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The northern section of the Xiaojiang fault is the most active section in the Xiaojiang Fault Zone, and a detailed
interpretation of this fault is highly important. In this work, KeyHole-4B images and Landsat 8 images of the
northern section of the Xiaojiang fault were collected, and remote sensing interpretation and tectonic geomor-
phological analysis of the northern section of the Xiaojiang fault were carried out to obtain a more detailed fault
distribution. The results reveal that the northern section of the Xiaojiang fault is a group of faults that are sub-
parallel to each other with a space of 2—-4 km. The fault is located along the Jinshajiang Valley and the Xiaojiang
Valley. At the same time, we counted the large-scale left-lateral dislocations of the gullies and ridges. Combined
with the results of previous studies, the long-term average slip rate of the northern section of the Xiaojiang fault is
6.2 + 1.1 mm/a since the late Middle Pleistocene, 11.4 + 2.8 mm/a since the middle of the late Pleistocene, and
8.0 £ 2.0 mm/a since the middle and late Pleistocene. The high slip rate in the northern section of the Xiaojiang
fault represents the response of the local strain of the central Yunnan subblock, which rotates clockwise along the
boundary fault. This finding is consistent with the pattern of northwards and north-east wards thrusting of the

Indian plate, leading to eastwards extrusion and the escape of material from the Qinghai-Xizang Plateau.

1. Introduction

In the 1970s, Molnar and Tapponnier pioneered the use of Landsat
Multispectral Scanner (MSS) satellite imagery to study the major active
rupture features in the vicinity of East Asian (Molnar and Tapponnier,
1975), especially on the Qinghai-Xizang Plateau (Qingzang Plateau), and
proposed the famous ‘continental escape’ hypothesis. Multisource
remote sensing data can objectively reflect the geometry and distribution
of active faults at the macro scale, and the emergence of high-resolution
remote sensing products provides a convenient and reliable means for
studying active faults in detail. Remote sensing research on active faults
has fundamentally improved upon conventional methods of investigating
active faults that are limited by factors such as the topography of the
study area, the climate and the subjective awareness of individuals.
Remote sensing images have gradually become important basic data for

active fault research, and interpreting remote sensing images has also
become a fundamental task in this field. This research can reveal the
features of active faults at different spatiotemporal scales to other re-
searchers (Zhang et al., 2016).

Holocene faults formed typical tectonic landforms in the process of
surface shaping and generated geomorphological dislocation units with
significance. Morphological analysis of Late Quaternary tectonic land-
forms within the influence of the fault zone can effectively reveal the
kinematic characteristics of the faults and their evolutionary patterns
(Zielke et al., 2012). Typical active faults often develop tectonic
geomorphological assemblages, such as stepped fault scarp, linear valley,
and tensile fault basin, accompanied by secondary geomorphological
responses, including water system offset, terrace sequence dislocation,
and alluvial fan deformation. Topography and geomorphology can not
only indicate the location of active fault development, but also accurately
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record the direction and scale of fault seismic displacement (Jiang et al.,
2017; Jiang, 2018).

The slip rate of a strike-slip fault is the average slip of fault movement
in a certain period of time, which reflects the rate of energy accumulation
on a strike-slip fault zone, and can be applied to the probability evalua-
tion of seismic risk (Molnar and Tapponnier, 1978; Zhang et al., 2008).
The fault movement is based on the elastic rebound theory conceptually
(Reid, 1910), where elastic strain energy accumulates across a locked
fault until a critical threshold is reached, at which time the stored energy
is ‘instantaneously’ released as seismic waves (Gold et al., 2017; Scholz,
2019). During this process, the surface drainages, ridges, river terraces,
or their intervening risers, alluvial fans, moraines, shorelines, and other
landforms crossing the fault will be displaced along the relative move-
ment direction of the two walls of the fault. These offset geomorphic
markers can be preserved for thousands of years or even longer under
appropriate external conditions, to record the displacement and move-
ment sense on the surface during the earthquake. Considering that linear
landforms can be easily restored to their original shape and position, the
identification of these linear geomorphic markers is an effective means to
quantify the amount of seismic deformation (Dong, 2015). At present, it
is generally used to calculate the slip rate of active strike-slip faults based
on the accumulated displacements of the offset landforms and the cor-
responding ages (Sieh and Jahns, 1984; Weldon and Sieh, 1985; Zhang
et al., 2008). Because the corresponding cumulative time is difficult to
measure directly, it is often constrained by the age of the geomorphic
surface (Liu et al., 2021).

