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Abstract: The temporal slip behavior of a fault from displaced landforms when there are no chrono-
logical data remains poorly understood. The southern segment of the Xiaojiang fault zone (XJFZ)
plays an important role in accommodating the lateral extrusion of the SE Tibetan plateau. However,
there are few reports on the evolution of the offset landforms and slip behavior of the fault due
to the dense vegetation in the region. Here, offset landforms along the Jianshui fault (JSF) in the
southern segment of the XJFZ are systematically interpreted and measured using high-resolution
satellite imagery, field investigations, and airborne lidar. The risers on the right banks of three
stream channels feature similar left-lateral offset characteristics near the town of Dongshanzhai.
The left-lateral offsets consist of multiple inflections produced by seismic events, and the offset of
each event is similar. These inflections are distributed downstream in a stair-stepped manner. The
newly formed inflections are located close to the fault, and the earlier formed ones are eroded by
flowing water and migrate downstream. The difference between the amount of downstream erosion
of two adjacent inflections varies. Assuming the stream’s long-term erosion rate remains steady,
the estimated time intervals between seismic events are different. Combined with the cumulative
offset probability density calculation for 92 offsets, the JSF is considered to show a nonperiodic
characteristic earthquake recurrence pattern. We also propose a multistage offset evolution model of
the stream channel riser. This provides a new way to analyze the seismic recurrence pattern of the
fault over a relative time scale.

Keywords: offset landform evolution; seismic recurrence model; Xiaojiang fault; airborne lidar

1. Introduction

Offset landforms along a fault, such as a stream channel, river terrace, alluvial fan,
or glacial moraine, can be used to identify and measure single-event and multi-event
cumulative offsets of the fault, reconstruct its slip distribution and kinematics, and provide
important information for understanding the seismic recurrence behavior of a fault on
the magnitude scale and assessing its seismic hazards (e.g., [1–4]). Although the land-
form response to a fault offset and its evolution through space has been studied more
frequently [5–8], the seismic recurrence of a fault from the landforms on a time scale re-
mains poorly understood when there are no chronological data. The temporal slip pattern
of a fault needs to be understood by further studying the timing of the paleoseismic events
revealed by sedimentary deformation strata and chronological data (e.g., [9–12]).

Furthermore, offset landforms are often hidden by vegetation in areas with high
vegetation coverage, which makes it difficult to identify offsets, analyze offset geomorphic
evolution processes, and understand the slip behavior of faults using high-resolution opti-
cal images, field investigations, and UAV-based photogrammetry. Studies of fault activity
are frequently limited to a few offset microlandforms or several large offset landforms that
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have been subjected to long-term deformation (e.g., [13–15]). The “bare earth” ground sur-
face can be imaged using lidar by omitting points that are reflected off vegetation [4,16,17].
Lidar has been used effectively to map fault traces in detail and study offset microlandforms
and the slip behavior of faults in areas with high vegetation coverage [18–21].

The Xiaojiang fault zone (XJFZ) is located in the southern portion of the Xianshuihe-
Xiaojiang fault system (XXFS), which is the main boundary strike-slip fault system between
the southeastern margin of the Tibetan Plateau and the South China block (Figure 1 [22–24]).
Accompanied by the SSE-directed motion of the Sichuan-Yunnan block of the SE Tibetan
plateau, the north-central segment of the XJFZ has accommodated a left-lateral strike-slip
rate of 10–16 mm/y since the late Quaternary, and several earthquakes of magnitude
M ≥ 7.0 have occurred there [25–27]. Previous studies have suggested that most of the
left-lateral strike-slip motion of the XJFZ is absorbed and accommodated by the NW-
striking Qujiang and Shiping faults to the south and that the southern segment of the XJFZ
had weak activity during the late Quaternary (Figure 1 [27–31]). However, based on an
analysis of regional tectonic deformation, the kinematic models proposed by previous
studies [22,32] speculate that the XXFS crosses the Red River fault system to the south
and connects with NE-trending faults on the southern side, such as the Dianbianfu fault
(Figure 1). The regional GPS velocity field suggests that the slip rate of the XJFZ does not
decrease significantly to the south [23,33]. Geological and geomorphic evidence has been
found that suggests that the Jianshui fault (JSF) in the southern segment of the XJFZ was
active in the Holocene [34]. Thus, studying the activity of the southern segment of the
XJFZ contributes to improving our understanding of the range and pattern of southward
motion of crustal material on the SE Tibetan Plateau and our ability to assess seismic
hazards [26,30,35–37].

Due to the dense vegetation coverage along the southern segment of the XJFZ, there
are few studies on the faulting activity in that region. The JSF is located in the southernmost
section of the XJFZ, close to the Red River fault system (Figure 1). It is a key fault for under-
standing how the tectonic movement of the XJFZ propagates southward. To understand the
slip behavior of the JSF on space and time scales, the fault traces and geometric structures of
the JSF were mapped in detail using high-resolution optical image interpretation and field
investigations, and sections with well-preserved faulted landforms were selected for fine
measurement using airborne lidar to obtain high-resolution three-dimensional topographic
data without vegetation. Through detailed interpretation and analysis of these topographic
data, we analyzed the evolution of offset geomorphic markers and the slip history and
kinematics of the fault. These markers included stream channel and terrace risers, and the
stream channel riser was defined by a sloping escarpment on the left and right banks of
the stream channel bound by a more gently sloping stream bed and geomorphic surface
where the stream incised and formed. Based on the offset characteristics of stream channel
risers, a multistage offset evolution model of the stream channel risers is proposed, and
this provides a new way to analyze the temporal earthquake recurrence pattern of the fault
over a relative time scale.

