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Abstract: The Wudaoliang–Changshagongma fault is one of the NW-trending faults located within
the southern Bayan Har Block of the Tibetan Plateau in China. In this paper, we used high-resolution
imagery and digital elevation model data to study the geomorphological and geological characteristics
of the fault. Furthermore, the result also determined the fault trace and estimated the average
horizontal slip rate of the fault since the late Quaternary to have been 2.6 ± 0.6 mm/a. This slip rate
is approximately equivalent to that of the Awancang, Madoi–Garde, and Dari faults, which are also
located within the block. Furthermore, the slip rates of these faults obtained by remote sensing and
geological methods are consistent with GPS observations. It indicates that tectonic deformation within
the block is continuous and diffuse. Using trenching study results and sedimentary radiocarbon
dating, we identified four paleoearthquake events that occurred at 42,378–32,975, 33,935–20,663,
5052–4862, and after 673–628 cal BP, respectively. The recurrence intervals of large earthquakes on the
faults within the block are much longer than those of the boundary faults, and the slip rates are also
smaller, indicating that faults within the block play a regulatory role in the tectonic deformation of
the Bayan Har Block.

Keywords: Wudaoliang–Changshagongma fault; fault slip rate; Bayan Har Block; geomorphological
and geological characteristics

1. Introduction

On 22 May 2021, the Madoi M7.4 earthquake occurred on the Jiangcuo fault inside
the Bayan Har Block, China [1,2], which is one of the blocks of the Tibetan Plateau that has
been most active during the Cenozoic [3–7]. Previously, on 17 March 1947, the Dari M7.7
earthquake occurred on the Dari fault within the block [8,9]. These seismic events indicate
that faults within the block also experienced late Quaternary activity and had tectonic
conditions capable of producing strong earthquakes. The Awancang (AWC), Madoi–Garde
(MG), Dari (DR), and Wudaoliang–Changshagongma (WC) faults are the main strike-slip
faults within the Bayan Har Block, China (Figure 1) [8–11]; however, their late Quaternary
activity has been rarely studied in comparison with that of the boundary faults of the
block, which are located on the north and south sides of the interior ones. The WC fault
is a large strike-slip fault within the Bayan Har Block that is located to the north of the
Garzê–Yushu fault. Zhang et al. [12] first studied the WC fault and believed that only part
of the western segment of the fault showed Holocene activity. Deng et al. [13] suggested
that the fault had been active in the Quaternary, but they could not determine its level of
activity since the late Pleistocene. On the basis of the database of the Seismotectonic Map
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of China, Xu et al. [14] suggested that the fault had experienced no new activity since the
late Quaternary. Following remote sensing interpretation, Wu et al. [15] suggested that
the fault is a left-lateral strike-slip fault with moderate activity by remote sensing analysis.
Obviously, there is a lack of consensus regarding the level of late Quaternary activity of the
WC fault.
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The fault slip rate and a major earthquake sequence are important parameters in
understanding fault activity and behavior. High-resolution remote sensing imagery and
topographic data are essential elements for fine depiction of tectonic geomorphology, and
many major discoveries in the field of active fault research have been made using such
data [16–18]. For example, these data can be used to determine gully displacement along
active faults, and identify the major earthquake behavior of faults by analyzing the distribu-
tional characteristics of gully offsets [15,17–21]. Moreover, LiDAR data of pre-earthquake
and post-earthquake topography can be used to track the surface rupture of an earthquake,
and obtain coseismic offset variables and other distributional characteristics [22–24].

In this study, we mapped the track of the middle segment of the WC fault using high-
resolution satellite imagery, and obtained measurements of the left-lateral displacement
of well-defined offset stream channels along the fault determined from unmanned aerial
vehicle photogrammetry [25,26]. Then, we estimated the slip rate by sampling and dating
the displaced landforms, and we obtained the paleoseismic sequence to establish the
potential seismic hazard of the fault.

2. Tectonic Setting

The Bayan Har Block is one of the blocks of the Tibetan Plateau that has been most
active during the Cenozoic [1–5]. The block experienced tectonic deformation associated
with the Indosinian, Yanshanian, and Himalayan movements, and consists of widely
distributed low-grade metamorphic Triassic sandstone [27–30]. The tectonic framework
of the block was formed during the Yanshanian period, and its tectonic deformation was
characterized by differential and intermittent uplift in the Himalayan periods [31,32].

