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Clockwise extrusion of the
Sichuan‒Yunnan block toward
the Red River Fault in the
southeastern Tibetan Plateau
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China Earthquake Administration, Kunming, Yunnan, China

The Xiaojiang Fault and the Red River Fault, which are located on the
southeastern margin of the Tibetan Plateau, are the eastern and southern
boundaries of the Sichuan–Yunnan Block, respectively. The relationship
between these two faults is highly important for the study on the tectonic
evolution and seismic risk of the southeastern margin of the Tibetan Plateau.
Using the digital elevation model (DEM) data, we extracted and analyzed the
maximum elevation, peak steepness index, maximum slope, and relatively flat
surface of the Ailaoshan Shear Zone on the southwest side of the Red River Fault.
The results revealed that the geomorphic indices result around Yuanjiang were
significantly lower than those on the northern and southern sides of Yuanjiang.
On the basis of lithology, climate and tectonics, it is inferred that tectonic activity
is the main factor controlling landform development. On the basis of existing
geophysical and geomorphic survey results in this area, a geodynamic model
of this area was constructed: in the mid-Miocene, tectonic inversion of the
Red River Fault occurred, and material from the Tibetan Plateau flowed into
the Sichuan‒Yunnan Block around the East Himalayan Syntax. The resulting
extrusion caused the Red River Fault to bend of ∼50 km; in the early Pliocene,
the middle and lower crust broke through the barrier and entered the interior
of the Ailaoshan Shear Zone. Because of the extrusion of the middle and lower
crust, the role of the Red River Fault as the boundary has weakened.

KEYWORDS

Red River Fault, Xiaojiang Fault, geodynamic model, geomorphic parameters, extrusion
process, southeastern margin of the Tibetan Plateau

1 Introduction

The southeastern margin of the Tibetan Plateau is located on the southeast side
of the East Himalaya Syntax (EHS) and has experienced strong lateral extrusion
and deformation in the Cenozoic (Molnar and Tapponnier, 1975; Yin and Harrison,
2000; Schoenbohm et al., 2006; Liu-Zeng et al., 2008; Xu et al., 2011a; Zhao et al., 2023;
Zhang et al., 2023). Studying the deformation model of the southeastern margin of
the Tibetan Plateau is particularly important for understanding the tectonic evolution
and uplift of the plateau (Wang et al., 1998; Burchfiel and Chen, 2012; Deng et al.,
2014). Scholars have conducted extensive geological and geomorphic mapping, including
chronological analysis, geodetic surveying, geophysical observation, and geodynamic
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simulation, over the past half-century in this area, enabling us to
understand the tectonic evolution and dynamic processes (Molnar
and Tapponnier, 1975; Peltzer and Tapponnier, 1988; Royden et al.,
1997; Flesch et al., 2001; Replumaz and Tapponnier, 2003; Copley,
2008; Wen et al., 2011; Shi et al., 2018). On the basis of GPS data,
researchers generally agree that the crust and mantle on the
southeastern margin of the Tibetan Plateau have rotated clockwise
around the EHS (Wang and Shen, 2020; Gan et al., 2022).

The twomost important tectonic systems along the southeastern
margin of the Tibetan Plateau are the Xiaojiang Fault and the Red
River Fault systems. The Red River Fault is an old deep fault that
has played an important role in the three stages of deformation
of the southeastern margin of the Tibetan Plateau (Shi et al.,
2018; Guo et al., 1996; Li et al., 2016b; Ye et al., 2022; Zhou et al.,
2023). The Xiaojiang Fault, which formed in the middle and late
Miocene, is the eastern boundary of the clockwise rotation area,
as well as the boundary between the South China Block and the
Sichuan–Yunnan Block (Wen et al., 2011; Ren, 2013; Han et al.,
2017). The relationship between these two faults is significant for
our study of tectonic evolution and the seismic risk along faults. If
the Xiaojiang Fault cuts the Red River Fault, then the seismic risk
in the southern segment of the Red River Fault (southern to the
cutting point) decreases; otherwise, the southern segment of the
Red River Fault has a greater seismic risk. Some researchers believe
that the Xiaojiang Fault terminates north of the Red River Fault;
that is, the Xiaojiang Fault does not cut through the Red River Fault.
Throughout the whole tectonic history, the Red River Fault has
maintained a dominant role (Wen et al., 2011; Li and Wang, 1975;
Tapponnier et al., 1982; He et al., 1992; Roger et al., 1995; Song and
Wang, 1998; Replumaz et al., 2001; Xu et al., 2003; Zhang et al.,
2003; Xu et al., 2011b). Other researchers believe that the Xiaojiang
Fault has shifted to the left, crossed the Red River Fault and played a
dominant role in the tectonic evolution. Moreover, the northern
segment of the Red River Fault has become a secondary fault,
and the southern segment is less dangerous (Schoenbohm et al.,
2006; Wang et al., 1998; Lacassin et al., 1998; Chen et al., 2000;
Schoenbohm et al., 2004; Shen et al., 2005; Simons et al., 2007;
Wu et al., 2015; Zhang and Ding, 2016; Dong et al., 2023).
Therefore, determining the relationship between the Red River
Fault and the Xiaojiang Fault is the key basis for obtaining
geodynamic models of the region and is the purpose of
this research.

Many researchers have carried out research in the area of the
intersection of the Red River Fault and the Xiaojiang Fault. Li and
Gao (2023) obtained the direction of fast waves of crustal shear wave
splitting data under a survey line. On the basis of the distribution of
fast crustal shear waves, the directions of fast waves on the west side
and east side of the Yuanmou Fault are nearly orthogonal. According
to seismic waveform analysis (Li et al., 2020) and Interferometric
Synthetic Aperture Radar (InSAR) coseismic deformation studies
(Sun and Liu, 2019), the seismic fault of the Yuanjiang Ms5.9
earthquake on 8 September 2018, should have been a concealed
fault in the northeast. Seismic wave velocity tomography results,
including those of deep seismic reflections (Zhang, et al., 2013),
body waves and surface waves (Liu et al., 2023; Wang et al., 2024),
also indicate that this area has a complex tectonic background. The
above data suggest that the crust on the west side of the Xiaojiang
Fault may have crossed the Red River Fault, but all this evidence

is only secondary evidence or even tertiary evidence. We still need
more convincing evidence.

