnitude of paleoearthquakes,
but is greatly limited by geomorphic conditions and few selected
excavation sites (Ewiak et al., 2015; Hodge et al., 2020). The
occurrence of surface-rupturing earthquakes results in a variety of
geomorphic features along the fault, such as fault scarps, and the
offsets of rivers, ridges, and terrace risers (Wallace, 1968; Sieh,
1978; Avouac and Peltzer, 1993; Burbank and Anderson, 2009;
Scharer et al., 2014; Xue et al., 2021). These geomorphic records
can offer us important insights into the rupture histories of past
events, including their rupture extent as well as surface slip
distribution along the fault strike (McGill and Sieh, 1991;
Zielke et al., 2010; Klinger et al., 2011; Zielke et al., 2012;
Manighetti et al., 2015; Bi et al., 2018; Wei et al., 2019; Bi
et al., 2020; Wei et al., 2021).

Among the geomorphic records of surface-rupturing
earthquakes, the fault scarps have been demonstrated to
preserve valuable information about past earthquakes
(Wallace, 1977; Avouac and Peltzer, 1993; McCalpin, 2009).
By measuring the heights of fault scarps, we can constrain the
vertical displacement distribution of the faulting events
(Middleton et al., 2016; Bi et al., 2018; Johnson et al., 2018;
Wei et al., 2019; Bi et al., 2020; Pucci, et al., 2021; Wei et al., 2021).
Moreover, the shape of a scarp can be applied to estimate the age
of a single-event scarp based on the scarp degradation model
(Wallace, 1977; Bucknam and Anderson, 1979; Nash, 1980;
Andrews and Hanks, 1985; Arrowsmith et al., 1998; Kokkalas
and Koukouvelas, 2005), and the gradient changes (i.e., slope
breaks) in the morphology of a scarp may indicate the number of
surface-rupturing events on a fault (Wallace, 1980; Avouac and
Peltzer, 1993; Carretier et al., 2002; Ewiak et al., 2015; Wei et al.,
2019; Rao et al., 2020; Wei et al., 2021). To analyze the
morphological characteristics of the fault scarps, topographic
profiles of the scarps are particularly useful. In earlier studies,
the topographic profiles were mainly derived through field
mapping, which is labor-intensive and time-consuming, thus
greatly limiting the number and distribution of the
topographic profiles (Avouac and Peltzer, 1993; Carretier
et al., 2002; Ewiak et al., 2015). In recent years, high-
resolution topographic datasets can be acquired by the Light
Detection and Ranging (LiDAR) technology (Hudnut et al., 2002;
Cunningham et al., 2006; Arrowsmith and Zielke, 2009; Zielke
et al., 2010, 2012). Due to the ability to penetrate vegetation, the
LiDAR technology can generate high-resolution “bare-earth”
topography of the fault zone, which enables us to analyze and
measure the morphological characteristics of the fault scarps in
great detail (Johnson et al., 2018; Wei et al., 2019, 2021).

The Hetao Basin is located at the northern margin of the
Ordos Block in North China (Ma and Wu, 1987; Zhang et al.,
1998). The basin is controlled by a series of active normal faults
bounding the northern margin of the basin along the piedmonts
of the Lang Shan (Shan means mountain in Chinese), Serteng
Shan,Wula Shan, and Daqing Shan fromwest to east, respectively
(Chen, 2002; Ran et al., 2002, 2003; Yang et al., 2002, 2003; Chen
et al., 2003; Rao et al., 2016, 2020; Dong et al., 2018; He et al.,
2018). Among them, the Wulashan Piedmont Fault is a major
active normal fault on the northern margin of the Hetao Basin.
Four trenches have been excavated at different sites on the fault to

investigate its rupturing histories (Chen, 2002; Ran et al., 2003).
However, limited by the low accuracy of early dating methods and
the sparse trenching sites, the paleoseismic results may have large
uncertainties. Thus, it is necessary to further investigate the
earthquake rupturing histories on this fault to assess the
potential seismic hazard in the Hetao Basin area. Long-term
activities of the normal faults have produced fault scarps with
different heights on the northern region of the Hetao Basin. Since
being adjacent to the Wulan Buh and Kubuqi deserts, this region
has a semi-arid to arid climate with little precipitation and very
sparse vegetation cover. Moreover, human modification and
destruction of the landforms is also very limited in this area
due to the sparse population (Rao et al., 2020). For the above
reasons, fault scarps have been well preserved at the northern
margin of the Hetao Basin, making it an ideal place to study the
fault slipping histories through morphological analysis of the
fault scarps.