2. Regional Seismotectonic Setting

The NNE-trending convergence and compression of the Indian plate toward the
Eurasian plate causes the crustal material in the central Tibetan Plateau to move eastward
and westward [38–40]. The plateau is blocked by the rigid Sichuan Basin to the east, causing
the crustal material in the southeastern part of the plateau to move southeastward along
the XXFS (Figure 1 [41,42]). The XJFZ is an important part of the XXFS. The XJFZ is about
400 km long and can be divided into three segments from north to south (Figure 1 [26,27]).
The JSF in the southern segment of the XJFZ, to the east and south of the Jianshui Basin,
cuts through the NWW-striking Qujiang and Shiping faults and extends to the Red River
Valley [34]. The exposed strata along the southern segment of the XJFZ include Proterozoic,
Paleozoic, Mesozoic, and Cenozoic strata. In the pre-Cenozoic strata, Sinian, Devonian, and
Triassic components are widely distributed, and the lithology is dominated by limestone
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and dolomitic limestone. In the Cenozoic strata, Neogene and Quaternary components
dominate, mainly gravel and clay layers.

Figure 1. Tectonic setting of the Jianshui fault in the southeastern margin of the Tibetan Plateau.
(a) Tectonic location of the study area. (b) Main active tectonics in the study area. Fault locations
and slip senses are modified from the Seimotectonic map of China and its adjacent regions [37]. Red
lines represent the Xianshuihe-Xiaojiang left-lateral strike-slip fault system. The rectangular box
represents the location of the Jianshui fault. Earthquake locations and magnitudes were taken from
the China Earthquake Information Network. The blue lines indicate GPS velocity field relative to
stable Eurasia [43]. The topography data were generated from the SRTM DEM (90 m-resolution),
which was provided by International Scientific & Technical Data Mirror Site, Computer Network
Information Center, Chinese Academy of Sciences (http://www.gscloud.cn (accessed on 12 June
2020)). Abbreviations: GZF = Ganzi fault, XSHF = Xianshuihe fault, ANHF = Anninghe fault,
ZMHF = Zemuhe fault, DLSF = Daliangshan fault, N-XJF = Northern segment of the Xiaojiang fault,
C-XJF = Central segment of the Xiaojiang fault, S-XJF = Southern segment of the Xiaojiang fault,
JSF = Jianshui fault, QJF = Qujiang fault, SPF = Shiping fault, RRF = Red River fault, DBFF = Dien
Bien Phu fault, NTHF = Nantinghe fault, LJ-XJHF = Lijiang-Xiaojinhe fault, JSJF = Jinshajiang fault,
LTF = Litang fault, LMSF = Longmenshan fault.

Trench excavations revealed that several paleoseismic events have occurred on the
north and central segments of the XJFZ since the late Quaternary, and the earthquake recur-
rence interval was estimated to be 2000–4000 y [27,44], 2000–2500 y [26], or 340–480 y [36].
Four earthquakes with M ≥ 7.0 occurred in historical times, including the 1733 M7.75
Dongchuan earthquake, the 1833 M8.0 Songming earthquake, the 1500 M7.0 Yiliang earth-
quake, and the 1789 M7.0 Huaning earthquake [30,45–47]. However, no historical earth-
quakes of M ≥ 7.0 have been reported on the southern segment of the XJFZ. The 1606 M6.75
Jianshui earthquake occurred near Jianshui County on the west side of the JSF (Figure 2).

http://www.gscloud.cn


Remote Sens. 2021, 13, 2019 4 of 21

Figure 2. Distribution map and linear landforms of the Jianshui fault. (a) The satellite image shows
the clear linear structure of the fault features. The red arrows indicate the location of the fault.
(b) Jianshui fault traces and locations of study sites. The rectangular boxes represent the lidar
measurement range.

Satellite images show that the JSF forms a clear linear structure (Figure 2). The length
of the fault is about 70 km, and the overall strike is about N20◦E. The fault starts near Baiyun
in the north, passes through Bagenjiao, Fangmaping, Xinzhai, Liangchahe, and Shanhua to
the south, and extends from the west side of Niuguntang village to the Red River Valley.
After cutting through the valley, it continues to extend southward (Figure 2b). Some late
Quaternary basins are distributed along the fault, such as the Baiyun Basin, Luoshuidong
Basin, Xinzhai Basin, and Goujie Basin. Several of these basins, such as Xinzhai Basin, are
typical pull-apart basins. However, the most recent fault motion remolded these pull-apart
basins. The fault is composed of multiple branch faults with a left-stepped en-echelon
pattern, and it has a zigzag-shaped distribution as a whole. The fault ends form horsetail-
shaped splaying patterns. The offset characteristics and paleoseismic behavior of the fault
remain poorly understood.

3. Methods
3.1. Data Acquisition and Processing

The fault was mapped in detail to determine the location of the fault trace based
on high-resolution Google Earth image interpretation and geological and geomorphic
investigations of faulted markers including fault scarps, fault troughs, and left-lateral offset
streams, terraces, and ridges. Six sections of well-preserved faulted landforms were selected
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and imaged using UAV-based photogrammetry. It is regrettable that some offset landforms
could not be identified on the orthoimage due to the vegetation coverage. Then, these
sections were scanned using airborne lidar. The resulting high-density point cloud data
covered a length of 12 km and a width of 200–550 m. Ground and vegetation points were
separated by point cloud classification. Vegetation points were removed to obtain high-
density point cloud data on the ground surface (no less than 9 pts/m2). Digital elevation
models (DEMs) with a resolution of 0.5 m and an accuracy of 0.2 m were generated using
the ground points and the inverse distance weighting interpolation method in ArcGIS
software (from ESRI, Sacramento, California USA). Finally, three-dimensional geomorphic
hillshade maps superimposed with contour lines (interval 0.2–0.3 m) were constructed in
ArcGIS software using the DEMs.