The Xiaojiang Fault Zone is large with left-lateral and slip, one of the
boundary faults between the rhombic Sichuan-Yunnan Block and South
China Block, and an important part of the north-south seismic zone
(Cheng et al., 2021; Guo et al., 2021). Due to the interaction between the
Indian and Eurasian plates, the Xiaojiang Fault Zone has become one of
the most seismically active deep and large faults in China and has
experienced numerous destructive earthquakes in its history (Guo et al.,
2021). Due to its strong activity, scholars have studied the tectonics,
topographic and geomorphological features, and neotectonic activity of
this fault zone (Han et al., 2017; Chang et al., 2021; Guo et al., 2021; Hu
et al., 2023). In recent studies, geophysical methods or high-resolution
remote sensing images have often been used to study the spreading
and deep tectonics of faults (Yi et al., 2008; Mao et al., 2016; Li et al.,
2020; Meng et al., 2021). Owing to the accelerated pace of urbanization,
the topography and geomorphology of many areas have been damaged,
and determining the detailed geometry of the spreading of the entire
fault section via high-resolution remote sensing images is impossible.
Previous generations have argued that the northern section of the Xiao-
jiang fault (XJF) has been characterized by a simple structure and distinct
geomorphological phenomena (Mao et al., 2016; Li et al., 2020). Previ-
ous interpretations of the geomorphological features of the XJF utilized
multisource remote sensing images to propose its geometrical spreading
characteristics (Li et al., 2020). However, the interpretation of the
northern section primarily reveals the development of linear gully
landforms along the Jinshajiang and Xiaojiang Valleys, lacking a more
detailed analysis (Li et al., 2020). Anthropogenic factors, necessitating
consideration of human influences in the assessment of linear geo-
morphology, have significantly impacted this area. Consequently, the
interpretation of active faults through remote sensing data often over-
looks the tectonic and geomorphological features at smaller scales, which
can hinder the accurate localization of the geometrical spread of these
faults. The XJF has undergone substantial modification due to various
tectonic movements over a long evolutionary period and extensive
spatial range, resulting in a complex tectonic pattern. Historically, in-
vestigations have concentrated on the central and southern parts of the
XJF, while the northern section has received comparatively less
attention.

The landforms in early historical aerial photographs and images taken
in the 1960s and 1970s were not artificially altered, preserving the
original geomorphic information and facilitating fault interpretation. The
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northern section of the XJF is located in a subtropical climate with dense
vegetation cover and is partly located in the mountains, which makes
transportation difficult and makes it difficult to carry out field in-
vestigations in many sections. These difficulties can be mitigated only by
detailed remote sensing interpretation. In this study, Landsat 8 and
KeyHole-4B (KH-4B) images of the northern section of the XJF are
collected, and a detailed interpretation is conducted to ascertain the
precise geometric spread of this section. Concurrently, the long-term slip
rate of the northern section of the XJF is estimated, and the motion model
of the Sichuan-Yunnan block on the southeastern margin of the Qingzang
Plateau is explored.

2. Regional tectonic background

The subduction and collision of the Indian Plate with the Eurasian
Plate in the early Cenozoic led to the rapid uplift of the Qingzang Plateau
and strong deformation around the plateau (Fig. 1b) (Molnar and Tap-
ponnier, 1975). The Sichuan—Yunnan Block is located on the south-
eastern margin of the Qingzang Plateau and is bordered by the South
China Block in the east. Due to the convergence and extrusion of the
Indian and Eurasian Plates, the massif moves in a south-southeast di-
rection (Wang and Burchfiel, 2000; Schoenbohm et al., 2006; Zheng
et al., 2017). The southeastern part of the Sichuan-Yunnan block features
two groups of near N-S- and NW-WNW-oriented active faults with
different directions (Fig. 1la). The Xiaojiang Fault Zone is internally
intersected by faults, with a nearly N-S strike and a total length of
approximately 400 km, and is characterized by strike-slip movement
with left-lateral, with an overall eastwards slightly convex arc spreading
zone (Song et al., 1998; Han et al., 2017). The Sichuan-Yunnan block
moves southeastward at 3-5 mm/a (Burchfiel et al., 2003), whereas the
southeastward extruding component of the South China Block moves at
approximately 20 mm/a (Zhang et al., 2004).