According to the results of geophysical exploration, there are
differences in the P-wave velocities of the crust on both sides of
the Red River Fault, which are related to the difference in the
density of the material on the two sides (Bai and Wang, 2004;
Zhang et al., 2013). The clockwise rotation of the GPS data reflects
the clockwise flow of crust and mantle (Wang and Shen, 2020;
Gan et al., 2022). If it is proven that the crust and mantle of the
Sichuan‒Yunnan Block entered the Shan‒Thai Block through the
Red River Fault, it may also be correct that the Xiaojiang Fault
intersects the Red River Fault. The Ailaoshan Shear Zone was
divided into three segments (the northern, middle and southern
segments in Figure 1), and the geomorphological characteristics of
the three segments were studied. On the basis of the results of this
study and geophysical and geomorphic data, we discuss whether the
crust of the Sichuan–Yunnan Block crossed the Red River Fault and
entered theAilaoshan Shear Zone; thus, the intersection between the
Xiaojiang Fault and the Red River Fault may be determined.

2 Geologic setting

The Red River Fault is the southwestern boundary of the
Sichuan–Yunnan Block. The southern segment of the Red River
Fault is also the boundary between the South China Block and
the ShanThai Block (Qiu et al., 2016; Yang et al., 2021; Zhang et al.,
2023). The fault starts in Eryuan County, Yunnan Province, in the
northwest, is located approximately along the Red River valley and
extends southeast to the South China Sea, with a total length of
more than 1,000 km. The overall strike of the fault ranges from
310° to 320°, and the strike of the area of intersection with the
Xiaojiang Fault changes to 290°–300°, revealing a concave turn
(Tapponnier, et al., 1990; Leloup et al., 1995; 2007; Guo et al., 1996;
Li et al., 2016b; Shi et al., 2018; Ye et al., 2022; Zhou et al., 2023).The
Red River Fault served an important role in three stages (crustal
shortening and thickening in the Eocene, lateral extrusion of blocks
in the Oligocene, and tectonic inversion in the Miocene–Pliocene)
of the Cenozoic tectonic evolution of the southeasternmargin of the
Tibetan Plateau. It has played an important role in tectonic evolution
(Wang et al., 2022). Historically, 3M ≥ 7 earthquakes occurred on
the Red River Fault. These three earthquakes all occurred within
120 km of the northernmost end of the fault (north of Juli). There
is no historical record of an earthquake with a magnitude greater
than 7 in southern Juli. Therefore, the northern segment of the
Red River Fault is generally considered a Holocene fault, and the
periods in which activity occurred in the central and southern
segments need to be studied further. The Red River Fault has not
been very well studied, and many aspects need further work, for
example, whether the Xiaojiang Fault crosses the Red River Fault
and why all trenches along the middle valley fault have not revealed
a significant dip‒slip component (Allen et al., 1984; Shi et al., 2018;
Li et al., 2016b; Shi et al., 2018; Zhou et al., 2023).

The Xiaojiang Fault is the eastern boundary of the
Sichuan‒Yunnan Block, and it is also the eastern boundary fault
of the southeastern margin of the Tibetan Plateau that rotates
clockwise (Wen et al., 2011; Ren, 2013; Han et al., 2017). The
northern end of the fault connects to the Zemuhe Fault, and
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FIGURE 1
Geographic map of the southeastern Tibetan Plateau area and study region. The GPS data applied in this figure were obtained from Wang and Shen
(2020). The GPS velocity field is relative to the stable South China Block. The northern, middle and southern segments jointly constitute the Ailaoshan
Shear Zone (ASZ).

the southern end, according to large-scale geological mapping,
extends to the vicinity of the Red River Fault (Wen et al., 2011;
Guo et al., 2021). The Xiaojiang Fault is the most active fault on
the southeastern margin of the Tibetan Plateau, and its sinistral
strike-slip rate reaches 8–10 mm/a (Song andWang, 1998; Hu et al.,
2023). The Xiaojiang Fault is a nascent active fault that formed
after the Miocene–Pliocene tectonic inversion. Historically, several
earthquakes with magnitudes greater than 7 that occurred on
the Xiaojiang Fault have been recorded. The largest historical
earthquake, the SongmingM8 earthquake, in Yunnan, also occurred
on the Xiaojiang Fault (Yu et al., 2022). It is also a deep fault that
cuts through the crust.

TheAilaoshan–Red River Shear Zone is considered to constitute
the northeastern boundary of the Shan-Thai Block. This shear
zone starts in Weixi County, Yunnan Province, in the north,
passes through Vietnam and then enters the South China Sea
in the southeast, with a total length of more than 1,000 km.
From northwest to southeast, this shear zone is composed of the
Xuelongshan Shear Zone, Diancangshan Shear Zone, Ailaoshan
Shear Zone and Daxiangshan Shear Zone (Wang et al., 2022).

The study area in this paper is the Ailaoshan Shear Zone.
The Ailaoshan Shear Zone starts from Midu in the north and
extends southeastward via Yuanjiang, Yuanyang and Laojie into
Vietnam. The Ailaoshan Shear Zone is mainly composed of a low
greenschist facies zone (schist, slate, metamorphic sandstone, etc.)
and a high greenschist–amphibolite facies belt (including mylonite,
gneiss,migmatite, plagioclase, amphibolite, etc.) (Leloup et al., 1995;
2001; Yunnan Bureau of Geology and Mineral Resources, 1990;
Zhang et al., 2006; Liu et al., 2012).