In this study, high-resolution LiDAR topography were
acquired along the Wulashan Piedmont Fault. On the basis of
the LiDAR-derived topography, we tried to investigate the
paleoseismicity of the fault from the morphology of fault
scarps. A large set of scarp profiles were extracted to
reconstruct the vertical displacement distribution along the
fault, and well-preserved fault scarps were also selected to
quantify the number of paleoearthquakes through identifying
the slope breaks in the fault scarp morphology. The slip histories
inferred from the morphology of fault scarps were then compared
with the findings from previous paleoseismic investigations.
Based on the derived rupture parameters and fault slip rate
determined by previous studies, we estimated the moment
magnitude and recurrence interval of large surface-rupturing
events occurred on the Wulashan Piedmont Fault.

2 GEOLOGICAL BACKGROUND

The Ordos Block is a tectonically-stable block suited in North
China. Four Cenozoic basins have developed around this
block, including the Hetao, Shanxi, Weihe, and Yinchuan
Basins (Figure 1A) (Ma and Wu, 1987; Zhang et al., 1998).
Several devastating historical earthquakes have occurred
around the Ordos Block, e.g., the 1303M 8 Hongdong
earthquake in the Shanxi Basin (Xu et al., 1993, 2018), the
1556M 8.5 Huaxian earthquake in the Weihe Basin (Zhang
et al., 1995; Feng et al., 2020), and the 1739M 8 Yinchuan-
Pingluo earthquake in the Yinchuan Basin (Deng and Liao,
1996; Middleton et al., 2016), while no large-magnitude
earthquakes have been recorded in the Hetao Basin.
However, paleoseismic investigations demonstrated several
Pleistocene to Holocene surface-rupturing events in the
Hetao Basin. (Chen, 2002; Ran et al., 2002, 2003; Yang
et al., 2002, 2003; Chen et al., 2003; Rao et al., 2016; Dong
et al., 2018; He et al., 2018). To the north, the basin is bounded
by a series of mountain belts, including the Lang Shan, Serteng
Shan, Wula Shan, and Daqing Shan, and major active
structures have developed along the piedmonts of these
mountain ranges (Figure 1B).
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The Wulashan Piedmont Fault is a major normal fault at the
northern margin of the Hetao Basin. The fault starts from
Xishanzui in the west, and then goes through Gongmiaozi,
Heshunzhuang, and Hayehutong, and finally ends near Baotou

in the east. It dips southward and generally strikes E-W, with a
total length of 110 km. Controlled by this fault, the Wula Shan is
more than 1,000 m above the ground surface, and the thickness of
the Cenozoic sediments is up to 5,100 m in the basin (Chen,

FIGURE 1 | (A) Location of the Hetao Basin which is suited at the northern margin of the Ordos Block. (B) Distribution of major active structures in the Hetao Basin.
The fault traces are modified from previous studies (Chen, 2002; Ran et al., 2003; Dong et al., 2018; He et al., 2018; Rao et al., 2020). (C) Geometry of the Wulashan
Piedmont Fault. The black arrows mark the two bedrock bulges which have divided the fault into three individual segments. The yellow squares indicate previous
paleoseismic trenching sites of Chen (2002) and Ran et al. (2003). The white swath denotes the coverage of the LiDAR topography. (D) and (E) show field photos of
fault scarps developed along the Wulashan Piedmont Fault.
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2002). According to the fault trace geometry, Chen (2002) divided
the fault into three segments, i.e., the Xishanzui-Gongmiaozi
segment, the Gongmiaozi-Heshunzhuang segment, and the
Heshunzhuang-Baotou segment, which are separated by two
broad and gentle bedrock bulges (Figure 1C). To investigate
the paleoseismicity of the Wulashan Piedmont Fault, a total of
four paleoseismic trenches have been excavated at different sites
along the fault (Chen, 2002; Ran et al., 2003). Due to the long-
term activity of the Wulashan Piedmont Fault, fault scarps with
different heights have developed along the fault strike, which have
been well preserved owing to the arid climate and limited human
destruction in this region (Figures 1D,E).

3 DATA AND METHODS

3.1 LiDAR Topography
To accurately analyze and measure the morphology of fault
scarps, an airborne LiDAR survey was conducted along the
Wulashan Piedmont Fault in August 2019. The topography
were collected by a Riegl VUX-1LR airborne LiDAR system
carried on a DM-150W fixed-wing unmanned aerial vehicle
(UAV). The UAV flew at about 400 m above the ground
surface. The scanning angle is ±70° and the scanning overlap
is set to 50%. The pulse-shot frequency of the LiDAR system is
200 kHz. In order to improve the UAV positioning accuracy
during the LiDAR survey, a total of five Trimble GPS base-
stations were deployed every ~20 km along the fault strike to
work with the onboard GPS synergistically. The coverage of the
LiDAR topography is about ~1 km wide across the fault trace and
~90 km long along the fault trace (Figure 1C). The average point
density is about 4 points/m2, and in some local areas the point
density can even reach 10 points/m2. To acquire a bare-earth