The formation of the Xiaojiang fault originated with the Jinning
movement at the end of the Middle Proterozoic (Song et al., 1998; Wang
and Burchfiel, 2000). Following a prolonged period of geological evo-
lution, particularly since the Cenozoic, the Xishan movement has played
a significant role in uplifting the Qinghai-Xizang Plateau, thereby
exerting pressure on the Sichuan-Yunnan rhombic fault block, which is
driven eastward. Under regional tectonic stress, the diamond-shaped
block continues to move in a south-southeast direction, resulting in a
transition of the eastern boundary of the block—Xiaojiang fault activi-
ty—from extrusion to a left-rotating slip and thrust. The northern section
of the XJF extends along the Jinsha River and Xiaojiang valleys, func-
tioning as an active fault zone primarily characterized by left-lateral
strike-slip motion (Song et al., 1998). Geomorphologically, it manifests
as a large-scale fault trough formed by river erosion along the fault zone.
In the middle and northern sections of the XJF, significant activity during
the Pleistocene is evident, with observable surface rupture zones, strat-
igraphic faults from the fourth series, twisted water system ridges, hot
springs, and high-temperature carbonation anomalies, all of which are
indicative of fault activity. Since the Cenozoic era, fault activity has
gradually shifted toward slip. The fault traverses various water systems
and mountain ridges, where geological displacement phenomena are
pronounced. Along the fault zone, geomorphological features such as
fault troughs, steep cliffs, and faulted basins are clearly developed in the
longitudinal direction of the faults.

The Xiaojiang Fault Zone is also the fault zone with the largest
number of M > 7 earthquakes in Yunnan, and it is the most significant
earthquake-controlled tectonic zone in Yunnan. According to historical
seismic records, 17 M > 6 earthquakes occurred along the Xiaojiang Fault
zone, including 4 M > 7 earthquakes and 1 M 8 earthquake, and all M > 7
earthquakes were located in the Xiaojiang Fault Zone, with the largest
magnitude earthquake being the 1833 Songming M 8 earthquake (Song
et al., 1998). The four M > 7 earthquakes were all concentrated in the
northern and central parts of the Xiaojiang Fault Zone, namely, the 1500
Yiliang M 7 earthquake, the 1733 Dongchuan M 7% earthquake, the 1789
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Fig. 1. Maps of the regional topography, active tectonics, and historical earthquakes. (a) Distribution of the Xiaojiang fault; (b) distribution of the Qingzang Plateau
and peripheral faults.

ZMHF: Zemuhe fault; XJF: Xiaojiang fault; YMF: Yuanmou fault; QJF: Qujiang fault; SPJSF: Shiping-Jianshui fault; RRF: Red River fault; ZT-LDF: Zhaotong-
Ludian fault.



X. Li et al.

Huaning M 7 earthquake, and the 1833 Chongming M 8 earthquake (Tan
etal., 2023). In 1733, the M 7% Dongchuan 1733 earthquake occurred in
the northern section of the Xiaojiang fault (XJF).

In terms of regional tectonics, the northern section of the XJF is at the
intersection of the Zemuhe fault, the Daliangshan fault, and the
Zhaotong-Ludian fault, and the northern section and the Zemuhe fault
have formed a 4.5-km-wide pull-out tectonics in the Ningnan Basin
(Wang et al., 2024a, 2024b), which constitutes a geometrical obstacle to
seismic rupture. The northern section is intersected by the Daliangshan
fault near Qiaojia in a ‘Y” shape, which lacks significant structural bar-
riers and has the risk of cascading rupture (Wang et al., 2024a, 2024b).
Historical seismic activity shows that the 1733 Dongchuan M 7% earth-
quake and the 2014 Ludian M 6.5 earthquake are associated with tec-
tonic activity in this section (Li et al., 2015).

3. Data and methods
3.1. Data selection

The remote sensing data used in this paper include Landsat 8 and KH-
4B satellite images. The Google Earth and Landsat 8 images were used as
the baseline, and the intersection points of the water system, which are
not easy to change, were used as the characteristic points to align the two
historical images on the basis of the relative relationship of the un-
changed features (Wang et al., 2018). This step was taken so that the
images that aligned with the historical remote sensing data could be used
to measure the size of dislocation of the gully ridges, etc. (Fig. 2a and b),
and to carry out research on faults. Because the KH-4B image is a
two-dimensional image, it is suitable for a strike-slip fault. The selected
Landsat 8 constitutes a medium-resolution optical image, suitable for
macroscopic judgements about the spatial distribution of fault structures.
Due to the large-scale engineering construction that has taken place in
most parts of the northern section of the research area, the original
landform has been destroyed. As a result, KH-4B satellite images have
been selected.

