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ABSTRACT:

The increasing wealthy of high-resolution topography allows for remotely measuring and analysing offset features and their
associated surface slip distributions at a very high resolution and along a significant length of a fault, hence providing important
insights into many aspects of the fault behaviour. The West Helanshan Fault is a Holocene active fault located at the junction of the
Tibetan Plateau, Alashan, and Ordos blocks. Despite its special tectonic location, it has rarely been studied before. In this study, a 2-
m-resolution DEM of the West Helanshan Fault was built from the high-resolution (0.5 m) WorldView-3 stereo satellite imagery
based on the photogrammetry method, and a total of 181 strike-slip offsets and 201 vertical displacements were acquired along
different segments of the fault. By statistical analysis of the offset observations, we conclude that at least six large paleoearthquakes
have ruptured the fault, producing a minimum rupture length of ~50 km, and the paleoearthquakes have followed a characteristic slip
pattern with a coseismic strike slip of ~3 m and a vertical slip of ~1 m, corresponding to a geologic moment magnitude of 7.1~7.5.

1. INTRODUCTION

Detailed mapping and surveying of the offset geomorphic
features and their associated surface slip distribution along a
fault can guide understanding of many aspects of the fault
behaviour, including the fault kinematics and mechanics,
earthquake recurrence patterns, and earthquake magnitudes
(Wells, Coppersmith, 1994; Zielke et al., 2010, 2012; Klinger et
al., 2011; Manighetti et al., 2015; Perrin et al., 2016; Haddon et
al., 2016). Following the early pioneering work of Wallace
(1968, 1990), a number of studies have been conducted to
measure the offsets of geomorphic markers and constrain the
along-fault surface slip distributions (Sieh, 1978, 1981; Sieh,
Jahns, 1984; Schwartz, Coppersmith, 1984). However, most of
these early studies were based on conventional field mapping
which is particularly susceptible to vegetation cover and access
conditions. More recently, technologies that enable acquisition
of high-resolution topographic data have become increasingly
available, e.g., the terrestrial and airborne light detection and
ranging (LIiDAR) (Cunningham et al., 2006; Arrowsmith,
Zielke, 2009; Lin et al., 2013), high-resolution satellite optical
imagery (e.g., QuickBird, WorldView, and Pleiades), and the
Structure from Motion (SfM) approach for DEM generation
(Westoby et al., 2012; Bemis et al., 2014; Bi et al., 2017). These
technologies have provided us an unprecedented opportunity to
remotely measure and analyse the offset features at a very high
resolution and along a significant length of a fault, thereby
greatly improving both the reliability and density of the offset
measurements. A number of studies have been conducted in the
last few years to constrain the along-fault slip distribution of the
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most recent earthquake ruptures as well as the slip accumulation
due to multiple earthquakes based on the LiDAR technology
(Zielke et al., 2010, 2012; Salisbury et al., 2012; Manighetti et
al., 2015; Haddon et al., 2016; Chen et al., 2018). However, the
high costs and logistical demands of LiDAR surveys have
limited its extensive application in active faulting study
(Johnson et al., 2014, Zhou et al., 2015; Bi et al., 2018).
Recently, a few studies have demonstrated that the
photogrammetry method based on high-resolution satellite
stereo imagery can provide topographic data of comparable
resolution and precision to LiDAR surveys, but at significantly
lower cost and with greater availability, thus becoming a very
promising way for reconstruction of surface slip distribution
along a fault (Zhou et al., 2015, Middleton et al., 2016, Bi et al.,
2018).