DEM, the LiDAR points were grouped into different categories.
Vegetation points were removed and only the ground points were
left to generate the DEM. Due to the arid climate, the vegetation
cover is very sparse in this area, so the ground points occupy
nearly 90% of the total LiDAR points. By gridding the ground
points, a 0.5-m-resolution bare-earth DEM was finally generated
for the different segments of the Wulashan Piedmont Fault
(Figure 2). To evaluate the precision of the LiDAR
topography, a total of 30 check points were measured using a
ground Trimble GPS system. A comparison between the LiDAR
and ground GPS coordinates of the check points demonstrates
that the vertical precision of the LiDAR topography is greater
than 10 cm.

3.2 Fault Scarp Morphology
Before faulting, the original surface generally displays a constant
slope angle. Then a surface-rupturing earthquake occurred,
leading to the offset of the surface and the formation of a
single-event fault scarp. The morphology of the scarp is
controlled by many factors, mainly including the faulting
mechanics and the properties of the faulted materials
(Wallace, 1977). Typically, a single-event fault scarp consists
of a free face whose gradient is greater than that of the
original surface. Once a fault scarp has been formed, it will
suffer from constant degradation process in the following
hundreds or even thousands of years which can be divided
into two phases. During the initial gravitational phase, the free
face will collapse under the effect of gravity and forms a debris
wedge at the base of the scarp, resulting in a gravity-controlled
face at the repose angle of the material, usually between 30° and
35° (Wallace, 1977; Bucknam and Anderson, 1979; Avouac and
Peltzer, 1993). Following this relatively rapid phase, the scarp will
experience a much slower diffusive erosion phase mainly due to

FIGURE 2 | (A), (B), and (C) show the LiDAR topography of the Xishanzui-Gongmiaozi segment, the Gongmiaozi-Heshunzhuang segment, and the
Heshunzhuang-Baotou segment of the Wulashan Piedmont Fault, respectively. The red lines denote the mapped fault traces. The white circles mark the locations of all
vertical displacement measurements, and the green stars indicate the selected nine study sites where fault scarps have been well preserved.
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the processes of water erosion or wash (Wallace, 1977). Such
processes will gradually smooth out the angularities of the crest
and base of the scarp and make the scarp become more and more
rounded, resulting in a Gaussian smoothing of the slope profile
(Wallace, 1977; Avouac and Peltzer, 1993). When a successive
new event dislocates this pre-existing single-event scarp, the
above-mentioned processes will repeat again, resulting in a
multi-event composite scarp. However, the scarp morphology
of the previous event may be preserved (case A) or not (case B)
when this new event occurs, which mainly depends on whether
the degradation processes following the new event reset the scarp
morphology or not (Wei, et al., 2019). In case A, the successive
events did not reset the scarp morphology and the morphological
features inherited from the previous events were fully or partly
preserved in the scarp, resulting in a slope profile with multiple
Gaussian curves, each of which may indicate an individual
faulting event. While in case B, the erosion processes after
each surface-rupturing event erased most memories of the
previous events in the fault scarp morphology. Thus, the
resulting morphology of a multi-event scarp is similar to that

of a single-event scarp, and the scarp profile will capture only the
most recent event. The detailed morphological characteristics and
evolutionary processes of single-event fault scarp and multi-event
fault scarp can be seen in Figure 3.

3.3 Measuring Height of the Scarp
The high-resolution LiDAR topography provides detailed
information of the landforms in the fault zone. On the basis
of the LiDAR-DEM and its derivatives, e.g., slope and hillshade
maps with various illumination angles, wemapped the fault traces
and displaced landforms using the ESRI ArcGIS software. The
LiDAR topography enables us to extract a large number of scarp-
perpendicular topographic profiles along the fault strike, which
has saved us from labor-intensive field mapping. Based on these
extracted topographic profiles, we can measure the heights of the
scarps to constrain the vertical displacement distribution along
the Wulashan Piedmont Fault. To eliminate high-frequency
variations caused by small-scale surface texture, swath
topographic profiles were extracted perpendicular to the local
fault scarp along the fault strike. When extracting the profiles, we

FIGURE 3 | Morphological characteristics and evolutionary processes of single-event fault scarp and multi-event fault scarp (modified from Avouac and Peltzer,
1993; Rao et al., 2020).
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should keep away from the sites that have suffered from serious
degradation or erosion process, and vegetation and gullies should
also be avoided. The length of the profiles ranges from tens of
meters to hundreds of meters to ensure that the far-field slopes of
the original upper and lower surfaces can be well captured.
Furthermore, if the profile has a large difference in the slope
of the up-fault and down-fault surfaces (generally larger than 5°),
it should be discarded. Since in this case, the surface on either side
of the scarp may have suffered from serious degradation or
erosion process, and the extracted topographic profile can no
longer well represent the original surface of the fault scarp. To
determine the vertical displacement, the heights of the hanging
wall and footwall surfaces on each side of the scarp were fitted by
two separate lines with a least squares regression. The vertical
separation between the two lines at the center point of the scarp
was measured as the vertical displacement (Figure 4A) (Hanks
et al., 1984; Avouac and Peltzer, 1993; Wei et al., 2019). The error
of linear regression was considered as the uncertainty of the
vertical displacement measurement (Middleton et al., 2016; Bi
et al., 2018, 2020).