The Bayan Har Block can be divided into the Aba and Longmenshan subblocks by the
Longriba fault (Figure 1) [33–36]. As shown in Figure 1, earthquakes of ≥M7 have mainly
occurred on the boundary faults of the block. However, the AWC, MG, DR, and WC faults
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in the Aba subblock have late Quaternary activity and structural conditions conducive to
the occurrence of major earthquakes [8–11]. The AWC fault is a left-lateral strike-slip fault
with a slip rate in the Holocene of 3 mm/a [11]. The MG fault is also a Holocene active fault
and its Holocene horizontal slip rate has been estimated as approximately 3 mm/a [10].
The DR fault, which is located in the middle of the block, and is also a Holocene fault. The
horizontal slip rate of the DR fault was 2.6 mm/a, the surface rupture was approximately
70 km produced by the 1947 Dari M7.7 earthquake and it remains well preserved in
its middle segment [9,37]. Although the WC fault has Holocene activity [37], reliable
determination of the fault parameters has not been realized because of scant research.
However, the 2022 Madoi M7.4 earthquake and the 1947 Dari M7.7 earthquake occurred
on the Jiangcuo fault and the DR fault within the block, respectively, suggesting obvious
deformation within the block and tectonic conditions suitable for the occurrence of large
earthquakes.

3. Data and Methodology

To determine the late Quaternary active fault trace of the WC fault, we first used
high-resolution satellite images from Google Earth and 12.5-m-resolution Shuttle Radar
Topography Mission data to interpret the fault trace. The fault trace was interpreted based
on geomorphic markers such as displaced gullies, linear fault scarps, and fault troughs.
Subsequently, we conducted fieldwork along the fault and validated the interpretation of
the fault trace. Unmanned aerial vehicle (UAV) and Structure from Motion (SfM) technology
represent effective methods for quickly obtaining high-resolution digital orthographic
images and digital elevation data of landforms [17,37–39]. Furthermore, we used these data
sets for fine mapping of the fault trace, and to measure subtle geomorphic displacement
and characterize fault behavior. On the basis of geological fieldwork, we selected typical
dislocated landforms along the WC fault, such as dislocated gullies and alluvial fans,
and obtained orthographic images and digital elevation model data of these landforms
using the UAV and SfM technology to measure geomorphic offsets. Finally, we used these
data and LaDiCaoz_V2 software to extract the displacement of dislocated landforms such
as alluvial fans and gullies [17,24]. LaDiCaoz is a professional software developed by
Zielke et al. [24] based on MATLAB for analyzing displacement of the strike-slip fault. This
software can identify the optimal horizontal displacement value of a gully according to
the user’s input of fault location and upstream and downstream sections. The reliability of
the estimated gully displacement can be verified by reconstructing the original landform
prior to its displacement [17]. Additionally, we collected 14C samples (organic sediment)
of the displaced landforms, determined the times of the accumulated displacement of the
landforms, and then calculated the average slip rate of the WC fault.

According to analysis of the geomorphology and sedimentary environment using
high-resolution images, we selected sites suitable for trench excavation for paleoearthquake
research on the WC fault. Furthermore, we analyzed the relationship between the deforma-
tion of strata and the faults revealed in the trench to identify the paleoearthquake sequence.
We also identified the time of occurrence of the earthquakes based on the radiocarbon
dating ages of the strata, and evaluated the major earthquake risk on the WC fault. The
samples were tested at the Beta Analytic Inc. testing laboratory (Miami, FL, USA).

4. Results
4.1. Fault Activity and Slip Rate

The linear track of the WC fault is especially obvious in Changshagongma Town,
in the north of Shiqu County (Sichuan Province, China). The fault controls the northern
boundary of the Changshagongma Cenozoic basin (Figure 2). A series of gullies and
alluvial–proluvial fans along the fault have left-lateral displacement, forming tectonic
landforms such as fault troughs, scarps, and sag ponds.
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On the west side of the mouth of the Haqugongma River, the WC fault cuts through
the hillside, forming a fault trough and developing fault springs (Figure 3A). To the east
of the river mouth, the fault cuts through a piedmont alluvial fan, leading to a series of
gully displacement and forming a linear fault scarp (Figure 3B). We used the UAV and ESRI
ArcMap to obtain digital images of the landform (Figure 4A), and determined left-lateral
displacement of approximately 20.0 m of a gully using LaDiCaoz_V2 (Figure 4C,D). We
dug a pit on the alluvial fan to collect radiocarbon dating samples (the white triangle in
Figure 4C identifies the sampling position). The excavated profile of the pit revealed two
sets of strata (Figure 4B): unit 1©, a reddish-brown sandy soil layer containing abundant
plant debris, gravels, and organic matter; and unit 2©, a sandy gravel layer formed by
alluvial deposition. The conventional radiocarbon age of sample WC2022-1, collected near
the top of unit 2©, is 7615–7486 cal BP (Figure 4B; Table 1). Therefore, we calculated the
horizontal slip rate of the fault to be 2.6 mm/a at this site. Another gully in the northeastern
corner of Figure 4C has no obvious displacement (Figure 4C), probably because it was
eroded and not preserved.
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Figure 4. (A) Left-lateral displacement (approximately 20.0 m) of a gully on the west side of
the mouth of the Haqugongma River, identified using UAV photogrammetry and LaDiCaoz_V2.
(B) Geological section and radiocarbon sample obtained from position identified by the white triangle
in (C). (C,D) Displacement of the gully as determined using LaDiCaoz_V2. Red arrows mark the
fault traces. The blue and red lines represent the gully profiles on both sides of the fault in Figure 4D,
respectively.