The Helan Mountain (Helanshan) has a very special tectonic
location. It is not only situated at the northern section of the
North-South Seismic Belt in China, but also locates at the
junction of the Tibetan Plateau, Alashan, and Ordos blocks
(Molnar, Tapponnier, 1975; Tapponnier, Molnar, 1977; Zhang
et al., 1990; Deng et al., 1996; Zhang et al., 1998; Liu et al.,
2010) (Figure 1). The Helan Mountain is bounded at its eastern
margin by a normal fault, the East Helanshan Fault. While on
the western side of the mountain, it is bounded by a strike-slip
fault, the West Helanshan Fault. However, previous studies
have mostly focused on the faults located on the eastern side of
the Helan Mountain or northeastern margin of the Tibetan
Plateau (Deng et al., 1984; Zhang et al., 1986; Deng, Liao, 1996;
Middleton et al., 2016), while the fault on the western side of
the mountain has rarely been studied. Previous studies have
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reported that the West Helanshan Fault is a Holocene active
fault (Lei, 2016; Lei et al., 2017). The fault strikes nearly north-
south and distributes on the piedmont alluvial fan at the western
foot of the Helan Mountain. It extends straightly and connects
with the Sanguankou-Niushoushan Fault with a right-stepping
zone between them to the south and disappears into the Tengger
Desert to the north, with a total length of about 90 km (Figure
1). According to the geometric structure, the fault has been
divided into three different segments, i.e., north, middle, and
south segment. It passes through the Alxa League, a relatively
densely populated area in Northwestern China, and is also less
than 40 km far from the Yinchuan city, capital of the Ningxia
Hui Autonomous Region. Therefore, it is of great significance
to study the behaviour this fault for future seismic hazard
assessment and loss mitigation.

In this study, WorldViews3 satellite imagery (0.5 m) was used to
derive high-resolution topographic data of the faulted landforms
along the fault based on the photogrammetry method.
Combined with the topography derived from the Unmanned
Aerial Vehicle (UAV) images based on the SfM method, we
carefully identified and measured displaced geomorphic
markers along different segments of the fault. By statistically
analysing both the strike-slip and vertical offset measurements
along the fault, we restored the rupture histories and recurrence
patterns of paleoearthquakes on the fault.
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Figure 1. (a) Tectonic location of the Helan Mountain which is
located at the junction of the Tibetan Plateau, Alashan, and
Ordos blocks. (b) Tectonic map of the West Helanshan Fault
showing the locations of major active faults and historical
earthquakes (M>5) in surrounding areas. The base map is the 90
m SRTM (Shuttle Radar Topography Mission) hillshade map.
The fault locations are modified from earlier fault maps of
Tapponnier, Molnar, 1977, Zhang et al., 1986, and Deng, Liao,
1996. The seismic data are from the China Seismic Information
Network (http://www.gopi.com.cn/). (c) Geometry of the West
Helanshan Fault which has been divided into three different
segments, i.e., north, middle, and south segment. The base map
is the Google Earth image. The blue polygon indicates the
coverage area of the WordView-3 satellite imagery.

2. DATA AND METHOD
2.1 High-resolution Topography

Since no archived high-resolution satellite imagery are available
in the West Helanshan Fault zone, we ordered one stereo pair of
WorldView-3 panchromatic images (0.5 m) which were
acquired on 5 July 2018, covering a total area of 315 km?. It

should be noted that since the north segment of the fault is
covered by desert, leading the offsets unable to be well
preserved in the landscape, our satellite imagery only cover the
middle and south segments of the fault (Figure 1c). The
WorldView-3 satellite was launched on August 13, 2014 by the
Digital Globe. It operates at an altitude of 617 km with an
inclination of 97.2<and an average revisit time of <1 day,
providing 0.31 m panchromatic resolution, 1.24 m multispectral
resolution, 3.7 m short-wave infrared resolution, and 30 m
CAVIS (Clouds, Aerosols, Vapors, Ice, and Snow) resolution.
It is the first multi-payload, super-spectral, high-resolution
commercial satellite which provides significant improvements
in both image resolution and geo-positioning accuracy (Digital
Global, 2014). It should be noted that though the original
spatial resolution of the panchromatic images is 0.31 m, they
have been down-sampled to 0.5 m for commercial sales.

The stereo WorldView-3 images were processed using the Leica
Photogrammetry Suite module of the ERDAS IMAGINE 2015
software. First, since the rational polynomial function (RPF)
model that high-resolution satellites always use to approximate
the relationship between the image space and the ground space
is not a rigorous model, a total of 235 tie points, evenly
distributed over the imagery, were generated to compensate for
the orientation errors of the RPF model. Second, a pixel-by-
pixel matching procedure was performed with a search window
size of 9 <9 pixels and a correlation coefficient of 0.3 t0 0.7. A
lot of combinations of parameters were tried and this
combination was found to be a good compromise between both
the density of matching points and the smoothing of
topographic details. With the image coordinates of the matching
points, the three-dimensional coordinates of their corresponding
ground points were derived from the refined RPF model,
resulting in a dense ground point cloud. Afterwards, the ground
point cloud was filtered by averaging within a block of 2 m and
then gridded with a spacing of 2 m using continuous curvature
splines in tension and a tension factor of 0.75. The WorldView-
3 imagery was finally ortho-rectified based on the generated
DEM. Both the DEM and the orthophoto were geometrically
corrected and projected to the WGS-84 UTM Zone 48N system.
The hill-shaded DEM and the corresponding orthophoto are
shown in Figure 2a and Figure 2b respectively.