To better understand the validity of the lidar data and the broader geomorphology
of the landform in our study area, different types of data from an offset stream, including
an orthoimage obtained using UAV-based photogrammetry, a field photo, and hillshade
maps created from the pre- and post-processed lidar data, were compared (Figure 3). It
was observed in the orthoimage and field photo that the hillside is mainly covered with
dense, low bushes or tall trees (Figure 3a,b). The stream bed and riser are covered with
more bushes and trees, which made the details of their dislocations and bends difficult to
identify from the orthoimage and hillshade map with vegetation coverage (Figure 3a,c).
Fortunately, the details of the offset stream riser, such as its multiple inflections, could be
identified from the hillshade map without vegetation (Figure 3d).

Figure 3. An example of an offset stream showing the validity of the lidar data after filtering the vegetation. High-resolution
orthoimage (0.04 m resolution; (a) and field photo (b) showing the offset stream R and the broader geomorphology of
the landscape. (c) Hillshade map generated from the pre-processed lidar data. (d) Hillshade map generated from the
post-processed lidar data.

3.2. Identification and Measurement of Offset Markers

Offset geomorphic markers along the fault, including streams and terrace risers, were
identified based on visual interpretation of the color differences and contour lines of the
landforms in the topographic data. Then, these offset markers were verified in the field.
When measuring offset markers, the fault trace and piercing lines of the offset markers
were first drawn in ArcGIS software, and the piercing lines were then extended to the
fault. The offset and error of the markers were constrained by back-slipping for the left
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edge, thalweg, and right edge of the stream or the base, center, and crest of the terrace
riser [48,49]. The uncertainty of an offset mainly comes from the shape and sinuosity of
geomorphic markers, the location of the fault, and the geometry of the intersection between
the geomorphic marker and the fault trace. According to the measurement quality, the
offsets were classified into grades 1, 2, and 3 (from best to worst). Grade 1 means that
the geomorphic markers show low sinuosity and a nearly perpendicular intersection with
the fault. Grade 2 indicates that the geomorphic markers feature moderate sinuosity and
intersect with the fault at small angles. Grade 3 represents high sinuosity geomorphic
markers or that the fault trace is unclear.

3.3. Analysis of the Offset Characteristics

The offset stream channels that showed multiple inflections, indicating that they might
record multiple seismic events, were selected for detailed interpretation. We analyzed the
evolution process of the offset channels and identified the offset of each event. Assuming
that the stream erosion rate remained steady, the relative time of offset occurrence was
estimated based on the amount of downstream erosion of the inflections caused by flowing
water. Then, we plotted the distribution of all offsets along the fault. A triangular probabil-
ity was used to represent each offset measurement and its error, where the triangle’s height
was the probability of the optimal offset, and the width was the measurement uncertainty
defined by the maximum and minimum values [48,50]. The triangular probability areas
of the grade 1, 2, and 3 offsets were 1, 0.75, and 0.5, respectively. Then, the cumulative
offset probability density (COPD) for all offsets was calculated [2,51,52]. The relationships
between the offsets indicated by probability peaks were also evaluated [4,53,54]. Finally,
by combining the offset and temporal information revealed by the offset stream channel
and the COPD calculation, the temporal and spatial distribution patterns of the fault slip
were analyzed.

4. Results
4.1. Faulted Landforms and Offsets
4.1.1. Dongshanzhai Site

The Dongshanzhai site lies in the north-central part of the fault, near the northeast side
of Jianshui County (Figure 2b). The fault is located between the Jianshui basin to the west
and the low mountain area to the east. Three large streams, marked R1, R2, and R3, flow
westward along the slope from the mountainous area to the basin area (Figure 4). They are
seasonal streams that developed in the limestone bedrock overlain by thin, weathered red
clay. The material carried by the flowing water is mainly red clay. The slope of the stream
bed is relatively gentle with a slope angle of about 6◦. Although the catchment areas of
these three streams are slightly different, they are all small and within one square kilometer.
Only one terrace is developed on the left bank of stream R1, and no terraces are present on
both banks of streams R2 and R3 (Figure 4), indicating a weak undercut and lateral erosion.

Several small streams are incised into the thin, weathered red clay overlying the
bedrock between these large streams. The faulted landforms in this site are well developed.
The streams, terraces, and ridges are left-laterally offset by varying amounts by the fault
(Figure 4). Based on a detailed interpretation of the lidar images, twelve pairs of offset
markers were identified.

The left-lateral offset of the upper edge of the riser on the true right bank of stream
R1 is well preserved (Figure 5a,b). The left-lateral offset is composed of five inflections
distributed downstream in a stair-stepped pattern. The channel riser sections on both sides
of the inflections extend onto the fault to form piercing points. The displacement of offset
riser pair 1a/1b was measured to be 6.8 ± 0.6 m, which was attributed to the offset from
the latest event. The offsets of four other pairs of offset risers, 1a/1c, 1a/1d, 1a/1e, and
1a/1f, were found to be 13.7 ± 1.7, 21.4 ± 2.6, 30.6 ± 3.5, and 38.5 ± 4.3 m, respectively
(Figure 5a–c), and these values were interpreted to represent multievent cumulative offsets.
These offsets are multiples of the offset from the latest event. The first inflection, r1, of



Remote Sens. 2021, 13, 2019 7 of 21

the stream channel riser is located close to the fault. The four downstream inflections, r2,
r3, r4, and r5, sub-parallel with the fault, are about 13, 45, 67, and 75 m away from the
fault, respectively (Figure 5d), and these values were interpreted as reflecting the amount
of downstream erosion of the inflections caused by flowing water. The distance differences
between inflections r1 and r2, r2 and r3, r3 and r4, and r4 and r5 are about 13, 32, 22, and
8 m, respectively.