3.4 Identifying Slope Breaks of the Scarp
According to the morphological evolution models of fault scarps
(Figure 3), multiple surface ruptures on composite scarps may be
identified by changes in scarp gradient, marked by slope breaks in
the scarp profile (Wallace, 1980; Avouac and Peltzer, 1993;
Carretier et al., 2002; Ewiak et al., 2015; Wei et al., 2019;
Hodge et al., 2020). Thus, based on the scarp profiles, we can
detect slope breaks in the scarp morphology to constrain the
number of paleoearthquakes along the Wulashan Piedmont
Fault. On the basis of detailed mapping of the landforms, a
total of nine study sites were selected along the fault where well-
preserved single or composite fault scarps can be found (the
locations of the nine sites are indicated in Figure 2). Swath
topographic profiles (40 topographic profiles at an interval of
0.5 m) were extracted perpendicular to the local fault scarp for
each site. Following many prior studies (Ewiak et al., 2015; Wei

et al., 2019), a sliding window approach was employed to
calculate the gradient (i.e., the first derivative) along the
extracted topographic profile. In each sliding window, all the
elevation data within the window are fitted by a polynomial
regression model which is then differentiated to calculate the
gradient. Choosing a suitable window size is the key to accurately
identifying the gradient changes on a scarp. Slight gradient
variations can be captured with smaller window size while
larger window size can reduce the noises (Figure 4B) (Ewiak
et al., 2015). After repeated trials, a window size of 9 was applied
in our study. Generally, the slope breaks in the scarp profiles are
marked by steep troughs in the calculated gradient profile
(Figure 4B). For each extracted scarp profile in the swath, we
first identified the locations of the crest and base of the scarp, and
the segment between them was thus defined as the scrap range.
Then, the troughs in the slope profile were searched in this scarp
range and the positions (i.e., distance along the fault strike) of all
searched troughs were recorded. Through statistical analysis of
the recorded positions in all scarp profiles in the swath, we can
acquire the probability density distribution of the positions of all
searched slope breaks. The number of the peaks of this
distribution may thus represent the number of slope breaks,
that is, the number of surface-rupturing events recorded by
the fault scarp.

4 RESULTS

4.1 Morphological Characteristics of Fault
Scarps
The high-resolution LiDAR topography enables us to investigate
the morphological characteristics of the fault scarps in great
detail. Generally, the fault scarps along the Wulashan
Piedmont Fault display a complex morphology produced by
more than one surface-rupturing events. Two examples of
composite fault scarp profiles are presented in Figure 5. It can
be observed that the scarps are characterized by the combination

FIGURE 4 | (A) Measurement of vertical displacement from the extracted topographic profile. (B) Identification of slope breaks in the gradient profile which is
calculated with a sliding window of different size.
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of several different debris slopes in their morphology which can
be used as the indicators for multiple faulting events (Wallace,
1977; Ewiak et al., 2015;Wei et al., 2019). Free faces created by the
most recent event have not been observed on the scarp profiles,
and the maximum slope angles of the scarps are generally<30°
which is smaller than the commonly observed angles of repose
(34°–37°) on other faults (Wallace, 1977; Bucknam and Anderson,
1979), indicating that the fault scarps have evolved from the
initial gravitational phase into the diffusive erosion phase. This
low-angle (<30°) scarp slopes are also consistent with previous
paleoseismic investigation results, that is the most recent surface-
faulting event occurred about ~1,655 years BP on the Wulashan
Piedmont Fault (Chen, 2002; Ran et al., 2003).