It can be clearly seen that two areas along the fault are heavily
covered by clouds in the WorldView-3 imagery (Region A and
Region B in Figure 2a). Thus, we used a small four-rotor UAV,
i.e, the Motoarsky MS670, to acquire high-resolution
topographic data of these two areas based on the SfM method.
The UAV is approximately 67 cm in diameter and has a
maximum load of 5 kg and a flying duration of about 45
minutes. It is equipped with both a GPS and an inertial
navigation system for positioning and navigation of the UAV
during the flight. It also has a stabilized camera mount fitted
with a Sony ILCE-QX1 camera with a fixed focal length of 16
mm. The photographs were acquired on 27 September 2018,
and the flying height of the UAV was set to 120 m, with a 70%
forward and side overlap. The total number of collected
photographs is 982, covering an area of about 0.5 km =< 3.7 km
for region A. While for region B, the flight area is about 1.0 km
x4.3 km and a total of 2225 images were finally acquired. For
scaling and georeferencing of the point cloud, 25 self-made
markers (the size of the marker is 60 cm <60 cm) were evenly
placed in two areas as ground control points (GCP) before the
flight. The three-dimensional coordinates of each GCP were
measured after the flight using a Trimble R8 real-time kinematic
(RTK) differential GPS system. After image acquisition, the
UAV images were processed using the Agisoft PhotoScan
software package. We finally obtained DEM with a high spatial
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resolution of 0.1 m for region A (Figure 2c) and region B
(Figure 2e), and the corresponding orthophoto of region A
(Figure 2d) and region B (Figure 2f) has a spatial resolution of
0.03 m.
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Figure 2. (a) and (b) show the hill-shaded DEM and the
orthophoto of the West Helanshan Fault generated from the
WorldView-3 stereo satellite imagery respectively. (c) and (d)
represent the hill-shade DEM and the orthophoto of region A
acquired from the UAV images respectively, while (e) and (f)
represent the hill-shade DEM and the orthophoto of region B
acquired from the UAV images respectively. The locations of
region A and region B are illustrated in Figure 2a where there
are heavy clouds in the satellite imagery. The green and red
circles indicate the locations of strike-slip and vertical offset
measurements respectively.

2.2 Fault Offset Measurement

The West Helanshan Fault is dominantly a strike-slip fault, but
also has a small component of vertical slip. In this study, we
measured both the strike slip and vertical displacement of this
fault. The strike slip of the fault was measured using the so-
called “back-slipping” method which aims at reconstructing the
pre-earthquake morphology of the geomorphic markers (stream
channels, terrace risers, etc.) that have been displaced by the
fault (Figure 3). This method has been employed to measure the
cumulative lateral offsets on strike-slip faults for decades (Sieh,
1978; Zielke et al. 2010, 2012; Klinger et al., 2011; Manighetti
et al., 2015). To obtain the offset, we firstly identified well-
preserved displaced geomorphic markers (stream channels,
terrace risers, etc.) along the fault based on the ortho-rectified
high-resolution WorldView-3 imagery (0.5 m). Then the
piercing lines of the geomorphic markers on both sides of the
fault trace were mapped and projected onto the fault.
Afterwards, the offsets between the projections of upstream and

downstream piercing lines to the fault were measured. To
determine a plausible range of the offset, different portions of
the geomorphic marker were measured, e.g., measuring the
thalweg as well as both edges of the stream channels. Thus for
each offset measurement, it has an optimal value (Opt.offset), a
minimum value (Min.offset), and a maximum value
(Max.offset). The range of uncertainties might be asymmetric
with respect to the optimal value, and the plus and minus
uncertainties were calculated as Max.offset- Opt.offset and
Opt.offset- Min.offset respectively.