Figure 4. Offset geomorphic markers and displacements at the Dongshanzhai site. (a) A hillshade map with a resolution of
0.5 m. The location is shown in Figure 2b. The red arrows indicate the location of the fault. (b) Interpretation map of the
offset landforms and markers presented in (a). (c) Field photo showing offset stream riser 4a/4b. The location is shown in
(a). (d) Field photo showing offset stream 11a/11b.

The riser on the right bank of stream R2 near the fault is well preserved, and the
riser far away from the fault has been artificially modified. Similarly, the left-lateral offset
of the riser consists of three inflections (Figure 5e,f). The different sections of the offset
riser extend onto the fault, and the offsets of offset riser pairs 2a/2b, 2a/2c, and 2a/2d are
6.1 ± 0.6, 12.1 ± 1.4, and 18.6 ± 1.8 m, respectively (Figure 5e–g). The first inflection, r1,
of the upstream channel is near the fault, and the inflections r2 and r3 are about 14 and
52 m downstream from the fault (Figure 5h), respectively. The distance difference between
the adjacent inflections r1 and r2 and between r2 and r3 is about 13 and 39 m, respectively.
The left-lateral offset of the riser on the right bank of stream R3 consists of four inflections,
and the offsets of riser markers 3a/3b, 3a/3c, 3a/3d, and 3a/3e are 5.9 ± 0.5, 12.1 ± 1.3,
18.4 ± 2.1, and 24.3 ± 2.6 m, respectively (Figure 5i–k). Three inflections, r2, r3, and r4,
sub-parallel with the fault, are about 4, 16, and 22 m downstream from the fault. The
distance differences between inflections r1 and r2, r2 and r3, and r3 and r4 are about 4, 12,
and 6 m, respectively (Figure 5l).

The three streams, R1, R2, and R3, show similar offset characteristics. The left-lateral
offset of the riser on the right bank is composed of multiple continuous inflections pro-
duced by the fault offsets, which are distributed downstream in a stair-stepped manner
(Figures 4 and 5).
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Figure 5. Offset markers and inflection distribution of the stream channels at the Dongshanzhai site. The hillshade maps of
streams R1 (a), R2 (e), and R3 (i) are superimposed with contour lines (interval 0.3 m). Interpreted riser on the right bank of
stream channels R1 (b), R2 (f), and R3 (j). The offsets of channel risers of streams R1 (c), R2 (g), and R3 (k) are composed
of inflections. The riser parts on both sides of the inflections are regarded as offset markers. Labels such as 1a represent
different sections of an offset riser. The downstream erosion distance for each inflection of streams R1 (d), R2 (h), and R3 (l)
is marked with green dotted line. Red labels, such as r1, represent inflections.

4.1.2. Shenxiandong Site

The Shenxiandong site is located in the central part of the fault (Figure 2). The fault ap-
pears as a clear seismic surface rupture zone on the hillshade map without vegetation. The
linear fault scarps developed along the fault (Figure 6a). Three landslides are distributed
along the surface rupture, and there is no deformation of the landslide body (Figure 6b). It
is inferred that the landslides might have been earthquake landslides that formed during
the latest event. A small stream that developed between landslides L2 and L3 was found
to be offset with a displacement of 12.6 ± 1.2 m (Figure 6c,d).

4.1.3. Xinzhai Site

The Xinzhai site is located on the southern side of the Shenxiandong site (Figure 2).
The mountain slopes in this area are covered with dense vegetation, and some geomorphic
markers, such as streams, were not recognized on the satellite image (Figure 7a). However,
a series of streams flowing from northwest to southeast were identified along the slope on
the hillshade map without vegetation (Figure 7b,c). The ridges, streams, and alluvial fans
were found to be left-laterally offset by the fault. Fourteen pairs of offset markers were
identified along the fault (Figure 7c). The offset markers 7a/7b and 9a/9b were also clearly
observed on the field photos.
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Figure 6. Offset landforms and markers in the Shenxiandong site. (a) Hillshade map generated from
lidar-derived DEM without vegetation (0.5 m resolution). The red arrows represent the fault location.
(b) Interpretation map of landslides and offset landforms for (a). (c) An expanded hillshade map
superimposed with contour lines (interval 0.3 m) showing the offset stream. The location is shown in
(b). (4) Back-slipped map of the offset stream with a displacement of 12.6 m.

The three streams in the southern part feature typical offsets (Figures 7c and 8a,b).
Stream 1 is clearly offset with a left-lateral displacement of 12.1 ± 1.4 m. Two beheaded
streams, 1c and 1d, were found on the left bank, downstream of the fault. The topography
of the first stream, 1c, can be clearly identified, and that of the second one, 1d, is not as clear
as the first one. The two beheaded streams were interpreted as abandoned streams formed
after the offset of stream 1a with displacements of 18.6 ± 2.3 and 24.1 ± 3.5 m, respectively.
Streams 2 and 3 are synchronously left-lateral offset by 6.9 ± 0.8 and 5.6 ± 0.7 m, respec-
tively. A beheaded stream, 2c, was found on the left bank of stream 2 downstream of the
fault and was interpreted as an abandoned stream formed after the offset of stream 2, with a
displacement of 18.2 ± 2.1 m. Two beheaded streams, 3c and 3d, were identified on the left
bank of stream 3 downstream of the fault and were classified as abandoned streams formed
after the offset of stream 3. They are offset by 11.4 ± 1.3 and 17.3 ± 1.9 m, respectively.