3 Data and methods

We used the 30-m resolution DEM dataset downloaded from
the United States Geological Survey (USGS). This dataset is based
on the National Aeronautic and Space Administration (NASA)’s
Shuttle Radar TopographyMission (SRTM) satellite data.The SRTM
satellite was launched in 2000 at a flight altitude of approximately
233 km and covers the area from 60° north of the equator to 56°
south of the equator.The SRTM satellite is equipped with a synthetic
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aperture radar (SAR) instrument, which can use a radar beam to
detect the Earth’s surface and obtain high-precision surface elevation
information.The resolution of the data was 30 m; that is, the ground
area represented by each pixel was 30 m × 30 m. This dataset was
generated with the World Geodetic System 1984 (WGS84) spatial
reference system. This dataset is free to download from the USGS
website, which also provides functions such as web services and
map browsers.

Spatially, we used data from the Red River Fault, which is
approximately 30 kmwide in the southwest direction (Figure 1).The
main geological tectonic unit in the study area is theAilaoshan Shear
Zone. We divided the DEM of the Ailaoshan Shear Zone into 700
rectangles (or approximately rectangular trapezoids; the range is the
shaded part in Figure 1) with a width of 1 km. The long sides of
these rectangles are basically perpendicular to the Red River Fault.
We marked the locations of some belts in Figure 1 (e.g., belt 1,
belt 100, and belt 200). The DEM data were converted to text files
via MATLAB, and then, statistical analysis was performed on the
elevation data in each rectangle.

In previous geomorphological studies on active tectonics,
scholars tended to use geomorphic indicators, especially river
geomorphic indicators, such as the hypsometric integral (HI),
channel steepness index (ksn), and basin shape index (BS), to
describe the level of tectonic activity (Horton, 1945; Strahler,
1950; Kirby et al., 2003; Lidmar-Bergström, 1996; Zhang et al., 2008;
Jotheri et al., 2019; 2022; Zhao et al., 2023). These parameters can
quantitatively reflect the relationship between geomorphic evolution
and tectonic uplift; therefore, they have been widely used in
neotectonic studies.The focus of this paper is not the activity level of
each segment of the Red River Fault but rather the traces of tectonic
movement perpendicular to the direction of the Red River Fault (the
direction of the strike of the Xiaojiang Fault). No river has formed
in this direction, and the spatial scale is relatively small; thus, the
present study used another geomorphic indicator.

3.1 Maximum elevation (MEn)

The highest point on the topography reflected the original
height of the planation surface (or quasiplain, erosion surface,
denudation surface, etc., which was not differentiated in this paper)
(Millán et al., 1995; Widdowson, 1997; Liu et al., 2006). During the
three Cenozoic evolutionary stages of the southeastern margin of
the Tibetan Plateau, no large geological tectonic unit crossed the
Ailaoshan Shear Zone. Moreover, active tectonic geomorphology
and paleoseismology have shown no evidence of vertical slip along
the Red River Fault within the range of the Ailaoshan Shear Zone,
and low-temperature thermochronological data also provide no
clear evidence that there was significant differential uplift in the
various segments of the Ailaoshan Shear Zone (Tapponnier et al.,
1990; Leloup et al., 1995; 2001; Wang et al., 2022; Wang et al., 2016;
2020).Therefore, the highest points of each segment of theAilaoshan
Shear Zone should be approximately at the same height or should
exhibit a linear trend. The significant change in elevation at the
highest point may be related to tectonic activity. Since certain
errors in the DEM data exist, the maximum elevation in the belt
cannot be simply selected as the resultantmaximum elevation (ME).
Instead, the arithmetic mean of the values of the highest n point

(MEn) is used to represent the maximum elevation.The formula for
calculating the MEn is as follows (Equation 1):

MEn =
n

∑
i=1

Hi/n (1)

where Hi refers to the i-th highest point in the strip.

3.2 Peak steepness index (PSIn)

In general, during tectonic movement, under the same
conditions, relatively uplifted areas experience greater erosion,
and the resulting mountain peaks become steeper. By studying the
steepness indices of mountain peaks in different belts, the relative
uplift area and the relative subsidence area can be identified. Some
geomorphic indicators are close to the PSIn, such as the relief degree
of the land surface (RDLS) (e.g., Finlayson, 2013; Hamdouni et al.,
2008). The method for calculating the RDLS is used to calculate the
difference between the highest altitude and the lowest altitude in
a certain area. Owing to the existence of deep Red River valleys,
RDLS is not suitable for the study area. In this study, the formula for
calculating PSIn is as follows (Equation 2):

PSIn =H1‐Hn (2)

where H1 refers to the point with the highest altitude in the belt and
Hn refers to the point with the n-th highest altitude in the belt.When
n is maximized, themeaning of PSIn is consistent with that of RDLS.

3.3 Maximum slope (MSn)

Slope is one of the traditional indicators in terrain analysis
(Schmidt andMontgomery, 1995;Whipple et al., 1999;Whipple and
Tucker, 1999). The slope refers to the slope angle of the ground and
can generally be obtained from DEM data through the relationship
between the grid point and eight adjacent points (called the D8
algorithm). The slope reflects the intensity of erosion, and the
intensity of erosion is related to uplift or a decrease in tectonic
activity. The maximum rate of change in elevation (Burrough and
Mcdonnell, 1998) between each cell was used to calculate the slope.
Similarly, owing to the possibility of certain errors in the DEM
data, we generally chose the values of the first n data points as the
arithmetic means to represent the maximum slope within the area.
The formula for calculating the MSn is as follows (Equation 3):

MSn =
n

∑
i=1

Si/n (3)

where Si refers to the i-th point in the strip with the largest slope.