The long-term vertical slip of the fault has displaced different
geomorphic surfaces and formed clear fault scarps with different
heights along the fault. To obtain the vertical displacement,
well-preserved fault scarps that have experienced little erosion
or degradation process were firstly identified based on the
generated  high-resolution ~ WordView-3 DEM. Then
topographic profiles were extracted across the fault scarps on
different geomorphic surfaces along the fault manually. The
topographic profile should follow the strike of the geomorphic
surface, and vegetation and gullies should also be avoided.
Afterwards, the topographic data of the hanging wall and
footwall of the fault were linearly regressed by two separate
straight lines respectively, which were then projected to the
fault trace to estimate the vertical displacement. The root mean
square error (RMSE) in fitting the lines was considered as the
error of the displacement, as shown in Figure 4.

I 1Max.offset Opt.offset

Figure 3. Measurement of strike slip using the back-slipping
method, modified from Zielke et al. (2012). (a) Current
morphology of a stream channel. The fault trace is outlined and
both edges and the thalweg of the stream channel are projected
onto the fault trace, supposing that they represent the pre-
earthquake morphology of the channel. (b) Reconstruction of
the pre-earthquake morphology of the stream channel by back-
slipping. Different portions (both edges and the thalweg) of the
channel are aligned to determine the optimal, minimum and
maximum offset value respectively. (c), (d) and (e) show an
example of the back-slipping process of a stream channel that
has been offset by the fault, and (f) shows the field photograph
of this channel.
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Figure 4. (a) Hill-shaded DEM of an area on the West
Helanshan Fault, and the red line indicates the fault trace while
the blue lines denote the selected topographic profiles. (b)
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Measurement of the vertical displacement. The upper and lower
surfaces on both sides of the fault scarp are fitted by two
separate lines respectively which are then projected to the fault
trace to acquire the vertical displacement.

3. RESULTS AND DISCUSSIONS

In this study, a total of 181 strike-slip offsets and 201 vertical
displacement measurements were finally acquired along the
middle and south segments (about 50 km) of the West
Helanshan Fault. The strike-slip offsets vary from 1.7 m to
112.8 m. While for the vertical displacement, the observations
are between 0.5 m and 66.9 m. To analyse a large amount of
data with variable values and uncertainties, a probabilistic
method was often adopted (Scharer et al., 2014; Manighetti et
al., 2015). Following many previous studies, we adopted a
Gaussian probability density function (PDF) to constrain the
physically plausible range of an offset measurement (McGill,
Sieh, 1991; Zielke et al., 2012; Scharer et al., 2014; Manighetti
et al., 2015; Haddon et al., 2016). In this representation, each
measured offset value describes the mean of a Gaussian PDF,
while the standard deviation o of the PDF is represented by the
uncertainty of the measurement. Summing the individual PDFs
forms a cumulative offset probability distribution (COPD),
whose dominant peaks indicate the most frequent values within
the entire dataset. Provided that the peaks in the COPD
correspond to frequent values of surface slip during past large
earthquakes, offsets during the most recent event typically
contribute to the first smallest strong peak, while the subsequent
peaks in the COPD may reflect the cumulative slip of multiple
preceding events (McGill, Sieh, 1991; Klinger et al., 2011;
Zielke et al. 2012; Manighetti et al., 2015).

Furthermore, since different earthquakes may rupture different
segments of fault and produce similar offsets, it is more
reasonable to analyse the offsets separately on each individual
fault segment. The surface slip distribution and the
corresponding COPD plot of the slip on different segments of
the West Helanshan Fault are displayed in Figures 5 to 8. It
should be noted that the offsets are displayed in different range
for clarity. A total of 82 strike-slip offsets and 112 vertical
displacements were measured on the middle segment. It can be
observed that the COPD curve of the strike-slip offsets exhibits
six pronounced peaks at 2.5 m, 5.5 m, 8.8 m, 11.6 m, 14.8 m,
and 19.7 m in the range of 0~25 m. Five other COPD values, at
30.5 m, 39.7 m, 51.4 m, 57.3 m, and 90.1 m, were relatively
poorly constrained due to the limited number of offset
observations in the range of 25~120 m (Figure 5). In terms of
the vertical displacement, also six prominent offset peaks
centered at 0.9 m, 2.2 m, 3.4 m, 4.6 m, 5.6 m, and 6.7 m can be
observed from the COPD plot in the range of 0~8 m, and five
other smaller COPD peaks are observed in the range of 8~60 m
which are centered at 10.5 m, 16.4 m, 20.1 m, 27.2 m, and 32.3
m respectively (Figure 6). On the south segment, a total of 99
strike-slip offsets and 89 vertical displacement measurements
were finally acquired. The COPD curve of the strike-slip offsets
displays six noticeable peaks in the range of 0~25 m, which are
centered at 2.6 m, 6.1 m, 9.0 m, 11.9 m, 15.4 m, and 21.3 m
respectively. Six other smaller COPD peaks can be observed at
27.2m, 29.8 m, 42.8 m, 71.8 m, 89.5 m, and 102.1 m in the
range of 25~120 m, which are poorly characterized due to the
small number of offsets available for measurement (Figure 7).
The COPD curve of the vertical displacements also exhibits six
pronounced peaks, at 1.0 m, 1.8 m, 3.2 m, 4.2 m, 5.3 m, and 6.5
m in the range of 0~8 m, while four other relatively smaller
COPD peaks can be found at 10.9 m, 18.0 m, 55.7 m, and 66.0
m in the range of 8~80 m (Figure 8). Overall, the COPD peaks
roughly tend to decay exponentially with the increasing offset