When the topographic map was back-slipped with a displacement of 6.5 m along
the fault, streams 2a/2b and 3a/3b roughly aligned (Figure 8c). Similarly, streams 1a/1b
and 3a/3c aligned when the map was back-slipped 12 m (Figure 8d). The back-slipped
displacement of 18 m also made streams 1a/1b, 2a/2c, and 3a/3d align (Figure 8e). Stream
1a/1d could recover its pre-earthquake morphology with a displacement of 24 m (Figure 8f).

4.1.4. Bagenjiao Site

The Bagenjiao site is located at the northern portion of the fault (Figure 2b). The
hillside dips to the west in this area. Several streams flow along the slope from east to
west, and one alluvial fan has developed on the central portion of the site (Figure 9a,b).
The offset landforms are well developed in this area. The fault cuts the hillside obliquely.
The streams, terraces, and ridgelines are left-laterally offset when crossing the fault. By
combining high-resolution topographic data interpretation and field investigations, eight
pairs of offset markers were identified (Figure 9b). Three streams, 1a/1b, 2a/2b, and 6a/6b,
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were found to be offset with similar displacements of 4.2 ± 0.3, 4.6 ± 0.5, and 4.3 ± 0.4 m,
respectively, and these were classified as offsets of the most recent event (Figure 9a,b).
Stream 3a/3b was found to be offset by 9.3 ± 0.7 m. When the topographic map was
back-slipped with a displacement of 7.1 ± 0.8 m along the fault, the right riser of stream
5a/5b roughly aligned (Figure 9c,d). The two risers of streams 7a/7b and 8a/8b were
found to be offset by 14.2 ± 1.8 and 13.2 ± 1.7 m, respectively. The riser of alluvial fan
4a/4b was found to be offset with a displacement of 19.2 ± 3.4 m.

Figure 7. Offset geomorphic landforms and markers at the Xinzhai site. (a) High-resolution Google
Earth optical image showing the geomorphology. The red arrows represent the fault locations.
(b) Hillshade map with a resolution of 0.5 m. The location is shown in Figure 2b. (c) Interpretation
map of the offset landforms and markers shown in (b). (d) Field photo showing offset ridge edge
7a/7b. Location is shown in (c). (e) Field photo showing offset stream 9a/9b. The location is shown
in (c).
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Figure 8. Back-slipped measurements of the offset markers at the Xinzhai site. (a) A hillshade map
superimposed with contour lines (interval 0.2 m) located in Figure 7c. (b) Interpretation map of
the offset markers presented in (a). (c) Back-slipped map of offset streams 2a/2b and 3a/3b with a
displacement of 6.5 m. (d) Back-slipped map of offset streams 1a/1b and 3a/3c with a displacement
of 12 m. (e) Back-slipped map of offset streams 1a/1c, 2a/2c, and 3a/3b with a displacement of 18 m.
(f) Back-slipped map of offset stream 1a/1d with a displacement of 24 m.

Figure 9. Offset landforms and markers at the Bagenjiao site. (a) Hillshade map generated from
lidar-derived DEM without vegetation (0.5 m resolution). The red arrows represent the fault location.
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(b) Interpretation map of offset landforms presented in (a). (c) An expanded hillshade map superim-
posed with contour lines (interval 0.3 m) showing offset stream riser 5a/5b. The location is shown in
(b). (4) Back-slipped map of offset stream riser 5a/5b with a displacement of 7.1 m.

4.2. Offset Distribution

Based on the systematic interpretation and analysis of the lidar images, 92 pairs of
offset markers were identified and measured (Figure 10a). The offset ranking grades 1, 2,
and 3 accounted for 56.5%, 37.0%, and 6.5% of the total dataset, respectively. Offsets of less
than 40 m in different sections of the fault formed clusters on the offset distribution map.
The clusters in sections from 0–3 km, 12–20 km, and 26–28 km were relatively obvious,
while the offset cluster in the 36–39 km section was not. On the other hand, the lidar images
did not cover the two ends of the fault where the slip distribution is not constrained.

Figure 10. Geometric structure and offset distribution of the JSF. (a) The geometric distribution
of the JSF and the locations of the measurement range. (b) A scatter plot of the offsets versus the
distance along the fault. (c) Cumulative offset probability density distribution map. LCH indicates
Liangchahe. BGJ indicates Bagenjiao.

In order to further understand the offset clusters of the fault and the relationship
between the offset clusters, the cumulative offset probability density (COPD) was calculated
for all offsets, and a COPD distribution map was obtained (Figure 10b). The map shows
that there are five probability density peaks, and these peaks decrease correspondingly with
an increase in displacement, as indicated by the offset clusters. The offsets corresponding
to the first, second, third, fourth, and fifth probability peaks are 6.1, 12.1, 17.8, 23.7, and
30.1 m, respectively.