The WC fault extends in the SE direction and cuts through the Holocene diluvial
fans in the piedmont. This fault segment consists of multiple branches in a right-stepping
echelon, forming an extrusion bulge, linear reverse scarps, and sag ponds on the diluvial
fan formed in the Holocene (Figure 5).

To the west of the mouth of the Xierimagou River, the WC fault has formed multi-
branched fault scarps on the diluvial fan in front of the mountain (Figure 6A). The main
fault scarp, which is aligned in the NW–SE direction, has a height of approximately 2–3 m
(Figure 6B). In front of the main scarp, there are multiple secondary scarps with a height of
approximately 0.2–0.5 m (Figure 6C), which might have been produced by the latest major
earthquake on the fault.
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Table 1. Test results of the radiocarbon samples of this study.

Sample
Number

Longitude
(◦)

Latitude
(◦)

Lab.
Number Sample Material 13C/12C

(o/oo)

Measured
Radiocarbon Age

(a BP)

Conventional
Radiocarbon Age

(cal BP)

WC2022-1 98.14678 33.44694 642816 Organic sediment −23.6 6670 ± 30 7615–7486

WC2022C-1 98.39852 33.29580 642820 Organic sediment −23.0 2980 ± 30 3265–3106

WCTC-C14-01 98.30482 33.36158 607291 Organic sediment −20.4 12,430 ± 40 15,052–14,782

WCTC-C14-04 98.30482 33.36158 612632 Organic sediment −23.2 4370 ± 30 5052–4862

WCTC-C14-06 98.30482 33.36158 607292 Organic sediment −23.4 3830 ± 30 4409–4225

WCTC-C14-08 98.30482 33.36158 612633 Organic sediment −22.6 830 ± 30 800–688

WCTC-C14-12 98.30482 33.36158 607293 Organic sediment −24.9 670 ± 30 673–628

WCTC-02 98.31697 33.35455 607294 Organic sediment −23.6 37,480 ± 340 42,378–41,631

WCTC-05 98.31697 33.35455 612634 Organic sediment −23.9 28,900 ± 140 33,935–32,975

WCTC-06 98.31697 33.35455 642812 Organic sediment −23.1 38,820 ± 480 43,007–42,203

WCTC-11 98.31676 33.35509 642814 Organic sediment −22.9 16,830 ± 50 20,517–20,258

WCTC-12 98.31676 33.35509 642815 Organic sediment −22.9 17,250 ± 50 20,979–20,663

WCTC-14 98.31676 33.35509 607295 Organic sediment −24.0 2520 ± 30 2598–2496
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Figure 6. (A) Fault trace and geomorphological characteristics near the west of the mouth of the
Xierimagou River. The image was obtained using UAV photogrammetry. (B) Fault scarp with
height of 2–3 m (at position Figure 6B, shown in (A)). (C) An approximately 0.5 m-high fault scarp
(at position Figure 6C shown in (A)). Red arrows mark the fault traces.

To the east of the mouth of the Haqugama River, the fault cut through the late Quater-
nary diluvial fan and produced a linear scarp and trough (Figure 7A). The fault left-laterally
dislocated the diluvial fan by approximately 29.1 ± 2.4 m (Figure 7B). We excavated a
trench on the diluvial fan across the linear fault scarp. According to the strata revealed in
trench TC1 and the 14C dating results (sample WCTC-C14-01), the age of the alluvial fan is
15,052–14,782 cal BP. Therefore, we determined a horizontal slip rate of 2.0 mm/a at this
site.
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Near Jiatongma, the fault cuts across the piedmont diluvial fans, and a gully devel-
oped on the fan is left-laterally displaced by the fault (Figure 8A). The edge of the fan
was displaced left-laterally by 10.4 m (Figure 8C). We excavated a geological section to
collect 14C samples (the black triangle in Figure 8A shows the sample position). The ex-
cavated profile revealed two sedimentary units (Figure 8B): unit U1, composed of brown
sandy soil with some gravels; and unit U2, consisting of brown sandy gravel of diluvial
origin. We collected a sample for 14C dating (WC2022C-1), and the age was constrained to
3265–3106 cal BP. Therefore, we estimated the horizontal slip rate of the fault at 3.2 mm/a
near Jiatongma. Horizontal slip rates of the WC fault, determined from the three sites,
were 2.6, 2.0, and 3.2 mm/a; therefore, the mean slip rate and its standard deviation were
estimated at 2.6 ± 0.6 mm/a.