Landsat 8 satellite data were selected, and the selected image was
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taken on January 18, 2020. The Landsat 8 satellite carries an operational
land imager (OLI) and a thermal infrared sensor (TIRS) with 11 bands,
and the spatial resolution of bands 2-7 (multispectral band) is 30 m.
Bands 10 and 11 are thermal infrared bands with a spatial resolution of
100 m, and band 8 is a panchromatic band. The spatial resolution of the
ond__7th hands (multispectral bands) is 30 m; the 10th and 11th bands
are thermal infrared bands with a spatial resolution of 100 m; and the 8th
band is a panchromatic band with a spatial resolution of 15 m (Zhao,
2003; Zhao et al., 2019). The selected KH-4B image was taken in 1968
(https://earthexplorer.usgs.gov/) and has a resolution of approximately
1.8 m. The main technical parameters of the satellite are as follows: (1)
film-type camera, with a 70 mm negative; (2) panchromatic band im-
aging (black and white); (3) focal length of 61 mm; (4) nominal orbital
altitude of 150 m; and (5) optimal ground resolution of 1.8 m. These
types of images were located by manually adding ground control points.
The optimal ground resolution was 1.8 m. Both image types were posi-
tioned manually by adding ground control points. Remote sensing
interpretation was performed via historical aerial photographs and
KH-4B satellite imagery, which has also been widely used in studies on
the Yishu Fault Zone (Jiang et al., 2017).

Modern high-resolution datasets, such as LiDAR measurement tech-
nology, with its advantages of high precision, omni-directional, direct
and rapid acquisition of three-dimensional spatial information on the
target surface, can provide active tectonic research with high-precision
geomorphological elevation base data along the entire fault zone (Bi
etal., 2022), and deep seismic reflection profiles can obtain images of the
crust's fine structure and the deep and shallow tectonic features of the
faults (Yan et al., 2020). In general, LiDAR data are more reliable for
areas with less human damage, and can penetrate vegetation, measure
minor dislocations (including horizontal and vertical dislocations), and
better reflect the fine tectonic deformation characteristics of typical
dislocation points. However, the lidar data, deep seismic reflection pro-
files need to be actively acquired and the cost is high, and most of the
northern section of the XJF is in the valley area, which has been
massively damaged by human beings, which is not conducive to the
interpretation of the lidar data. KH-4B satellite data have the advantages

26°59'00"
N

Fig. 2. Example of measured dislocations in historical images. The blue line represents the river, the red line represents the fault, and the black line represents the

alignment with the river.
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of rich original geomorphological information and high ground resolu-
tion, but they are not accurate enough to be compared with the lidar data,
and the width of a single view is limited, which makes geographic
alignment complicated and can only be used to measure horizontal dis-
locations. However, KH-4B satellite data have the advantages of rich
original geomorphological information and high ground resolution, but
the accuracy is not enough compared with the LiDAR data. The width of
single view in KH-4B satellite data is limited and the geographic align-
ment is complicated. It can only be used for horizontal dislocation
measurement, and it is accompanied by noise when digitising. Therefore,
this type of data has some limitations. Currently, modern datasets can be
used in large quantities for areas in the western part of the country where
the natural landscape has not been modified or has been modified only
slightly. The previous application of KH-4B images shows that small
dislocation volumes can be measured to obtain quantitative parameters
of horizontal cumulative deformation (Jiang et al., 2017). For the
modification areas, the joint use of KH-4B satellites and high-resolution
datasets can be developed to jointly interpret active faults.
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3.2. Data processing

For the Landsat 8 OLI data, due to the high vegetation coverage in the
study area and the fact that most of the interpreted tectonic structures are
fractures with obvious linear features, the Landsat 8 B7(R), B5(G), and
B4(B) bands, which are more sensitive to information on vegetation, soil,
and geological structures, were selected for false-colour compositing so
that the tectonic factors were highlighted as much as possible. Then,
band 8, with a resolution of 15 m, was subjected to 85° directional
filtering to obtain a medium resolution remote sensing image with an
outstanding linear structure. The image is close to natural colour, with
moderate contrast and clarity, and this image can be used as the basic
image for subsequent remote sensing interpretation. The remote sensing
image is then mosaicked and cropped according to the distribution of
fractures.