5. Discussion
5.1. Spatial Distribution of the Fault Slip

The risers on the true right banks of the three streams, R1, R2, and R3, show similar
offset characteristics at the Dongshanzhai site. The left-lateral offset is composed of multiple
continuous inflections that are distributed downstream in a stair-stepped manner (Figure 5).
The inflections of the stream risers are likely to have formed due to multiple fault branches,
stream hydrology events like floods, or the interaction between the faulting offset and
fluvial erosion. The fault was mapped in the field investigations and with high-resolution
topographic maps, and it features one fault branch. Thus, the inflections are less likely
to be the result of multiple fault branches. The stream risers of R1 resulting from the
faulting, r2–r3, r3–r4, and r4–r5, might be eroded by flowing water, causing the risers
to bend outwards (Figure 5). However, due to the smaller catchment areas and weaker
fluvial erosion, the stream risers of R2 and R3 do not show the phenomenon of outward
erosion (Figure 5).
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To better understand the impact of faulting on the bend shape, we found a stream, R4,
near Bagenjiao town that has a bend that has not crossed a fault (Figure 2b). The stream
also developed in the limestone bedrock overlain by thin, weathered red clay (Figure 11).
The bends of streams R4 and R2 are situated away from the divide at similar distances.
Their catchment areas are also within one square kilometer. However, the bend of stream
R4 is smoothly transitioned, and no obvious stair-stepped inflections could be observed in
the high-resolution hillshade map without vegetation (Figure 11), which differs from the
bend characteristics of the three streams at the Dongshanzhai site. This indicates that the
stream hydrology in this area may not produce the bend with multiple inflections. Thus,
we believe that the stair-stepped inflections of streams R1, R2, and R3 were most likely
formed by the interaction of the faulting offset and fluvial erosion.

Figure 11. Bend characteristics of stream R4 without the influence of the fault offset. (a) High-
resolution hillshade map without vegetation showing stream R4 (0.5 m resolution). (b) Interpretation
map of the riser on the right bank of the stream R4.

Each inflection of the stream channel riser in the Dongshanzhai site is interpreted as
corresponding to an offset event. After the inflection forms, it is eroded by flowing water
and migrates downstream. The inflection near the fault is considered to be formed by the
latest offset. The further away from the fault, the earlier we interpret the inflection to have
formed. The spacing of risers on both sides of the inflections is similar along the fault with
a distance of 5.9–6.8 m (Figures 5 and 12). Therefore, the offset of each seismic event is
similar, indicating that these earthquakes are likely to have been characteristic earthquakes.

Figure 12. A plot of the offset of the risers of the three stream channels in the Dongshanzhai site over
time. (a) The offset and temporal distribution of the five events revealed by offset stream channel
R1. (b) The offset and temporal distribution of the three events revealed by offset stream channel R2.
(c) The offset and temporal distribution of the four events revealed by offset stream channel R3.

Offset clusters were identified in four sections of the fault on the offset distribution
map (Figure 10b). Three clusters were identified in the southern and northern sections of
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the fault, and four clusters were identified in the two sections in the middle of the fault.
The offsets of the first cluster decrease from the middle to the north, while the offsets of the
second cluster decrease more from the middle to the north. This may be due to the fact
that the northern section is close to the northern end of the fault, and the attenuation of
the fault slip at the end is different following different rupture events. Another possible
interpretation is that the offset data are too sparse to define the offset clusters in the northern
section. In general, the first three offset clusters show similar slip distribution patterns, and
the offsets of the fourth cluster in the middle two sections are also approximately equal
(Figure 10).

Five probability density peaks can be observed on the COPD distribution map
(Figure 10c). The first, second, third, fourth, and fifth peaks correspond, from highest to
lowest, to offsets of 6.1, 12.1, 17.8, 23.7, and 30.1 m, respectively. It is generally considered
that the minimum offset corresponding to the probability peak is the coseismic offset of the
latest event and that larger offsets are multievent cumulative offsets [2,48,52,55]. The offset
corresponding to the first peak was attributed to the latest event, and the offsets correspond-
ing to the second, third, and fourth peaks were interpreted as being cumulative offsets of
the latest two, three, and four events, respectively. Because the fifth peak represents fewer
offset measurements, it was not used as a basis for identifying a paleoseismic event.

The offsets corresponding to the second, third, and fourth peaks are approximately
two, three, and four times as large as the offset of the latest event, respectively. The
coseismic offsets of the latest, penultimate, antepenultimate, and fourth last events were
estimated to be about 6.1, 6.0, 5.7, and 5.9 m, respectively. Therefore, it is believed that
the JSF follows a characteristic earthquake model based on the analysis of the single offset
geomorphic point, the offset cluster distribution, and the COPD of the offsets.

Note that the ~70-km-long JSF seems to be unable to produce characteristic earth-
quakes with a displacement of ~6 m based on the empirical relationship [56], but this is
a distinct characteristic of the fault. A large offset and a relatively short rupture were
also observed for the 1992 Mw 7.3 Landers earthquake, which produced an offset of ~6 m
and a rupture length of ~85 km [57]. Generally, structurally mature faults can generate a
longer surface rupture due to their straighter geometry and lower friction. An example
is the Kunlun fault, which produced the 2001 Mw 7.8 Kokoxili earthquake, which had a
maximum offset of 7.6 ± 0.4 m and a surface rupture zone of ~426 km [58]. However, the
JSF is composed of multiple branch faults with a left-stepped en-echelon pattern, and it has
a zigzag-shaped distribution as a whole (Figure 2b). The fault ends form horsetail-shaped
splaying patterns. These features indicate that the JSF is likely to be immature [4,59], which
results in the rupture characteristic.

The magnitudes of the earthquakes that have occurred on the JSF are estimated to
have been about Mw7.4 or Mw7.2 using the empirical relationship between the earthquake
magnitude and the coseismic displacement or surface rupture length, respectively [56].
The maximum magnitude of the event that occurred along the JSF is considered to have
been Mw7.4. The left-lateral slip rate of JSF was estimated to be 7.02 ± 0.2 mm/a [34].
Combined with the coseismic displacement (~6 m) of paleoearthquakes on the JSF that was
identified in this study, the mean recurrence interval of earthquakes was estimated to be
approximately ~900 a. The most recent event that occurred on the JSF is likely to have been
the 1606 Jianshui earthquake. Thus, the next big event on the JSF is speculated to have
occurred after ~500 a.