3.4 Relatively flat surface
(elevation‒frequency statistics)

The release and free acquisition of high-precision DEM data
have prompted many scholars to develop a variety of methods to
identify the planation surface (or erosion surface) based on DEM
data and ArcGIS technology (Macmillan et al., 2000; Qian et al.,

Frontiers in Earth Science 04 frontiersin.org

https://doi.org/10.3389/feart.2024.1401066
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Zhou 10.3389/feart.2024.1401066

FIGURE 2
Maximum elevation results along the Red River Fault (3-point smoothing). ME1, ME50 and ME500 indicate the mean values of the altitudes of the 1, 50
and 500 points, respectively, with the highest altitude in each strip. The shaded area indicates the northern, middle and southern sections of the
Ailaoshan Shear Zone. The MEn near Yuanjiang (belts 320–420) was significantly lower than that in the northern and southern sections; we named this
area the “Yuanjiang Groove”.

2016). These methods may have poor applicability in our study
area for two reasons. First, the erosion in the study area was
particularly strong, making it difficult to find a relatively flat surface.
Second, the study area was small. Therefore, in this study, the
elevation‒frequency statistics method was used to identify possible
flat surfaces. We compared our calculated results with the results of
the field survey to prove the reliability of this method.

The elevation frequency statistics were as follows: (1) the
study area was divided into three statistical areas: the northern
statistical area, middle statistical area, and southern statistical area
(corresponding to the northern segment, middle segment and
southern segment of the Red River Fault); (2) in each statistical area,
the frequency of all elevations was determined; and (3) the statistical
results were drawn in an image to identify points with particularly
high frequency. The elevation corresponding to this point is the
elevation of the relatively flat surface.

4 Results

4.1 Maximum elevation (MEn)

Figure 2 shows the highest value (MN1), the mean value of
the highest 50 points (MN50) and the mean value of the highest
500 points (MN500) for each band, and the three curves were
consistent. The results revealed that (1) the highest elevation of
each segment of the Ailaoshan Shear Zone was approximately
3,000 m; (2) the topography of the southern section of the Ailaoshan
Shear Zone was relatively large, indicating that this area has
experienced strong erosion; and (3) there was a “U-shaped” groove
(called the Yuanjiang Groove) in the middle segment of the
Ailaoshan Shear Zone (from 320 to 420 km), which means that
subsidence occurred there. The amplitude of the subsidence was
approximately 600 m, and the length of the subsidence area was
approximately 100 km.

4.2 Peak steepness index (PSIn)

Figure 3 shows the results for the PSI200, PSI1000 and PSI3000.
The three indices (Figures 3A–C) exhibited similar characteristics.
Specifically, the PSIn at the northern end of the Ailaoshan Shear
Zone was low and similar to that in the Eryuan and Dali areas to
the north, indicating that in the Ailaoshan Shear Zone, the PSIn
gradually increased fromnorth to south, mainly because the altitude
of the Red River decreased from 2000 m to 100 m. Similarly, in
the middle section of the Ailaoshan Shear Zone, a significant low-
value anomaly appeared at 320–420 km (Yuanjiang Groove); the
PSI200 was 300–400 m lower than the expected value, the PSI1000
was 400–700 m lower than the expected value, and the PSI3000 was
700–900 m lower than the expected value.

4.3 Maximum slope (MSn)

TheMS200,MS1000 andMS3000 results are shown inFigures 4A–C.
In the range of 320–420 km, the slope was 2°–5° lower than that on
the northwest side and 6°–14° lower than that on the southeast
section, revealing a less obvious groove overall. Compared with the
MEn and PSIn, the MSn did not describe the Yuanjiang groove well.

We counted the frequency of slope values among the three
segments of the Ailaoshan Shear Zone (Figure 4D). The maximum
slope in the middle segment of the Ailaoshan Shear Zone was
approximately 61°–62°, and the extrapolated maximum may be
approximately 63° (green dotted line in Figure 4D); the maximum
slope in the northern segment was approximately 66°–67° (red
dotted line in Figure 4D), and the maximum extrapolation may
be approximately 78°; the maximum slope in the southern section
was approximately 75°, and the extrapolated maximum was
approximately 86° (blue dotted line in Figure 4D). An obvious low-
slope groove formed in the middle segment of the Ailaoshan Shear
Zone. The slopes of the fitting lines in the southern section and
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FIGURE 3
Peak steepness index results along the Red River Fault. The (A) PSI200, (B) PSI1000, (C) PSI3000 indicate the average values of the slopes of 200, 1,000 and
3,000 points, respectively, with the highest peak steepness index in each strip. The red, green and blue rectangles indicate the northern, middle and
southern segments of the Ailaoshan Shear Zone, respectively. The PSIn near Yuanjiang (belts 320–420) was significantly lower than that in the northern
and southern segments, indicating that the erosion in this area was weaker and that the mountain peaks were not steep.

the northern section were very close, indicating that the erosive
environments in the southern section and the northern section
were similar. Accordingly, it is speculated that the middle section
also experienced a similar erosional environment if there was no
tectonic movement. At present, the slope of the fitting line in the
middle segment is significantly different from that in the southern
and northern segments, indicating that the erosional environment
in this segment was inconsistent with that in the northern and
southern segments.

4.4 Relatively flat surface (elevation
frequency statistics)

Figure 5 shows the elevation‒frequency diagram of the three
segments of the Ailaoshan Shear Zone. In Figure 5, the area above
1,000 m on the blue line is a straight line, indicating that there
is basically no smooth surface in the southern segment of the
Ailaoshan Shear Zone. The erosion in the northern and middle
segments of the Ailaoshan Shear Zone was slightly weaker than
that in the southern segment, and the high-elevation sections
still had relatively slightly flatter slopes. On the basis of the
elevation‒frequency map (Figure 5), we identified two relatively flat
slope surfaces, namely, flat surface 1 and flat surface 2, in the high-
altitude areas of the northern and middle sections of the Ailaoshan
Shear Zone. Since the morphological heights of the green line at
1700–2,500 m and the red line at 2,500–3,000 m are highly similar,
we speculate that FS1 in the northern section and FS1 in the middle

section may be on the same plane, as are FS2 in the northern section
and FS2 in the middle section. According to the analysis of the
altitudes of the northern and middle sections of FS1 and FS2, the
elevation of the middle section of FS1 decreased by 500–600 m, and
that of FS2 decreased by 700–800 m. There are two prominent high
points in FS2 in the middle segment of the Ailaoshan Shear Zone
and two slightly high points in FS2 in the southern segment of the
Ailaoshan Shear Zone. If they were located on the same plane and
had a one-to-one correspondence, then the decline in the middle
section would be 676–718 m.