4.2. Paleoseismological Investigation

(1) TC1 site

The TC1 site is to the east of the mouth of the Haqugama River, where the fault cut
through the late Quaternary alluvial fan and produced a linear scarp and trough (Figure 7).
There might be continuous sedimentary strata in the fault trough. Therefore, trench TC1
was excavated across the fault scarp and trough (Figure 7), and it revealed six stratigraphic
units, details of which are elaborated in Table 2. From trench TC1, two paleoearthquake
events were identified. On the basis of the sedimentation and deformation of the strata,
the evidence for Event I is that faults F1 and F3 faulted units U1 and U2, and formed two
colluvial wedges (W1 and W2) (Figure 9). According to radiocarbon dating results for
samples WCTC-C14-01, WCTC-C14-04, and WCTC-C14-06 collected from units U2 and U4,
Event I was constrained to between 15,052–14,782, and 5052–4862 cal BP. Because unit U4-2
is a sag pond deposit facies and represents a very low-energy depositional environment,
it might have been caused by Event I, which means that the occurrence time of the event
should be close to 5052–4862 cal BP. The evidence for Event II is that faults F1 and F2
faulted all the units. Constrained by the results of samples WCTC-C14-08 from U4-2 and
WCTC-C14-12 from U5, Event II should have occurred after 673–628 cal BP.
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Table 2. Description of strata in trench TC1.

Unit No. Description

U1 A yellow–brown gravel layer, and the gravel has an angular shape. The
unit represents a diluvial deposit facies.

U2 A variegated sandy gravel layer (U2-1), partly deposited as lens-shaped
sand layers (U2-2). The unit also represents a diluvial deposit facies.

U3 A khaki gravel layer, which is exposed only on the northeast side of the
trench and pinches out toward the southwest.

U4
Divided into two subunits (Figure 9): unit U4-1 is a brick red, lens-shaped
sand layer, and unit U4-2 is composed of sandy soil layers with some small

gravels. The unit is a sag pond deposit facies.

U5 A dark-brown soil layer with many organic materials.
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(2) TC2 and TC3 site

The site of TC2 and TC3 is located on the alluvial fan in front of the mountain between
the Haqugama and Erburong rivers (Figure 2). The fault formed a linear main scarp on
the alluvial fan and some intermittently distributed secondary fault scarps (Figure 10).
We excavated two trenches across the main scarp and identified eight units, the details of
which are summarized in Table 3.
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Figure 10. Fault trace and geomorphological characteristics around the site of trenches TC2 and TC3
obtained using UAV photogrammetry. Black rectangles identify the locations of trenches TC2 and
TC3. The red dotted lines show the inferred fault traces.

Table 3. Description of the strata of trenches TC2 and TC3.

Unit No. Description

U1 Deposited gravel that came from shallow metamorphic slate.

U2 A dark-gray sand layer with small amounts of gravel.

U3 A brick-red, lens-shaped sand layer.

U4 A yellow sandy gravel layer.

U5 A yellow sandy gravel layer with some interlayered gray sandy gravel.

U6 Gray sandy gravel layers and gravel layers deposited rhythmically.

U7 A variegated deposition of mixed sand and gravel, exposed only in trench TC2.

U8 A yellow–brown sandy soil layer.