4.2 Vertical Displacements of Fault Scarps
Through measuring the heights of fault scarps, we finally
obtained a total of 243 vertical displacements along the
Wulashan Piedmont Fault. All vertical displacements, distance
along the fault, and measurement errors are presented in
Supplementary Table S1 of the Supplementary Material. The
vertical displacements are of different amount, ranging from ~1
to ~70 m along the fault strike. Such large variations in the scarp
heights indicate that this dataset includes both single-event
coseismic displacements and multi-event cumulative
displacements. Figure 6 presents the distribution of all vertical
displacements against their distance along the fault strike. We can
see that the number of the displacements generally decreases with
the increase of the displacement amount. This is mainly resulted
from the steady erosion and degradation processes of the

landforms, making the older geomorphic surfaces generally
less well preserved along the fault. To study the activity of the
Wulashan Piedmont Fault, Chen (2002) measured the heights of
fault scarps and acquired a total of 38 vertical displacements in
the field. To evaluate the reliability of the vertical displacements
measured in our study, we compared our measurements with the
field measurements obtained by Chen (2002) at 28 sites
(Figure 7). It can be observed that the vertical displacements
acquired in our study show good consistence with previous field
measurements, presenting a nearly 1:1 fit with a slope of 0.99 and
a correlation coefficient of 0.96.

4.3 COPD of Vertical Displacements
Similar to many previous studies, we used a statistical method to
analyze the large number of displacement measurements with
different uncertainties (McGill and Sieh, 1991; Zielke et al., 2010,
2012; Klinger et al., 2011; Manighetti et al., 2015; Haddon et al.,
2016; Bi et al., 2018, 2020). Each displacement is represented by a
Gaussian probability distribution function (PDF), with the
measured displacement value and its corresponding
uncertainty as the mean (μ) and standard deviation (σ) of the
Gaussian PDF, respectively. Adding up the PDFs of all
displacements forms the cumulative offset probability density
(COPD) (McGill and Sieh, 1991) which is always employed to
identify individual earthquakes. Since geomorphic surfaces
formed in the same period have been displaced by the same
number of events, they always appear as clusters of similar
displacements, leading to several separated peaks in the COPD
plot. The first smallest COPD peak is usually interpreted as the

FIGURE 5 | (A) and (B) show two examples of composite fault scarp profiles at theWulashan Piedmont Fault which are characterized by the combination of several
different debris slopes in their morphology.
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coseismic slip of the most recent event, while the successive larger
peaks may represent the cumulative slip due to two or more
preceding earthquakes (McGill and Sieh, 1991; Zielke et al., 2010,
2012; Klinger et al., 2011; Manighetti et al., 2015; Haddon et al.,
2016; Bi et al., 2018, 2020).

Considering that the older geomorphic surfaces have
experienced a longer period of erosion and degradation
processes, the larger displacements will have larger
uncertainties. Therefore, only the displacements in the range

of 0–8 m were statistically analyzed in our study. Furthermore,
since different segment may have different rupture behavior, the
COPD was calculated separately on each individual segment. It
should be noted that the Xishanzui-Gongmiaozi segment mainly
consists of bedrock fault scarps, and very few small displacements
have been preserved on this segment. Thus the COPD plots were
derived only for the Gongmiaozi-Heshunzhuang segment
(Figure 8) and the Heshunzhuang-Baotou segment (Figure 9).
The COPD curve consists of several peak shapes. The peak values
represent the most frequent cumulative displacements of the
faulting events, while the width of the peak shape reflects both
the measurement uncertainty and the variation of displacement
along the fault strike. In our study, a Gaussian PDF was used to fit
each peak shape, and the mean (μ) and the half-width (σ) of the
Gaussian PDF was considered as the peak value and its
corresponding uncertainty. A total of seven prominent peaks
can be identified from the COPD curve on the Gongmiaozi-
Heshunzhuang segment, which are centered at 1.3 ± 0.3 m, 2.0 ±
0.4 m, 2.7 ± 0.3 m, 3.7 ± 0.3 m, 5.0 ± 0.4 m, 6.1 ± 0.5 m, and 6.9 ±
0.5 m, respectively. The COPD curve also displays seven
noticeable peaks on the Heshunzhuang-Baotou segment, at
1.2 ± 0.2 m, 2.0 ± 0.5 m, 2.9 ± 0.4 m, 3.8 ± 0.3 m, 5.0 ± 0.4 m,
6.0 ± 0.5 m, and 7.0 ± 0.5, respectively. Zielke et al. (2015)
proposed a Monte-Carlo method to determine the mean slip
of each event while considering all derived COPD peak values and
their corresponding uncertainties. Following this approach, we
derived seven successive events with repeated slip of 1.0 ± 0.5 m
for both the two segments.

4.4 Slope Breaks of Fault Scarps
A total of nine study sites were selected on different segments of
the Wulashan Piedmont Fault where single-event fault scarps or
multi-event composite scarps had been well preserved. The
locations of the nines sites were indicated in Figure 2.
Through morphological analysis of the scarp profiles at the
nine sites, several slope breaks have been identified that
indicate multiple surface-faulting events (Figures 10–12). The
number of slope breaks ranges from one to five at each site,

FIGURE 6 | Distribution of all vertical displacement measurements against their distance along the fault strike.