5 Discussion

5.1 Influences of nontectonic factors

In terms of lithology, the Ailaoshan Shear Zone is mainly
composed of rocks such as schist, slate, gneiss, mélange, and
plagioclase-rich rocks (http://ngac.org.cn/onemap/index.html)
(Leloup et al., 1995; 2001; Zhang et al., 2006; Liu et al., 2012).
According to the geological map (Figure 6) (Figure R3), the rocks
in the northern section are mainly Proterozoic (Pta), followed
by Permian (P) and Silurian (S) in age; the rocks in the middle
section are mainly Proterozoic (Pta), followed by Silurian (S) and
Triassic (T) in age; and the rocks in the southern section are
mainly Proterozoic (Pta), followed by Triassic (T) and Ordovician
(O) in age. The distributions of these rocks have the following
characteristics. First, the three segments of the Ailaoshan Shear
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FIGURE 4
(A–C) Maximum slopes along the Red River Fault. The MS200, MS1000and MS3000indicate the mean values of the altitudes of the 200, 1,000 and 3,000
points, respectively, with the maximum slope in each strip. The red, green and blue rectangles indicate the northern, middle and southern segments of
the Ailaoshan Shear Zone, respectively. (D) Frequencies of slope values among the three segments of the Ailaoshan Shear Zone.

FIGURE 5
Elevation–frequency map of the three segments of the Ailaoshan Shear Zone. The rectangular boxes indicate possible relatively flat slopes. On the
basis of the high similarity in shape between the red line at 1700–2,500 m and the green line at 2,500–3,000 m, FS1 in the northern section and FS1 in
the middle section may be in the same plane, and FS2 in the northern section and FS2 in the middle section may also be in the same plane.
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FIGURE 6
Geological map (modified from Liu et al., 2012).

Zone are all composed mainly of Proterozoic rocks (gneiss and
amphibolite), with the strongest erosion resistance. Second, other
rocks also have strong erosion resistance; for example, the main
components of the Permian rocks are metamorphic sandstone
and slate, the main components of the Silurian rocks are quartz
sandstone, the main components of the Triassic rocks are slate,
and the main components of the Ordovician rocks are slate
and quartz sandstone. Third, combined with the DEM image in
Figure 1, the highest elevation of the Ailaoshan Shear Zone in
the study area is located in the Proterozoic strata. On the basis
of the spatial distribution of various rocks and the location of the
Yuanjiang Groove (Figure 2), it can be concluded that lithology was
not the cause of the Yuanjiang Groove.

For climatic factors, in terms of precipitation, on the basis of
data from the National Meteorological Data Center (https://data.
cma.cn/data/weatherBk.html), we compiled the statistics of the 30-
year annual precipitation in Dali, Yuanjiang and Honghe Counties
for the period of 1981–2010. These three points represent the
precipitation in the northern, middle and southern segments of
the Ailaoshan Shear Zone, respectively. The statistics reveal that
the average annual precipitation amounts in Dali, Yuanjiang and
Honghe are 1054.8 mm, 806.6 mm and 832.5 mm, respectively. The

precipitation amounts at the three locations did not significantly
differ. In particular, the precipitation in Yuanyang and Honghe was
basically the same. Therefore, rainfall is not the main cause of these
geomorphic indices.

5.2 Effects of tectonic movements

The tectonic movements of the fault, including strike-slip
movement and dip-slip movement, may also generate surface
subsidence. There are two mechanisms by which strike-slip faults
cause surface subsidence. First, in the area of terraces of strike-
slip faults, pull-apart basins may have formed. Second, the area of
bends in the strike-slip fault is prone to become an area of releasing
bends that locally produces extension and surface subsidence. The
surface subsidence formed under these two mechanisms was easier
to identify. There is no large strike-slip fault on the west side of
the Ailaoshan Shear Zone, so the surface subsidence in this study
was not formed by the pull-apart effect. Similarly, we believe that
the surface subsidence that formed in the releasing bend (SSRB)
in this manuscript was not formed by the releasing bend effect
for the following reasons. First, the SSRB was distributed mainly

Frontiers in Earth Science 08 frontiersin.org

https://doi.org/10.3389/feart.2024.1401066
https://data.cma.cn/data/weatherBk.html
https://data.cma.cn/data/weatherBk.html
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Zhou 10.3389/feart.2024.1401066

along faults with relatively narrow widths (2–4 km in Wang et al.,
2016). The surface subsidence in this manuscript (SSTM) extended
at least to the top of the Ailaoshan Shear Zone (10–15 km).
Second, the SSRB was distributed inside of the releasing bend,
and the SSTM was distributed outside the releasing bend. Finally,
surface subsidence caused by tension in the bend area of the slip
fault should have occurred at the rear of the bend area (i.e., the
northwestern area of Yuanjiang), which is inconsistent with the
location of the releasing bend in this study. In summary, the pull-
apart and releasing bend effects were not the causes of surface
subsidence.