The KH-4B satellite data were obtained by digitizing black-and-white
films, and the main processing workflow of image preprocessing was as
follows: @ image cropping, @ image enhancement, ® geographic
alignment, and ® image mosaicking. The fault traces of the XJF were

N

Fig. 3. Geometry of the Xiaojiang fault from interpretation of remote sensing images. (a) is a Landsat 8 image, and (b) is a KH-4B image.

The black boxes represent locations of large-scale remote sensing interpretation.
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first interpreted in detail based on surface features observed in the im-
ages, including fault scarps, surface fault ruptures, and offset linear
landforms. When manually adding ground control points, we select
control points to achieve geographic registration. However, due to the
early imaging time of KH-4B, which was more than 50 years ago, the
topography and geomorphology have changed greatly, and it is impos-
sible to achieve accurate operation. Fault interpretation and measure-
ment are affected by uncertainties, and control points are distributed as
fully and evenly as possible. To reduce the influence of uncertainty, we
select more points in areas with large changes in image edges or features.

4. Results and analysis of the interpretation

Based on the results of previous studies and remote sensing inter-
pretation, the fault distribution map of the northern section of the
Xiaojiang Fault Zone was obtained from imagery interpretation (Fig. 3a
and b). In general, the northern section of the XJF can be divided into two
parallel faults, approximately 4 km apart, with the eastern branch (F1),
the Qiaojia fault (F2), located along the Jinshajiang Valley and the
western branch located mainly within the mountain and extending
southwards to the western branch of the middle section of the Xiaojiang
fault (F1). Along the Jinsha and Xiaojiang Valleys, linear gullies have
developed, and linear gullies can be observed in the fault that cuts
through alluvial fan deposit, the water system in the left rotational
feature or is deflected, and other phenomena. The Qiaojia fault (F2)
controls the topographic transition zone of the foothills to form an
intermountain basin or denudation surface in front of the high moun-
tains, and the boundaries of the intermountain basin or denudation
surface are mainly controlled by active faults, which are the main faults
controlling the eastern side of the Jinsha Valley in terms of premountain
topography. The West Branch Fault spreads throughout the mountain
body, and the macro-geomorphology is not as significant as that of the
Qiaojia fault (F2). However, the internal gullies on the mountain are
characterized by significant left-hand rotation. Combined with previous
geological survey results (Hu et al., 2023), the F2, which we interpreted

27°00'00"
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has been verified in the field, and some of our interpretation results are
consistent with those interpreted by predecessors using high-resolution
Ladar data (Liu et al., 2016).

With respect to point one of the remote sensing interpretation, the
whole image is near the north-south-oriented linear structure (Fig. 4). In
the Landsat 8 (Fig. 4A) and KH-4B satellite images (Fig. 4B), fracturing is
very obvious, the linear features are more prominent, and the tone and
geomorphological contrast between the two sides of the fault are
remarkable. In Landsat 8 images, the tone changes significantly (Fig. 4a),
and the contrast is obvious. The left side of the fault in plan view has a
purple tone, which shows relative subsidence. The right side has a green
tone, which shows relative uplift (Fig. 4a). Along the fault, a series of
gullies has developed and is accompanied by a left-rotating phenomenon,
especially in the KH-4B image (Fig. 4b).

In terms of point two of the remote sensing interpretation, the fault
strike is approximately N165°E, and the two faults are nearly parallel
(Fig. 5). Both faults show left rotation along Jinsha Valley, forming the
pull-apart basin (Fig. 5a). According to Landsat 8 satellite images, the
area has been artificially modified, the original geomorphology has been
destroyed, and the faint colour differences between the two sides of the
faults is vague. The linear features are especially significant in the KH-4B
satellite image, and the left-lateral geomorphology of some small rivers
can be recognized. Fig. 5b shows the continuous leptokurtosis of the al-
luvial gullies, and the development of the steep canyon of the fault in
Fig. 5C shows that the faults are vertically dislocated.

Remote sensing interpretation point three indicates that the faults are
distributed mainly along the mountain front and that the overall strike has
not changed, controlling the basin boundary (Fig. 6). This change is shown
as a change in hue in the Landsat 8 image (Fig. 6a), and the linear feature
of KH-4B is obvious (Fig. 6b). In the figure (Fig. 6¢), we can see the
continuous gully dislocation, the east side of the Xiaojiang River valley
plain, with the development of a number of gully left dislocations, the west
side of the mountainous areas of the development of some regions of fault
scarp. The two large river flood fans show asymmetric shape, biased north
side of the accumulation of significantly larger than the on south side.