amount. In fact, this decay has also been observed in many
previous works (Wallace, 1968; Klinger et al., 2011; Zielke et
al., 2012), which may be caused by the on-going degradation or
erosion process of geomorphic features over time, leading the
larger offset peaks generally unable to be well preserved in the
landscape.
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Figure 5. Strike slip on the middle segment of the West
Helanshan Fault. (a), (c), and () represent the cumulative offset
probability density (COPD) plot of the strike slip in the range of
0~120 m, 0~60 m, and 0~25 m respectively. While (b), (d), and
(f) denote the distribution of the strike slip along the fault strike
in the range of 0~120 m, 0~60 m, and 0~25 m respectively.
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Figure 6. Vertical displacement on the middle segment of the
West Helanshan Fault. (a), (c), and (e) represent the cumulative
offset probability density (COPD) plot of the vertical
displacement in the range of 0~60 m, 0~20 m, and 0~8 m
respectively. While (b), (d), and (f) denote the distribution of
the vertical displacement along the fault strike in the range of
0~60 m, 0~20 m, and 0~8 m respectively.
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Figure 7. Strike slip on the south segment of the West
Helanshan Fault. (a), (c), and (e) represent the cumulative offset
probability density (COPD) plot of the strike slip in the range of
0~120 m, 0~60 m, and 0~25 m respectively. While (b), (d), and
(f) denote the distribution of the strike slip along the fault strike
in the range of 0~120 m, 0~60 m, and 0~25 m respectively.
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Figure 8. Vertical displacement on the south segment of the
West Helanshan Fault. (a), (c), and (e) represent the cumulative
offset probability density (COPD) plot of the vertical
displacement in the range of 0~80 m, 0~20 m, and 0~8 m
respectively. While (b), (d), and (f) denote the distribution of
the vertical displacement along the fault strike in the range of
0~80 m, 0~20 m, and 0~8 m respectively.