5.2. Temporal Distribution of Fault Slip

The inflections of the risers on the right banks of the three streams, R1, R2, and R3,
are distributed downstream in a stair-stepped manner at the Dongshanzhai site. After an
inflection forms from the offset of the fault, it migrates downstream due to erosion from
flowing water. The amount of migration or erosion of each inflection is different. The
erosion rate of a stream is related to the geology, geographical environment, and climate
change. For the same area, the change in erosion rate of a stream is mainly related to the
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difference in precipitation caused by climate change. The three streams are ephemeral
and may undergo highly episodic erosion events with variable erosion rates and levels
of geomorphic effectiveness. Due to the episodic erosion events, the fluvial erosion rate
and amount are variable across a short period of time, such as decades. However, the
earthquake cycle of the XJFZ is generally several thousand years. The fluvial erosion
across a long period of time, such as millennia, is a long-team process, and the high
erosion rate resulting from episodic erosion events will not play a significant role in
the long-term average erosion rate. Accordingly, the amount of erosion resulting from
episodic erosion events will merge into the long-term erosion amount. In addition, the
reconstructed Holocene precipitation record of southwestern China shows that atmospheric
precipitation varies in different periods, but it is distributed within a small range of
~1300–1500 mm/y [60,61]. Thus, if we assume that the amount of precipitation is steady
over the millennium-scale earthquake cycle, and the erosion rate of the stream is also
steady, then the amount of downstream migration of the risers can reflect the formation
time of inflections or the occurrence time of seismic events. Although this assumption is
considered to be reasonable, we cannot rule out the possibility of an accidental change in
erosion rate.

The first inflection, r1, of the riser of stream channel R1 is located close to the fault,
and four inflections, r2, r3, r4, and r5, migrate about 13, 45, 67, and 75 m downstream,
respectively (Figure 5d). The distance differences along the flow between inflections r1
and r2, r2 and r3, r3 and r4, and r4 and r5 are about 13, 32, 22, and 8 m, respectively
(Figure 12a), indicating that the time intervals for inflection formation or seismic events
are different. The distance differences between the three inflections of stream channel
R2 are about 13 and 39 m, respectively (Figure 12b). Similarly, the distance differences
between the four inflections of stream channel R3 are about 4, 12, and 6 m, respectively
(Figure 12c). It can be observed that the time variation patterns indicated by the three
offset stream channel risers have a good level of correspondence, that is to say, the time
intervals of the seismic events are different, and the fault shows nonperiodic earthquake
recurrence. Through trench excavations and radiocarbon dating, a recent study revealed
that four recent surface-rupturing paleoearthquakes occurred on the JSF, and the estimated
time interval of the most recent two events was much shorter than those between the
penultimate, the third youngest, and the forth youngest events [62], which is roughly
consistent with the nonperiodic earthquake recurrence pattern revealed by this study.
Combined with the spatial distribution of the fault slip, it is believed that the fault follows
a nonperiodic characteristic earthquake model.

The 1816 M7.5 and 1973 M7.6 earthquakes occurred on the Luhuo segment of the
Xianshuihe fault in the past 200 years (Figure 1). The rupture ranges and coseismic offsets of
the two earthquakes are similar, so they are considered to be characteristic earthquakes [63].
Trench excavations revealed that six paleoseismic events have occurred on the Luhuo
segment in the past 3000 years with recurrence intervals between the events of 1200, 324,
470, 592, and 157 y [64]. Similar nonperiodic characteristic earthquakes have also been
observed in the paleoseismic records in the Hog Lake site of the central San Jacinto fault
and the Wrightwood site of the San Andreas Fault [65].

With a periodic characteristic earthquake model, it is generally considered that fault
loading rates are constant, and that stress and stress drop during fault failure are similar
for each earthquake (Figure 13a [66]). If the loading rate varies with time, and the stress
and stress drop are similar when the fault ruptures in each earthquake, the fault follows
a nonperiodic characteristic earthquake recurrence pattern (Figure 13b [65]). Another
possibility is that the loading rate on the fault is constant across several earthquake cycles.
Due to the interaction of the local stress from adjacent earthquakes, the stress on the fault
may increase or decrease accordingly, leading to an advance or delay of the rupture, so
the strain release on the fault is not periodic (Figure 13c). The tectonic loading on the
XJFZ in the southeastern margin of the Tibetan Plateau is believed to have linear stress
accumulation [67]. Several M ≥ 7 earthquakes have occurred on different sections of the
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XJFZ and the Qujiang and Shiping faults on the eastern side in the past 500 years. On one
section, the earthquakes have had an obvious effect on the stress on the other peripheral
sections [67,68]. In particular, the Dongshanzhai site is located in the interaction area of
the conjugated strike-slip fault system of the Shiping fault and the JSF. The 1799 M7 and
1887 M7 earthquakes occurred along the Shiping fault. It is possible that the stress on the
JSF might have increased due to the big events that happened along the Shiping fault, and
some events along the JSF are likely to have been triggered by the events of the Shiping
fault. Therefore, the nonperiodic slip behavior of the JSF can be explained by model 13c.

Figure 13. Periodic and non-periodic characteristic earthquake models. In the periodic characteristic
model (a), the loading rate is constant, and the stress and stress drop during fault failure are similar
for each earthquake. In the nonperiodic characteristic model (b), the loading rate may vary with
time, and the stress and stress drop are similar when the fault ruptures in each earthquake. In the
nonperiodic characteristic model (c), the loading rate is constant, and the stress on the fault may
increase or decrease due to the influence of local stress from the adjacent earthquake, leading to an
advance or delay of the rupture.