27°00700" [

Fig. 4. Locations of points for large-scale remote sensing interpretation. (A) and (a) are the Landsat 8 satellite images; (B) and (b) are the KH-4B satellite images.
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sent faults.

Even in the distance from the flood fan, the north side of the Xiaojiang Remote sensing interpretation points four or five (Figs. 7 and 8). The
River has a similar fan accumulation, judged to be the original flood fan by Landsat 8 image clearly shows a change in hue (Fig. 7a and c), some
the Xiaojiang rupture of the left dislocation to the place. segments of linear features are obvious (Fig. 7b and d), and the KH-4B
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Fig. 7. Points of large-scale remote sensing interpretation. (a) and (c) are the Landsat 8 satellite images; (b) and (d) are the KH-4B satellite image. The red line

represents the fault, and the blue line represents the gully.

image can be used to assess the geomorphological features better than
the other images (Fig. 7b and 7d). The figure provides a clear view of
gully left-lateral, faulted scarp, and fault valley landforms.

The fault at this point mainly spreads along the small basin in the
mountain (Fig. 8), which is mainly manifested in the fault scarp, water
system dislocation, and tilting of the basin surface (Fig. 8a). Tectonic
uplift on the east side of the fault and descent on the west side form a
small tectonic basin. Due to the local extrusion caused by the left-lateral
dislocation, the river on the west plate of the fault exhibits twisting
(Fig. 8b). In addition, the uplift of the eastern plate of the fault also forced
the river to strongly downcut, resulting in the river on both sides of the

steeper slope. The prominent landform in Fig. 8c is the fault escarpment,
which is high in the east and low in the west, and the three gullies form a
left-rotation dislocation at the fault scarp (Fig. 8d).

5. Discussion

5.1. Long-term average rate of slip of the northern section of the Xiaojiang
fault

The geometric characteristics and slip rates of active faults are
important for studying the kinematics and dynamics of faults and
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Fig. 8. Points of large-scale remote sensing interpretation. (a) is a Landsat 8 satellite image; (b), (c) and (d) are the KH-4B satellite images. The red line represents the

fault, and the blue line represents the gully.

assessing their regional earthquake risk (Bai et al., 2022). The activity
rates of active faults vary temporally and spatially (Friedrich et al., 2003;
Chevalier et al., 2005). Accurately determining the activity rates of faults
with different time scales and spatial distributions is important for un-
derstanding their kinematic characteristics and assessing their seismic
hazard. The two main methods for determining the slip rate of fault zones
are the traditional geological method and the geophysical method using
data from GPS observation stations. The first method calculates the
long-term average slip rate of the fault zone by assessing the displace-
ments of different magnitudes accumulated over long-term tectonic
movements and the time required to accumulate them. In contrast, the
rate obtained by the second method reflects the slip rate of the fault zone
in the present day period. The former characterizes the average slip rate
over the long-term, while the latter represents the current slip rate of the
zone. Only if the slip rate of the fault zone remains stable over an
extended period will the GPS-observed rate be consistent with the
long-term slip rate determined by geological methods.

Fault tectonics can cause staggered deformation of water systems and
ridges across the fault zone during horizontal slip, and the accumulation
of displacements due to fault slip and the superposition of multiple
phases of activity over time have resulted in staggered torsional dis-
placements of water systems and ridges at different scales, which are
common in active fault zones (Zhao et al., 2019). Based on the torsion
and dislocation of the ridge controlling the water system in the study area
in the regional fault zone, the northern section of the XJF is characterized
by obvious strike-slip movement, and the statistics of its detailed
displacement are shown in Fig. 9.

The fault-zone displacements in the study area are concentrated
within the range of 100 m-2 000 m. Previous researchers have studied
rivers with displacements of 1 000 m-2 000 m, which generally

developed fourth or fifth order terraces formed in the Middle Pleistocene
over a period of about 150 000-200 000 years. Displacements of 500 m-1
000 m occurred since the Late Pleistocene, with the specific timing
estimated to be about 100 000-80 000 years ago. Rivers or gullies with
this magnitude of displacement developed second- and third-order ter-
races, and the estimated age of these terraces indicates they were formed
in the Late Pleistocene. During the middle to late Late Pleistocene, left-
lateral displacements of 200-500 m were observed, resulting in the
development of second- and third-order terrace gullies. The onset of this
development is dated to the middle-late Late Pleistocene, with 14C age
results from previous researchers indicating that this type of gully
developed 50 000-30 000 years ago (Song et al., 1998).