The dip‒slip movement of a fault can cause uplift or subsidence
of the hanging wall and footwall on either side of the fault.
If the uplift or subsidence of different segments of the fault is
not uniform, surface subsidence can also occur. In the ductile
strike-slip movement of the Red River Fault, the Ailaoshan Shear
Zone experienced large-scale uplift due to the presence of a dip-
slip component (Harrison et al., 1992; 1996; Royden et al., 2008;
Searle et al., 2010; Cao et al., 2011; Wang et al., 2020). The dip-
slip movement of the Red River Fault has occurred mainly
within the Eryuan–Midu segment of the fault. The dip-slip
displacement in this segment is more than 1,500 m, with the
dip-slip displacement near Dali exceeding 3,000 m. The dip-
slip displacement of the Red River Fault within the Ailaoshan
Shear Zone is much lower than that within the Eryuan–Midu
segment. On the basis of the data from Guo et al. (2001), we
plotted the uplift heights at different positions in the northern
and middle segments of the Ailaoshan Shear Zone during the
Quaternary, middle Pleistocene, and late Pleistocene (Figure 7). In
every period, there are two characteristics of the uplift amount
of the northern and middle segments of the Ailaoshan Shear
Zone. First, from north to south, the uplift amount decreases
in sequence, reflecting that the characteristic dip‒slip rate of the
Red River Fault gradually weakens from north to south. Second,
the difference in uplift amounts at different locations is not
significant, with the differences in themaximumuplift height during
the Quaternary, middle Pleistocene, and late Pleistocene being
approximately 100 m, 50 m, and 20 m, respectively. In terms of both
trend and quantity, the formation of the Yuanjiang Groove was
unlikely to be due to differential uplift of different segments of the
Red River Fault.

5.3 Subsidence height

According to the results of a deep seismic wide-angle reflection
section, the P-wave velocity of the crustal material on the east
side of the Red River Fault is approximately 0.3 km/s greater than
that on the west side of the Red River Fault (Bai and Wang,
2004; Zhang et al., 2013). According to the empirical relationship
between the wave velocity and density, the density of crustal
materials is approximately 0.1 ton/m3 greater than the density on
the west side (Christensen and Mooney, 1995). According to the
Airy equilibrium model (Airy, 1855; Watts, 2001), relatively rigid
and low-density crust floats on relatively plastic and dense mantle
fluid (Figure 8A). When dense crust replaces less dense crust, the
Earth’s crust sinks (Figure 8B). After the replacement occurs, the
height of the surface subsidence was calculated according to the

following Equation 4:

Δh =
Δρc
ρm

h (4)

Here, Δρc was 0.1×10
3 kg/m3, ρm was 3.3×103 kg/m3, and when

h was 20–30 km, Δh = 600∼900 m. The tectonic subsidence height
given by the MEn in this paper is approximately 600 m, and these
two sets of data are in good agreement.

5.4 Height of the planation plane

Xiang et al. (2004) investigated the heights of planation
planes on both sides of the Red River Fault. We extracted the
planation surface data of the study area in this paper and plotted
the data in Figure 9.This figure shows that the height of the planation
plane in the northern segment of the Ailaoshan Shear Zone was
between 2,700 and 3,000 m, and the height of the planation plane
in the middle segment of the Ailaoshan Shear Zone was between
2,100 and 2,300 m.These data indicate that the height of the middle
segment of the Ailaoshan Shear Zone decreased by 600–700 m.
These data are close to the relatively flat surface obtained in this
paper from the elevation‒frequency data.

5.5 Comparison with geophysical
exploration results

Zhang et al. (2013) deployed a deep seismic wide-angle
reflection profile. The total length of the profile is approximately
360 km, and the seismic station spacing used to record seismic
signals is approximately 3–5 km. Using these data, a 2D crustal
velocity structure model along the cross section is obtained. The
profile results reveal that the crust to the east of the Red River Fault
crosses the Red River Fault and extrudes into the Ailaoshan Shear
Zone by approximately 30–40 km. The accuracy of geophysical
methods is strongly limited by the station spacing. In addition
to the work of Zhang et al. (2013), the Himalaya-I Array is the
densest seismic network deployed near the Yuanjiang Groove. The
station spacing of this array is approximately 50 km near Yuanjiang
(Li et al., 2016a). A little further away, Li and Gao (2023) deployed
a seismic line in the northeast direction across the Red River Fault
near Dadoumen, with a station spacing of approximately 20–30 km.
The results for these stations may reflect the changes in trends in
crustal parameters. For example, Li and Gao (2023) used the shear
wave splitting method and proposed that crustal media differ on
the west side of the Xiaojiang Fault zone and the northern segment
of the Red River Fault zone. However, this approach may not be
sufficient to detect the presence of the Yuanjiang Groove accurately.

Relying on the China Seismic Experimental Site (http://www.
cses.ac.cn/) and the Major Earthquake Source Project of the China
EarthquakeAdministration (www.eq-cedpc.cn/article/6975), we are
carrying out two projects near the Yuanjiang Groove: the scientific
deep drilling project (a borehole at a depth of 3,000 m across
the Red River Fault) and the deep seismic wide-angle reflection
profile (crossing the Red River Fault, with a total length of 100 km
and a station spacing of 30 m). These projects are expected to be
completed between 2025 and 2026. Researchers who are interested
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FIGURE 7
(A) Locations of geographic survey points within the Ailaoshan Shear Zone and (B) the uplift heights of the geographic survey points during the
Quaternary (black), middle Pleistocene (red), and late Pleistocene (blue).

FIGURE 8
(A) Airy equilibrium model and (B) schematic diagram of crustal subsidence when dense crustal material replaces lower-density crustal material.

in the geodynamic model of this region can contact us to carry out
joint research.

5.6 Start time of the extrusion event

The distance of the displacement of the Big Bend (Figure 1) on
the Red River Fault was approximately 50 km (Wen et al., 2022), and
the distance fromwhich it extruded into the ASZwas approximately
30–40 km (Zhang et al., 2013). The left-lateral strike-slip rate of
the southern Xiaojiang Fault is 6.8–7.2 mm/a (Han et al., 2017).