FIGURE 7 | Scatter diagram displaying the comparison between vertical
displacement measurements in our study with previous field measurements of
Chen (2002).
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depending on the location of the fault scarp. Generally, the
number of slope breaks identified from the scarp is positively
correlated with the height of the scarp. This is in accordance with
expectation, since the scarps with larger heights are generally
located on older geomorphic surfaces which have experienced
more surface-rupturing events. By comprehensively analyzing the
slope breaks at the nine sites, we found that the average heights of
the fault scarps with one to five breaks are 1.2, 2.0, 3.1, 5.5, and
6.5 m, respectively, which is generally in good agreement with the
peak values of the COPD plot. Furthermore, among the nine
study sites, two sites (sites 7 and 8) are suited very close to
paleoseismic trenches excavated by previous studies (Chen, 2002;

Ran et al., 2003). Thus, the number of events recognized from the
fault scarp morphology can be compared with previous
paleoseismic trenching records. The site 7 is located beside the
Hayehutong trench which has revealed three paleoearthquakes.
However, Chen (2002) reported that the paleoseismic events
recorded by this trench were incomplete, since the total
displacement of the three events exposed from the trench is
much smaller than the height of the fault scarp where the trench
has been excavated. A total of five slope breaks have been detected
from the scarp profiles at site 7, indicating at least five surface-
rupturing events, which can thus be a good complement to the
paleoseismic trenching records. Moreover, the site 8 is suited on

FIGURE 8 | Statistical analysis of the vertical displacements on the Gongmiaozi-Heshunzhuang segment in the range of 0–8 m. Each displacement is represented
by a Gaussian PDF. Adding up the PDFs of all displacements forms the COPD curve which generally shows several peak shapes, and each peak may indicate an
individual earthquake.

FIGURE 9 | Statistical analysis of the vertical displacements on the Heshunzhuang-Baotou segment in the range of 0–8 m. Each displacement is represented by a
Gaussian PDF. Adding up the PDFs of all displacements forms the COPD curve which generally shows several peak shapes, and each peak may indicate an individual
earthquake.
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the left side of the Hademenjinkuang trench which exposed a
total of four paleoseismic events. The scarp profiles at site 8 also
show four obvious slope breaks, which is in good consistence with
the four events recorded in the paleoseismic trench.

5 DISCUSSION

5.1 Paleoseismicity of the Wulashan
Piedmont Fault
By constraining the paleoseismicity of a fault, we are able to gain
important insights into the rupture histories and recurrence
patterns of past events occurred on the fault, which provides
valuable information on the future behavior of the fault (Zielke
et al., 2015). Recently, a few studies have investigated the fault
rupture histories through identifying the COPD peaks of a dense
collection of displacement dataset along the fault (Zielke et al.,
2010, 2012; Klinger et al., 2011; Manighetti et al., 2015; Haddon
et al., 2016; Bi et al., 2018, 2020). Similar to these prior works, we
reconstructed the vertical displacement distribution of the
Wulashan Piedmont Fault through measuring the heights of a
large number of fault scarp profiles extracted on different
geomorphic surfaces along the fault strike. By statistical
analysis of the vertical displacements on the Gongmiaozi-
Heshunzhuang segment and the Heshunzhuang-Baotou
segment respectively, we found that the COPD plot presents
seven pronounced peaks on both segments, which are separated
by a similar slip increment of ~1 m. This slip increment is also
very close to the first smallest peak value which is always
interpreted as the coseismic slip of the most recent
earthquake. Therefore, we infer that at least seven
paleoearthquakes have occurred on the Wulashan Piedmont

Fault, following a characteristic slip pattern. Since the COPD
peak values on both segments are very similar, the seven events
may have broken the two segments together, producing a cascade
rupture between the two segments. By applying the Monte Carlo
method proposed by Zielke et al. (2015), we derived the average
slip of the seven paleoseismic events to be 1.0 ± 0.5 m. This
derived average slip is in good agreement with the coseismic slip
of 1.2–2.4 m determined by previous paleoseismic investigation
(Chen, 2002). Besides the heights of the fault scarp, the scarp
shape also preserves valuable information about the history of a
fault, and has been employed to identify individual earthquakes
through detecting the gradient changes (slope breaks) in the scarp
profiles on many faults (Wallace, 1980; Avouac and Peltzer, 1993;
Carretier et al., 2002; Ewiak et al., 2015;Wei et al., 2019, 2021; Rao
et al., 2020). Through morphological analysis of the scarp profiles
extracted at nine sites along the Wulashan Piedmont Fault, we
found that the scarp with a height of ~1.2 m displays only one
slope break, which may represent the coseismic slip produced by
the most recent earthquake. While five slope breaks have been
identified from the fault scarps with a height of ~6.5 m, indicating
at least five faulting events. We further comprehensively
compared the slope breaks at the nine sites and found that the
fault scarps with one to five breaks have an average height of 1.2,
2.0, 3.1, 5.5, and 6.5 m, respectively, generally in good consistence
with the peak values of the COPD plot. These derived slope
breaks suggest that at least five surface-rupturing events have
occurred on the Wulashan Piedmont Fault. There are two events
that have not been recorded by the fault scarp morphology, which
however have been recognized from the COPD plot of the vertical
displacements of fault scarps. Moreover, previous paleoseismic
excavations also demonstrated that at least six paleoearthquakes
had happened on the Wulashan Piedmont Fault since the