Similar to many previous studies, the COPD peaks were
employed to distinguish paleoearthquakes along the West
Helanshan Fault in this study. However, utilizing the
geomorphic records to constrain the rupture history along a
fault is based on a fundamental assumption that the geomorphic
markers used to measure displacement form more frequently
than the surface-rupturing earthquakes that offset them
(McCalpin, 2009; Zielke et al., 2012; Manighetti et al., 2015).
The relatively arid climate and well-preserved landscapes
combined with the comparatively slow slip rate and the
millennial recurrence time of great events on the West
Helanshan Fault suggest that the landscapes may provide a
nearly continuous geomorphic record of recent large
earthquakes along this fault (Lei, 2016; Lei et al., 2017). Thus,
the smallest offset peak of the COPD plot can be attributed to
the coseismic slip of the most recent event, while the successive
larger offset peaks may represent the cumulative slip of multiple
preceding earthquakes. In this study, we mainly focused on
observations less than 25 m and 8 m for the strike slip and
vertical displacement respectively, since these values are most
likely reliable and well-preserved in the landscape. On the
middle and south segments, the COPD plots of the strike-slip
offsets both display six pronounced offset peaks (2.5/2.6 m,
5.5/6.1 m, 8.8/9.0 m, 11.6/11.9 m, 14.8/15.4 m, and 19.7/21.3
m), and these peak values are separated by a similar amount of
incremental slip, averaging ~3.0 m (except between the fifth
peak and the sixth peak where the slip increment is about 2
times of 3.0 m). This incremental slip is also very similar to the
slip produced by the most recent large earthquake on the fault
(2.5/2.6 m). Similarly, the vertical displacements also show six
prominent peaks at 0.9/1.0 m, 2.2/1.8 m, 3.4/3.2 m, 4.6/4.2 m,
5.6/5.3 m, and 6.7/6.5 m on both two segments. The resulting,
clearly separated COPD peaks suggest that the vertical
displacements associated with the several recent events are
repeated in about ~1.0 m increments, similar to the coseismic
vertical slip of the most recent event (0.9/1.0 m). Therefore, we
interpret that at least six large earthquakes have occurred
repeatedly on the West Helanshan Fault to produce these
measured cumulative offsets, and these large paleoearthquakes
have been fairly characteristic in terms of coseismic slip along
this fault, with a strike slip of ~3.0 m and a vertical slip of ~1.0
m. Apart from the smallest six pronounced offset peaks, we also
observed several relatively large-magnitude offset peaks along
both segments of the fault, which however are more poorly
constrained due to the limited number of offset observations,
and these offset peaks may have developed over the course of
many seismic cycles. Furthermore, previous studies have found
that strike-slip ruptures generally do not propagate across step-
overs larger than ~4 km (Wesnousky, 2006, 2008). Since the
step-over zone between the middle and south segment is only
about 2.5 km wide, it is unlikely to stop the propagation of
earthquake ruptures on the West Helanshan Fault. Moreover, it
can be observed from the COPD plots that the offset
observations show very similar COPD peaks on the middle and
south segments, especially the smallest six peaks which display
good consistence with each other on both two segments, further
suggesting that the two segments may have ruptured together in
the same paleoseismic event. Following the relationship
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between moment magnitude (M) and surface rupture length
(SRL) for strike-slip fault, i.e., M =5.16+1.12*log(SRL)

(Wells, Coppersmith, 1994), the moment magnitude of these
paleoearthquakes is estimated to be ~7.1. However, this
moment magnitude may be a minimum value, since our satellite
imagery only cover the middle and south segments of the fault.
Furthermore, the COPD plots suggest that the average
coseismic strike slip of paleoearthquakes along the West
Helanshan Fault is about ~3.0 m. Based on the relationship
between moment magnitude (M) and average displacement

(AD), i.e., M =7.04+0.89*log(AD) (Wells, Coppersmith,

1994), we can estimate the moment magnitude of these
paleoearthquakes to be ~7.5. Thus, the moment magnitude of
paleoearthquakes occurred along the West Helanshan Fault may
be in the range of 7.1~7.5.

4. CONCLUSIONS

Reconstructing the surface slip distribution along a fault can
guide understanding of many aspects of the fault behaviour.
Especially in recent years, high-resolution topographic data sets,
such as LIDAR and photogrammetric DEMs, have provided us
an unprecedented opportunity to remotely measure and analyse
the offset features at a very high resolution and along a
significant length of a fault, thereby greatly improving both the
reliability and density of the offset measurements and providing
new insights into earthquake slip behaviour of the fault.
However, previous works have mainly focused on
reconstructing the horizontal slip distribution for strike-slip
faults. In this study, both the horizontal and vertical slip
distribution along the West Helanshan Fault have been
constrained based on high-resolution topographic data derived
from the WordView-3 stereo satellite imagery and UAV images.
A total of 181 strike-slip offsets and 201 vertical displacements
were acquired along the middle and south segments (~50 km) of
the fault. By statistical analysis of the offset observations, we
conclude that the at least six large paleoearthquakes have
occurred along the West Helanshan Fault. The earthquakes
ruptured both the middle and south segments of the fault
together, producing a minimum rupture length of ~50 km, and
the coseismic strike slip and vertical slip of these
palecearthquakes is about ~3 m and ~1 m respectively,
corresponding to a geologic moment magnitude of 7.1~7.5.
Furthermore, both the strike-slip and vertical cumulative offsets
are approximately multiples of the coseismic slip of the most
recent event, suggesting that the paleoearthquakes may have
followed a characteristic slip pattern along the West Helanshan
Fault.
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