Assuming that the average velocity of crustal movement is the same
as the strike-slip rate of the southern segment of the Xiaojiang
Fault, the start time of the Sichuan–Yunnan Block extruding into
the Red River Fault was approximately 11–13 Ma. During the next
7 Ma, this extrusion caused the originally straight Red River Fault
to bulge southwest, forming the Big Bend. The initial time at which
the crust of the Sichuan–Yunnan Block crossed the Red River
Fault and entered the Ailaoshan Shear Zone was approximately
4–6 Ma. Wang et al. (2016, 2020, 2022) used the low-temperature
thermochronological method and existing thermochronological
data to investigate the late Cenozoic exposition process and
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FIGURE 9
Height of the planation plane. The data were extracted from Xiang et al. (2004). The height of the planation plane in the northern segment of the
Ailaoshan Shear Zone was approximately 2,700–3,000 m, and the height of the planation plane in the middle segment of the Ailaoshan Shear Zone
was approximately 2,100–2,300 m.

exposition mechanisms of the Ailaoshan Shear Zone. Their study
suggested that the tectonic inversion time of each segment of the
Red River Fault was inconsistent; the tectonic inversion time of the
southern segment was earlier than that of the northern segment,
whereas the tectonic inversion time of the middle segment (near
Yuanjiang) was approximately 14–10 Ma. The start time of sinistral
movement in the Sichuan–Yunnan Block in this study is very close
to these data. Therefore, we believe that the tectonic inversion time
of the Red River Fault was approximately 11–13 Ma.

5.7 Geodynamic model

During the strike-slip movement of the Red River Fault, there
was also normal movement. The long-term lithospheric extension
and subsequent isostatic adjustment in this area produced a
metamorphic core complex (MCC), which is the Ailaoshan Shear
Zone. Low-temperature thermochronological data indicate that
the Ailaoshan Shear Zone experienced rapid uplift during two
periods: 22–17 Ma and 14–10 Ma. During these periods, rocks
in the Ailaoshan Shear Zone experienced at least 400°C and
100°C of cooling, respectively (Leloup et al., 2001; Cao et al., 2011;
Wang et al., 2020; 2022). A temperature of 500° means that the
Ailaoshan Shear Zone has risen by at least 30–40 km (An and Shi,
2007); that is, the materials in the Ailaoshan Shear Zone may come
from the lower crust or even the mantle. During the process of
MCC doming, the upwelling of hot and soft material resulted in
softer material on the west side of the Red River Fault than on
the east side at middle and lower crustal depths. When the force
of extrusion broke through the barrier of the Red River Fault, the
harder and denser material from the middle and lower crust on the
east side of the Red River Fault entered the base of the Ailaoshan
Shear Zone, resulting in surface subsidence. On the basis of the
geomorphological research results and the geophysical research
results in this paper, we can preliminarily establish a geodynamic
model of the area of intersection of the Red River Fault and the
Xiaojiang Fault on the southeastern margin of the Tibetan Plateau
since the middle Miocene.

The first stage occurred before ∼13–10 Ma. During this stage,
the tectonic evolutionary model of the southeastern margin of the
Tibetan Plateau involved mainly radial extrusion, the faults on the
west side of the Red River Fault were mainly dip-slip, and some
faults had a small strike-slip component. During this stage, the
movement of the Red River Fault involved left-lateral strike-slip
motion combined with normal slip motion (Figure 10A). The long-
term and large-scale lithospheric extension led to the dominance
of mantle and middle‒lower crustal materials under the Ailao
Mountains, forming the MCC. The magnitude of the doming may
have reached 30–40 km (Figure 10B).

In the second stage, from the period of tectonic inversion to
6–4 Ma, the materials from the Tibetan Plateau flowed clockwise
into the Sichuan–Yunnan Block around the East Himalayan Syntax.
The extrusion caused the Red River Fault to bend, resulting in the
big bend. The extrusion lasted for approximately 7 Ma, and the
extrusion speed was approximately 7 mm/a.This process caused the
Red River Fault (Ailaoshan Shear Zone) to bulge southwest, with a
ductile bending distance of up to 50 km (Figure 10C). Owing to the
different hardnesses of the crustal layers below the Ailaoshan Shear
Zone, the resistance experienced by the crustal layers to the east of
the Red River Fault also varies.This stage still experienced stress and
strain accumulation, and the layers of the eastern crust have not yet
been decoupled (Figure 10D).

During the third stage, from 6 to 4 Ma, due to the accumulation
of stress, the strength of extrusion in the crust further increased.
The middle crust and upper crust were decoupled; the upper crust
was still blocked by the Ailaoshan Shear Zone, while the middle and
lower crust extruded into the Ailaoshan Shear Zone. Because the
density of the material squeezed into the Ailaoshan Shear Zone was
slightly greater than that of the original material, surface subsidence
of hundreds of meters occurred in the Ailaoshan Shear Zone during
this stage (Figure 10F).The extrusion speed at this stage was roughly
the same as that at the previous stage, at approximately 7 mm/a, and
the extrusion distance was approximately 30–40 km (Figure 10E).
The horizontal position of the front of extrusion was approximately
40 km from the northwest of the Yuanjiang River to approximately
60 km southeast of the Yuanjiang River.
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FIGURE 10
Geodynamic model of the area of intersection of the Xiaojiang Fault and the Red River Fault. Top-down view and side view of the first stage (A,B),
second stage (C,D), and third stage (E,F). The black lines represent the faults, the thick black lines represent the main boundary faults, the large gray
arrows represent the direction of the main compressive stress, the gray areas represent the range of extrusion, the small yellow arrows represent the
direction of extrusion, and the dotted lines represent the speculated hidden faults.