FIGURE 10 | Identification of slope breaks in the scarp profiles at two sites on the Xishanzui-Gongmiaozi segment. The first column displays the LiDAR-DEM at
each site, and the red and yellow lines represent the fault trace and extracted topographic profile, respectively. In the second column, the black lines indicate the
extracted swath topographic profiles (40 topographic profiles at an interval of 0.5 m), and the yellow line denotes the averaged topographic profile, while the red dashed
linesmark the scarp range. In the third column, the black lines indicate the calculated swath slope profiles. In the fourth column, the black line denotes the probability
density distribution of the positions of all searched slope breaks in the swath slope profiles, and the number of peaks represent the number of slope breaks, that is the
number of surface-rupturing events.
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Holocene, and these earthquakes have followed a quasi-periodic
recurrence model with similar recurrence intervals (Ran et al.,
2003), which is in good agreement with the paleoseismicity
constrained from the morphology of fault scarps. Based on
these above results, we demonstrate that both the vertical
displacements of fault scarps and the slope breaks in the scarp
morphology can be applied to quantify the number and slip of
paleoseismic events. However, we should emphasize the
importance of integrating the morphological analysis results of
fault scarps with the findings from the paleoseismic trenches.
They can provide good validation and supplement for each other
to acquire more complete and reliable fault rupturing histories,
especially on faults with complex fault geometries or slip histories
(Ewiak et al., 2015).

5.2 Seismic Risk on the Wulashan Piedmont
Fault
Knowledge of the magnitude and recurrence interval of past
earthquakes can help us estimate the probability and severity of
future potential events on the fault, thus greatly benefiting
seismic hazard assessment (McCalpin, 2009). From the COPD
peaks of the vertical displacements measured from the fault
scarps along the fault strike, we determine that at least seven
paleoearthquakes have ruptured the Wulashan Piedmont Fault,
with an average slip of 1.0 ± 0.5 m. Supposing an average fault
dip of ~50° acquired from field observations (Chen, 2002) and
considering the uncertainty of the average slip, the average slip of
the paleoseismic events on the fault plane at the surface was
estimated to be 0.7–2.0 m. Through analyzing the source

FIGURE 11 | Identification of slope breaks in the scarp profiles at four sites on the Gongmiaozi-Heshunzhuang segment. The first column displays the LiDAR-DEM
at each site, and the red and yellow lines represent the fault trace and extracted topographic profile, respectively. In the second column, the black lines indicate the
extracted swath topographic profiles (40 topographic profiles at an interval of 0.5 m), and the yellow line denotes the averaged topographic profile, while the red dashed
linesmark the scarp range. In the third column, the black lines indicate the calculated swath slope profiles. In the fourth column, the black line denotes the probability
density distribution of the positions of all searched slope breaks in the swath slope profiles, and the number of peaks represent the number of slope breaks, that is the
number of surface-rupturing events.
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parameters of a large number of historical earthquakes
worldwide, Wells and Coppersmith (1994) established an
empirical relationship between the moment magnitude Mw

and the average displacement (AD) as following:
Mw � 6.78 + 0.65 log(AD). According to this formula, a
moment magnitude of Mw 6.7–7.0 was derived for the
paleoearthquakes occurred on the Wulashan Piedmont Fault.
Considering the similar COPD peak values on the Gongmiaozi-
Heshunzhuang segment and the Heshunzhuang-Baotou
segment, it is deduced that the seven events may have broken
the two segments simultaneously, producing a cascade rupture
between the two segments. Due to the limited number of small
displacements on the west Xishanzui-Gongmiaozi segment, the
displacements were not statistically analyzed on this segment.
However, we cannot rule out the possibility that all the three
segments have failed together in the seven large
paleoearthquakes, leading to a rupture of the whole length of
the fault. Thus, the rupture length is estimated to be about
70–110 km. With the scaling relationship between the moment
magnitude Mw and the surface rupture length (SRL) (Wells and
Coppersmith, 1994): Mw � 4.86 + 1.32 log(SRL), a moment
magnitude of Mw 7.3–7.5 was determined for these
paleoseismic events. We also calculated the Mw using an