5.3. Multistage Offset Evolution Model of the Stream Channel Riser

Based on the offset geomorphic characteristics of the stream channel risers in the
Dongshanzhai site, we propose a geomorphic evolution model to explain the multiphase
offset evolution pattern of the stream channel riser (Figure 14). The main evolution pro-
cesses are as follows: (a) During the rainy season, flowing water downcuts along the slope
to form a stream, and the stream subperpendicularly passes through the fault. (b) The
fault produces a left-lateral strike-slip motion, and the risers on the left and right banks
of the stream channel are synchronously left-laterally offset. (c) Because the riser on the
right bank downstream of the fault is offset into the stream channel, the upstream facing
part of the riser is eroded by flowing water and migrates downstream. The upstream
part of the left bank riser of the fault is also eroded by the flowing water compared with
the downstream part, and it bends upstream. (d) After a long time, the fault produces a
left-lateral strike-slip displacement again, and the risers on the left and right banks of the
stream channel are synchronously left-laterally offset. (e) The new riser facing upstream on
the right bank is also eroded by flowing water and migrates downstream. The riser on the
left bank upstream of the fault is continuously eroded by flowing water, and the curved
part of the riser migrates upstream. (f) After a short period of time, the fault generates a
third left-lateral strike-slip offset, and the risers on the left and right banks of the stream
channel synchronously experience a left-lateral offset. It can be observed that the three
left-lateral offsets on the right bank of the stream channel in the model appear as three
stair-stepped inflections distributed downstream. Because the time interval between the
first and second events is longer than that of the second and third events, the inflection
formed the first time migrates further downstream than that formed the second time.



Remote Sens. 2021, 13, 2019 17 of 21

Figure 14. Multi-stage offset evolution model of the stream channel riser. (a) The flowing water
downcuts along the slope to form a stream. (b) The antepenultimate earthquake occurs, and the
risers of the stream channel are left-laterally offset. (c) The upstream facing part of the riser on
the right bank is eroded by flowing water and migrates downstream. (d) After a long time, the
antepenultimate earthquake occurs, and the risers of the stream channel are left-laterally offset to
form a second inflection. (e) The new riser facing upstream on the right bank is also eroded by
flowing water and migrates downstream. (f) After a short period of time, the latest earthquake
occurs, and the risers of the stream channel synchronously experience a left-lateral offset to form a
third inflection.

The above evolution model of the stream channel riser mainly occurs in seasonal
bedrock channels, and the width of the channel is greater than the coseismic offset of a
single seismic event. Under these conditions, after the stream channel is offset, the water
flows along the original stream channel. The stream channel downstream of the fault is not
abandoned because the width of the stream channel is greater than the displacement of
the riser. The erosion caused by seasonal flowing water is also limited, and the part of the
riser facing upstream is more greatly eroded than the part of the riser in the direction of
the downstream flow. Thus, the riser facing upstream is eroded by the flowing water and
migrates downstream, and the riser in the direction of downstream flow is well preserved
due to the relatively weak lateral erosion.

The evolution model of stream channel risers proposed in this paper is different than
that proposed for river terrace risers by previous studies. It is believed that under the action
of left-lateral shearing, the riser on the left bank that was offset away from the river channel
was protected by the upstream riser and underwent less erosion, so it was preserved, while
the riser on the right bank that was offset into the river channel was strongly eroded and
failed to be preserved in the previous evolution models [5,8]. The previous models are
mainly suitable for perennial rivers developed in loose accumulation strata where flowing
water carries rich sedimentary materials. At the same time, the downcutting and lateral
erosion of the flowing water are strong, while the erosion resistance of the river terrace
risers is weak.

Based on high-resolution lidar data, the stream channel riser evolution model pro-
posed in this paper describes the evolution process and pattern of multistage offsets of
stream channel risers. This model can be used to identify the exact tectonic location of a
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fault and to reveal the number of tectonic deformation events and displacements contained
in the offset stream channels. It also provides a new way for us to identify fault slip
behavior over a relative time scale.

6. Conclusions

The risers on the right banks of three stream channels were found to show similar
multiphase offset characteristics near the town of Dongshanzhai. The left-lateral offset
consists of multiple continuous inflections produced by seismic events, and the offset of
each event is similar. These inflections are distributed downstream in a stepping manner.
The newly formed inflections are located close to the fault, and the earlier formed inflections
are eroded by flowing water and migrate downstream. The difference between the amount
of downstream erosion for two adjacent inflections varies. Assuming that the stream’s
long-term erosion rate remains steady, the estimated time interval between seismic events
differs. Combined with the cumulative offset probability density calculated for 92 offsets,
the JSF is considered to show a nonperiodic characteristic earthquake recurrence pattern.

Based on the analysis of the spatial and temporal distributions of the offsets of the
three streams at the Dongshanzhai site, we propose a multistage offset evolution model for
the stream channel riser. In the model, the riser on the right bank of the stream channel
is left-laterally offset into the stream channel, and the riser facing upstream is eroded
by flowing water and migrates downstream accordingly. With the occurrence of seismic
events, the multievent offsets of the riser on the right bank appear to be multiple continuous
inflections distributed downstream in a stair-stepped manner. This model is mainly suitable
for seasonal bedrock stream channels, where the width of the channel is greater than the
coseismic offset of a single seismic event. Our model can be used to identify the exact
tectonic location of a fault and to identify paleoseismic events and offsets contained in the
offset channels. It also provides a new way for us to analyze fault slip behavior over a
relative time scale.
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