According to the Global Navigation Satellite System (GNSS)
observation results, the slip rates on the two sides of the Xiaojiang
Fault are quite different; therefore, the eastern boundary of the
extrusion should be the Xiaojiang Fault. The width of the Yuanjiang
Groove (100 km), west of the Xiaojiang Fault, is approximately
100 km, which is approximately the Yuanmou Fault. The shear rate

and rotation rate calculated by the GNSS, as well as the shear
wave splitting, Q value, P wave velocity, and S wave velocity, reveal
significant differences in the geophysical properties of the crust on
both sides of the Yuanmou Fault. Accordingly, it is speculated that
the Yuanmou Fault is the western boundary of the extrusion, but this
conclusion still needs more data for support.
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FIGURE 11
Research results of other disciplines. (A) The gray triangles indicate the locations of seismic stations in Li and Gao (2023); the blue line indicates the
deep seismic wide-angle reflection/refraction profile in Zhang et al. (2013); the red five-pointed star indicates the location of the 2018 Ms5.9
earthquake. (B) Direction of fast waves resulting from crustal shear wave splitting, modified from Li and Gao (2023). (C) High-precision P-wave velocity
structure of the crust, modified from Zhang et al. (2013). (D) InSAR coseismic deformation, modified from Sun and Liu (2019); the result of the focal
mechanism solution is cited from Li et al. (2020).

The geodynamic models given here are very preliminary and
rough, and there is still much work to be completed in the future.
We will also carry out some work in this area to improve and refine
this model.

5.8 Research results of other disciplines

Zhang et al. (2013) deployed a deep seismic wide-angle
reflection/refraction profile between Puer and Luxi (see the blue line

in Figure 11A for the location of the survey line). On this survey
line, the spacing between the blasting signal receiving stations is
approximately 4 km; therefore, the high-precision P-wave velocity
structure of the crust under the survey line is obtained (Figure 11C).
The velocity structure diagram shows that the crust on the northeast
side of the Red River Fault extruded into the ASZ southwest of the
fault. This research result is thus far the first evidence that directly
supports the model in this paper.

On the basis of the data of a seismic station that crosses the
Red River Fault and the Xiaojiang Fault (the locations of seismic
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stations are shown as gray triangles in Figure 11A), Li and Gao
(2023) obtained the direction of fast waves of crustal shear wave
splitting data under the survey line (Figure 11B). On the basis of
the distribution of fast crustal shear waves, the directions of fast
waves on the west side and east side of the Yuanmou Fault are nearly
orthogonal. This finding indicates that the crust on the two sides of
the Yuanmou Fault is significantly different; that is, this fault may be
an important boundary fault.This result is consistent with themodel
proposed in this paper.

On 8 September 2018, an earthquake with a magnitude of
5.9 occurred approximately 60 km southwest of Yuanjiang County
(see the red five-pointed star in Figure 10A for the earthquake
location). After the earthquake, similar focal mechanism solutions
were given bymultiple institutions.The two nodal planes of the focal
mechanism solution run NE and northwest (see the left diagram
of Figure 11D for the focal mechanism solution). According to
the local fault distribution, intuitively, the seismogenic fault of this
earthquake should have been the northwest-trending Wuliangshan
Fault. However, according to seismic waveform analysis (Li et al.,
2020) and InSAR coseismic deformation studies (Sun and Liu,
2019), the seismogenic fault of this earthquake should be a concealed
fault in the northeastern direction—which is consistent with the
model proposed in this paper.

In the past 10 years, many seismic tomography results have
been produced near the study area, and these results have deepened
our understanding of the crustal structure of the study area and
nearby areas (e.g., Liu et al., 2023; Wang et al., 2024). However, the
lack of seismic tomography data strongly supports the existence
of a middle‒lower crustal low-velocity layer between the Yuanmou
Fault and the Xiaojiang Fault. We speculate that there may be two
reasons for this. First, the seismic station spacing used for seismic
tomography is too large. Second, the velocity difference between the
material inside the crust and the material on both sides of the crust
is too small (only 0.3 km/s).The specific reason needs further study.

According to the model in this paper, there should be a thrust-
type focal mechanism solution at the extrusion front, but we have
not yet observed it. We also did not observe a solution for the
strike-slip focal mechanism at the extrusion front. This may be
because the seismic station spacing in this area is relatively large,
small-magnitude earthquakes could not be observed, and the focal
mechanism solutions could not be retrieved.

In summary, although some research results support our model,
in general, more observations and a denser seismic network are
needed to obtain a more accurate estimate of the crustal structure of
the study area, thus proving or disproving the proposed geodynamic
model in this paper.

6 Conclusion

On the basis of the above analysis and discussion, the following
conclusions can be drawn:

(1) The geomorphic parameters of the middle segment of the
Ailaoshan Shear Zone near Yuanjiangwere quite different from
those of the northern and southern segments. After removing
the influences of rock properties, climate and other factors, we
believe that the main cause is surface subsidence caused by
crustal extrusion.

(2) On the basis of existing data and the Airy isostatic crustal
model, the calculated theoretical settlement height is
approximately 600–900 m, which is close to the MEn and the
height of the planation plane.

(3) A geodynamic model near the southeastern margin of the
Tibetan Plateauwas constructed. In themid-Miocene, tectonic
inversion of the Red River Fault occurred. After tectonic
inversion, material from the Tibetan Plateau moved into the
Sichuan‒Yunnan Block around the Eastern Himalayan Syntax,
and the resulting extrusion caused the Red River Fault to bend
ductility by 50 km. The crust extruded through the barrier
and entered the interior of the Ailaoshan Shear Zone; the
current distance of extrusion into the Ailaoshan Shear Zone
is approximately 30–40 km.

(4) Because of the middle and lower crust extrusions, the role of
the Red River Fault as the boundary has weakened. That also
implies that the Big Bend section of the Red River Fault and the
Qujiang-Jianshui Fault Zone to its north have a similar seismic
tectonic environment and seismic risks.
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