According to Song et al. (1998), the magnitude of displacement of the
XJF in the study area can be categorized into three types: a displacement
magnitude range of 1 000-2 000 m, which mainly represents the
displacement of the XJF in the middle to late Pleistocene (200 000-150
000 years), and a displacement magnitude range of 500-1 000 m, which
mainly represents the displacement magnitude since the middle to Late
Middle Pleistocene (100 000-80 000 years), and a displacement
magnitude range of 200-500 m, which mainly represents the displace-
ment magnitude since the middle to late Pleistocene (50 000-30 000
years).

Based on the frequency statistics (Fig. 10), we suggest that 1 050 m is
the amount of dislocation since the late Middle Pleistocene (200 000—
150 000 years), 425 m is the amount of dislocation in the middle Late
Pleistocene (100 000-80 000 years), and 300 m is the late Middle Late
Pleistocene (50 000-30 000 years). Calculations using the displacements
of the gullies and ridges and the time corresponding to their displace-
ment magnitudes show that the long-term average slip rate of the
northern section of the XJF in the study area has been 6.2 + 1.1 mm/a
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Fig. 10. Frequency graph of river ridge dislocation statistics.

since the late Middle Pleistocene, 11.4 + 2.8 mm/a since the middle Late
Pleistocene, and 8.0 & 2.0 mmy/a in the middle-late Late Pleistocene.
Wang et al. (1998) assumed that the initial left-lateral slip of the XJF
occurred at approximately 4-2 Ma and thus estimated that the left-lateral
slip rate of the northern section of the XJF was 15-30 mm/a, whereas
Huang (Huang, 2010) suggested that the late Quaternary slip rates of the
northern section of the XJF were approximately 4-8.6 mm/a. Hu et al.
(2023) suggested that the slip rate of the northern section of the
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5.2. Mechanism of the dynamics of the northern section of the Xiaojiang
fault

The high slip rate of the XJF is closely related to dynamic processes of
the Qingzang Plateau. In the collision between the Indian Plate and the
Asian-European Plate, the Qingzang Plateau was strongly extruded and
deformed, and the material inside the Qingzang Plateau was extruded
eastwards, which was strongly blocked by the South China Block (Guo
et al, 2024), resulting in southeastward movement of the
Sichuan-Yunnan Block (Fig. 12A). The XJF is the eastern boundary of the
Sichuan-Yunnan Block and is the main structure that accommodates the
movement and deformation of the Sichuan-Yunnan Block. The rhombic
Sichuan-Yunnan Block is further divided into subblocks in north-western
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Sichuan and central Yunnan by the Lijiang Xiaojinhe Fault. The eastern
part of the central Yunnan subblock is bounded by the Anninghe fault,
Zemuhe fault, and Xiaojiang fault, which feature left-rotating strike-slip
faults, and the western boundary is bounded by the Red River fault,
which features right-rotating strike-slip faults, with a strike-slip rate of
approximately 3 mm/a. When the block is controlled by nearly parallel
slip faults with opposite slip properties but unequal absolute values of
slip rates, strong extrusion occurs on the boundary fault at the front end
of the block's movement, with a slip component that is consistent with
the slip properties of the boundary fault on the side where the absolute
value of the slip rate is greater (Xu et al., 2003a, 2003b).

As the two subparallel boundaries in the central Yunnan subblock, the
slip rate of the northern section of the XJF is significantly greater than
that of the northern section of the Red River fault, which leads to
clockwise rotation of the central Yunnan subblock in the process of
translation in the southeast direction (Fig. 12). Under these conditions,
the northern section of the XJF is involved in continuous extrusion, and a
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fault steeple formed during the extrusion process. According to the
inversion of GPS data, the Xiaojiang Fault Zone is dominated by left-
rotating strike-slip motion with a local component of extrusion (Zheng
etal., 2017; Wang et al., 2008; Cheng et al., 2012). The northern section
of the XJF was involved in extrusion from the middle Pleistocene to the
Holocene, and once extrusion reached a certain level, this vertical motion
almost stopped and was converted to horizontal motion. This resulted in
the slip rate of the northern section of the XJF gradually increasing from
the late middle Pleistocene to the Holocene.