updated surface rupture length regression developed more
recently by Wesnousky (2008), that is,
Mw � 6.12 + 0.47 log(SRL). Based on this formula, a moment
magnitude of Mw 7.0–7.1 was yielded. All the above estimates
demonstrate that the paleoearthquakes occurred on the
Wulashan Piedmont Fault have a moment magnitude in the
range of Mw 6.7–7.5. Assuming that the accumulated strain on a
fault was released only through repeated seismic slip, the average
recurrence interval of paleoearthquakes occurred on the fault can
be roughly estimated based on the coseismic slip and the fault
slip rate. Chen (2002) has estimated the vertical slip rate of the
Wulashan Piedmont Fault which is about 0.55–0.77 mm/yr since
Holocene. From the COPD peaks, we have estimated the
coseismic slip of the paleoseismic events to be ~1.0 m. Thus,
the average recurrence interval of paleoearthquakes that have
occurred on the Wulashan Piedmont Fault was estimated to be
1.3–1.8 kyr, which is comparable with the average recurrence
interval of ~1,346 years derived from previous paleoseismic
investigations (Chen, 2002; Ran et al., 2003). Moreover, the
paleoseismic trenching results revealed that the most recent
event occurred at about ~1,655 years BP on the fault (Chen,
2002; Ran et al., 2003). Thus, the elapsed time since the most
recent event is very close to our estimated earthquake recurrence

FIGURE 12 | Identification of slope breaks in the scarp profiles at three sites on the Heshunzhuang-Baotou segment. The first column displays the LiDAR-DEM at
each site, and the red and yellow lines represent the fault trace and extracted topographic profile, respectively. In the second column, the black lines indicate the
extracted swath topographic profiles (40 topographic profiles at an interval of 0.5 m), and the yellow line denotes the averaged topographic profile, while the red dashed
linesmark the scarp range. In the third column, the black lines indicate the calculated swath slope profiles. In the fourth column, the black line denotes the probability
density distribution of the positions of all searched slope breaks in the swath slope profiles, and the number of peaks represent the number of slope breaks, that is the
number of surface-rupturing events.
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interval, indicating a high potential seismic risk on theWulashan
Piedmont Fault.

6 CONCLUSION

This study constrained the paleoseismicity of the Wulashan
Piedmont Fault suited at the northern margin of the Ordos
Block through morphological analysis of the fault scarps.
Based on high-resolution LiDAR topography, a large number
of vertical displacements were measured from the fault scarps to
constrain the vertical displacement distribution along the fault.
Well-preserved fault scarps were also selected to quantify the
number of surface-rupturing events through detecting the
number of slope breaks in the fault scarp morphology. Both
the COPD peaks of the vertical displacements and the slope
breaks in the scarp profiles demonstrate that at least seven
paleoseismic events have ruptured the Wulashan Piedmont
Fault. These events displayed a very similar slip of ~1.0 m,
and thus may have followed a characteristic slip pattern.
Through comparison with previous paleoseismic
investigations, it was found that the events identified from the
morphological analysis of fault scarps are in good consistence
with those revealed from paleoseismic trenches. By applying
empirical scaling relationships between moment magnitude
and rupture parameters, we estimated a possible moment
magnitude of Mw 6.7–7.5 for the paleoearthquakes occurred
on the fault. Based on the fault slip rate determined in
previous studies and the coseismic slip derived from the fault
scarp morphology, we estimated the average recurrence interval
for large earthquakes to be 1.3–1.8 kyr on the fault. Considering
that the elapsed time since the most recent event is very close to
the estimated average recurrence interval, there may be a high
potential seismic risk on the Wulashan Piedmont Fault.

This study has demonstrated the applicability of the fault scarp
serving as a geomorphic marker to quantify both the number and
slip of past earthquakes on a fault based on high-resolution
topography, which can provide a good complement to the
paleoseismic trenching records. However, it should be noted
that since this method relies on the preservation of subtle
morphological features inherited from previous events, it is
more applicable in arid and semi-arid areas with low erosion
rates. If a composite fault scarp has suffered sufficient erosion
after a seismic event, it would gradually evolve into a single-event

fault scarp shape. In this case, discriminating individual surface-
breaking events from the scarp morphology would be difficult.
Furthermore, though the fault scarp morphology can be applied
to constrain the rupturing histories of a fault, the morphological
records should be compared with the events recorded in
paleoseismic trenches to avoid overrepresentation or
underrepresentation of the paleoearthquakes. Combining both
the morphological records of fault scarps and paleoseismic
trenching results can lead to a more comprehensive
understanding of the fault slip histories and rupture patterns,
and thus a better assessment of potential seismic hazard on
the fault.
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