Four earthquake events were identified following examination of trenches TC2 and
TC1. In Event I, units U2–U4 were displaced by faulting that caused the units to bend
and deform (Figures 11 and 12). In accordance with the carbon dating results for samples
WCTC-02, WCTC-06, and WCTC-05 collected from units U2, U4, and U5, respectively,
Event I was constrained to between 42,378–41,631 and 33,935–32,975 cal BP. The evidence
for Event II revealed in the trenches is relatively weak, i.e., it can be identified only from
the displacement of unit U5 by fault F2, and it was covered by the subsequent deposition
of unit U6. In combination with the stratigraphic dating results (carbon dating samples
WCTC-05, WCTC-11, and WCTC-12) from trenches TC2 and TC3, Event II was constrained
to between 33,935–32,975 and 20,979–20,663 cal BP. The obvious evidence for Event III is
that units U6 and U7 were displaced by the fault, and that the thickness of unit U8 that
was deposited subsequently increased (Figures 11 and 13). The age of samples WCTC-11



Remote Sens. 2023, 15, 2458 12 of 16

and WCTC-14 is 20,517–20,258 and 2598–2496 cal BP, respectively (Figure 13). Thus, this
event can be constrained to between 2598–2496 and 20,517–20,258 cal BP. In contrast to the
carbon dating results of samples WCTC-11 and WCTC-14, the depositional age of unit U6
is much older than that of unit U8. The increase in the depositional thickness of unit U8 in
the hanging wall of the fault is related to Event III. Therefore, the age of Event III is likely
to be closer to 2598–2496 cal BP. The evidence for the latest event (Event IV) is that all of the
units were faulted after 2598–2496 cal BP.
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5. Discussion

The horizontal slip rate of the WC fault was estimated at 2.6 ± 0.6 mm/a during
Holocene. Four paleoearthquake events and times of occurrence were determined in our
study. These quantitative parameters of the WC fault were reported for the first time in
this paper. In addition to the WC fault, there are other similar faults within the Bayan
Har block, e.g., the AWC, MG, and DR faults, and the Holocene horizontal slip rate of
each is approximately equivalent to that of the WC fault [8,9,11,40,41]. Furthermore, GPS
velocity field data show that the slip rates of these faults have no obvious gradient of
change [42], indicating that tectonic deformation within the block is continuous and diffuse.
However, our study did not obtain the slip rate of the WC fault on larger time scales.



Remote Sens. 2023, 15, 2458 14 of 16

The characteristics and changes of the late Quaternary fault activity are an open question.
Therefore, we need to constrain the late Quaternary fault activity and behavior of the WC
fault, which allows for discussion on the characteristics of kinematics and dynamics in the
entire Bayan Har Block.

The characteristics of the strata and the radiocarbon dating results of trenches TC1–TC3
indicate that four earthquake events occurred in the middle segment of the WC fault. The
occurrence times of Events I and II are 42,378–32,975 and 33,935–20,663 cal BP, respectively.
Event III was constrained to approximately 5052–4862 cal BP in trench TC1, but up to before
2598–2496 cal BP in trench TC2. In addition, the underlying strata (units U1 and U2 in TC1,
and unit U6 in TC2 and TC3) before Event III are the same diluvial gravel layers. Moreover,
the deposition of subsequent strata was affected by Event III. Therefore, we suggest that it
is the same event which is recorded in the three different trenches. The sag pond deposit
facies in trench TC1 represent a very low-energy and continuous depositional environment
after Event III. Therefore, the reasonable time of Event III should be 5052–4862 cal BP. The
latest event (Event IV) may occur after 673–628 cal BP, which is constrained by the evidence
from trench TC1. In Event IV, all strata were displaced, and there are new small fault
scarps on the surface along the fault that were caused by the earthquake. Furthermore,
the times of the four events were constrained to 42,378–32,975, 33,935–20,663, 5052–4862,
and after 673–628 cal BP by the characteristics of strata and radiocarbon data. In this
earthquake sequence, the radiocarbon dating of the strata before Event III shows an older
age than the strata after the event. The results indicate that: (1) the WC fault may represent
a long quiet period of the major earthquake activity; (2) the strata present before Event III
underwent a long time of denudation. However, we need to obtain more major earthquake
sequences of other faults within the Bayan Har Block to understand the characteristics of
major earthquake activity, and to discuss the mechanism of deformation of the block. The
results of the earthquake sequence of the WC fault suggests that the recurrence interval
of earthquake activity is as long as several thousand years. The latest earthquake was
approximately 600 years ago. Therefore, the potential risk of a major earthquake on the
middle segment of the WC fault is limited. The recurrence interval of major earthquakes
on the WC fault is much larger than that of the boundary faults of the Bayan Har Block and
the slip rate is also much smaller.

6. Conclusions

The middle segment of the WC fault has undergone Holocene activity with a left-
lateral strike-slip rate of 2.6 ± 0.6 mm/a. This slip rate, which is approximately equivalent
to that of other large NW-trending strike-slip faults within the Bayan Har Block, indicates
that tectonic deformation inside the block is continuous. We identified four earthquake
events dated to 42,378–32,975, 33,935–20,663, 5052–4862, and after 673–628 cal BP.
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