Combined with the present-day GPS velocity field relative to the
South China Block (Fig. 12B), the subblock in central Yunnan was
blocked by the South China Block, which led to the subblock in central
Yunnan moving only southwards, resulting in the present day slip rate of
the XJF becoming larger. The most recent activity on the northern section
of the XJF is characterized by left-rotating strike-slip faulting due to
strong extrusion, representing the local strain response of the central
Yunnan sub-block rotating clockwise along the boundary fault. This
finding is consistent with the pattern of northwards and north-east wards
thrusting of the Indian Plate leading to eastwards extrusion and the
escape of material from the Qinghai-Xizang Plateau. To some extent, this
reflects the coordination of tectonic deformation between block rotation
and boundary fault slip in the Sichuan-Yunnan area in the context of
continental block extrusion on the Qinghai-Xizang Plateau. The Zemuhe
fault connects to the northern section of the Xiaojiang fault, where fault
deformation since the late Quaternary has been dominated by left-lateral
strike-slip motion, and the most recent large earthquake in this fault zone
was the 1850 AD earthquake, with a magnitude greater than 7 (Yu et al.,
2001) and a coseismic offset of up to approximately 4 m along the
Dajiayangzi (Guo et al., 2021; Shi et al., 2018; Wang et al., 1998a,
1998b). Previously obtained rates for the Zemuhe fault are highly vari-
able, ranging from 5 mm/a to 12 mm/a. Recently, Li et al. (2021) re-
ported that the slip rate of the Zemuhe fault is 6.4 mm/a, which is similar
to the inverted strike-slip rate of 5.3 &+ 2.4 mm/a reported by Li et al.
(2014). Furthermore, this value is in keeping with the slip rate of 6.4 +
0.6 mm/a reported by Xu et al. (2003a, 2003b). There is also consider-
able controversy over the paleoseismic recurrence behavior of the
Zemuhe fault, with proposed recurrence periods ranging from 300 to
3000 a (Ren et al., 2010; Tian et al., 2008). Overall, we believe that the
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Fig. 12. Regional structural model. (a) Map showing Sichuan-Yunnan Block movement and the boundary rupture-slip pattern (modified from Guo et al., 2024 and Xu
et al., 2003a); (b) Present-day GPS velocity field relative to the South China Block (modified from Li et al., 2021). AZXF: Anninghe-Zehuhe-Xiaojiang Fault Zone; RRF:

Red River fault.
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Zemuhe fault, with a left-lateral rate of 6.4 mm/a, has generated many
large earthquakes. The Zhaotong-Ludian and Lianfeng Fault Zones are
part of the boundary separating the SYB and the South China block and
constitute the margin between the active and deformed secondary faul-
ted block of Daliangshan and the relatively stable South China block
(Wen et al., 2013). Recently, Wu et al. (2024) determined that the
Lianfeng fault was active in the Holocene, and Li et al. (2021) proposed a
slip rate of Zhaotong-Ludian fault is 2.4 mm/a. We suggest that the high
slip rate of the northern section of the Xiaojiang fault is a combination of
the slip rates inherited from the Zemuhe fault and the Zhaotong-Ludian
fault.

The increased slip rate of the northern section of the Xiaojiang fault is
closely related to neotectonic processes, driven by the counterclockwise
rotation of the Sichuan-Yunnan block. This rotation is caused by the
continuous lateral extensional extrusion along the southeastern margin
of the Qinghai-Xizang Plateau.

6. Conclusion

This paper introduces the basic processing flow of KH-4B satellite
data and uses remote sensing data to decipher the northern section of the
Xiaojiang fault; identifies the markers for deciphering the fault by pro-
cessing KH-4B satellite images and Landsat 8 images; utilizes a compar-
ison of early remote sensing images and present-day Landsat 8 images;
and combines the results with the previous results of the geometric dis-
tribution of the northern section of the Xiaojiang fault. This distribution
was rearranged by comparing early remote sensing images with the
present Landsat 8 images and combining them with previous research.

Moreover, the long-term average slip rate of the northern section of
the Xiaojiang fault is 6.2 + 1.1 mm/a since the late Middle Pleistocene,
11.4 £+ 2.8 mmy/a since the middle Late Pleistocene, and 8.0 + 2.0 mm/a
in the middle to late Late Pleistocene. The current slip rate of the north
section of the Xiaojiang fault is relatively high, and there has not been a
large earthquake in recent years. Thus, the seismic risk is high, which
needs attention.

KH-4B imagery retains the original topography and geomorphology,
which can reveal the geomorphology of faults that were not destroyed
many years ago and play an important role in studying active faults,
thereby providing new data for future studies of active tectonics.
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