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Abstract: Based on a digital elevation model (DEM) and GIS technology, we extracted and analyzed
stream geomorphic indices—such as the slope, relief degree of the land surface (RDLS), hypsometric
integral (HI) and channel steepness index (ksn)—of the Cangshan Piedmont Fault, Fengyi-Dingxiling
Fault and Midu Basin Margin Fault in the northern segment of the Red River Fault Zone. This work
indicates that all the stream geomorphic indices show higher values, with the highest values along
the Cangshan Piedmont Fault, followed by the Fengyi-Dingxiling Fault, and the lowest values along
the Midu Basin Margin Fault, forming a decreasing trend from north to south. Based on lithology,
climate and tectonics, we infer that neotectonic activity is the main factor controlling the development
of the drainage geomorphology. The results show that the northern segment of the Red River Fault
Zone is highly active and that the activity level shows a decreasing trend from north to south. The
results of this study are consistent with previous conclusions that the overall activity of the Red River
Fault Zone weakens from north to south, and the activity in the northern segment has been the most
intense since the Late Pleistocene.

Keywords: northern segment of the Red River Fault Zone; Cangshan Piedmont Fault; Fengyi-
Dingxiling Fault; Midu Basin Margin Fault; stream geomorphic indices; fault activity

1. Introduction

The Sichuan—Yunnan rhomboidal block is one of the most complex, most deformed and
most frequently seismically active regions in mainland China due to the joint action of the
northeastward pushing of the Indian Block, the southeastward extrusion of plateau material
and the blocking of the South China Block. Because of the particularity of its location, it
has become a key area for researchers to study active tectonic and seismic monitoring and
prediction [1-7]. The seismic activity is mainly distributed along the boundary fault zones
of the active block, and strong earthquake ruptures tend to occur along faults in the range
from NW-SE to SSE-NNW. The Red River Fault Zone, as the southwestern boundary of
the Sichuan-Yunnan rhomboidal block, is an important large-scale fault zone cutting the
Indochina Block and the Yangzi-South China block in southwestern China located at the
front of the transverse extrusion deformation of the Qinghai-Tibet Plateau. It plays a key
role in the extrusion, rotation and escape of continental masses on the southeastern margin
of the Qinghai-Tibet Plateau. To date, almost all studies on the activity characteristics,
uplift development and evolution of the Qinghai-Tibet Plateau and its dynamic mechanism
are closely related to the study of the Red River Fault Zone [8-16]. The fault zone strikes
NW-SE, is slightly convex to the southwest and is a large strike-slip fault zone with
intense activity since the Quaternary period. In the neotectonic period, the fault zone
experienced a transition from earlier large left-slip movement to later right-slip movement
at approximately 5 Ma, and the right-slip distance since the start of the Quaternary Period
amounts to approximately 7 km. The early large-scale left-lateral strike-slip motion was
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formed the Ailaoshan Shear Zone (ALSSZ), and the later right-slip motion is believed to be
related to the southeastward extrusion of the Tibetan Plateau lithosphere [17-28]. Based on
the geometric structure and activity of the Red River Fault Zone, previous authors divided
it into three segments: the Eryuan—-Maidu Fault (northern segment), the Juli-Dadoumen
Fault (middle segment), and the Chunyuan-Hekou Fault (southern segment) [28-32]. In
different segments of the fault zone, there is obvious heterogeneity in terms of activity
intensity and activity timing.

The study of active tectonics focuses on the use of structural geomorphology to
solve practical problems. However, it is difficult to retain geomorphic markers due to the
weak preservation of the Quaternary sediments and the high erosivity of the geomorphic
environment, and it is difficult to collect dating samples. The above reasons make it difficult
to obtain information on structural deformation. The combination of tectonic, climatic
and surface processes within active orogenic belts can lead to the formation of fluvial
landscapes that record the history of tectonic—climatic evolution throughout geological
time [33-35]. Stream geomorphic indices are a quantitative expression of the external
morphological characteristics of the landforms formed by internal forces. They can be used
as a basic survey tool to identify areas undergoing rapid tectonic deformation, and they
can make up for the lack of geographical landmarks. In recent years, with the development
of GIS and high-resolution digital elevation model (DEM) data, quantitative studies of
fluvial landscapes using stream geomorphology indices to assess the status of neotectonic
activity in the study area have achieved remarkable results in revealing information on
tectonic activity based on stream geomorphology [36—43]. Previous studies have shown
that the activity in the northern segment of the Red River Fault Zone has been stronger
than that in the middle and southern segments since the Quaternary. The center of activity
in the Late Holocene was located on the boundary fault between Dali and Midu in the
northern section, with an increasingly older and weaker transition to the south [9,30,44,45].
The climate of the northern segment of the Red River Fault Zone is transtropical and
subtropical, with mild and humid conditions. As a result of the large amount of rain, it is
difficult to retain geomorphic markers, and the vegetation is well developed, which makes
it difficult to collect effective dating samples. The regional climate characteristics make it
difficult to study the activity in the northern section. In recent years, there have been many
studies on the Red River Fault, but most of the work has been on the whole Red River
Fault [6,7,46-48], and there are few studies on the specific activity of the northern section.
One way to understand the activity characteristics of the northern segment is to identify
spatial activity differences. This paper focuses on the northern segment, specifically the
Cangshan Piedmont Fault, Fengyi-Dingxiling Fault and Midu Basin Margin Fault, and
uses ArcGIS and MATLAB systems to extract and analyze the slope, relief degree of the
land surface (RDLS), hypsometric integral (HI) and channel steepness index (ksn) of the
fault. Additionally, direct evidence of spatial differences in the activity intensity of the
northern segment of the Red River Fault Zone since the Late Pleistocene is obtained.

2. Regional Geological Overview

The northern segment of the Red River Fault Zone is a continental collision zone
formed by the closure of the mid-Cenozoic Paleo-Tethys and Tethys Oceans [49,50]. This
segment extends from Wanpotang in the north southeastward through Eryuan, Dali and
Maidu to Juli, with a general strike of 332° and a length of approximately 135 km. Due to
the right-slip migration of the eastern block of the fault zone, a mass-loss zone is present
at its northern end, resulting in the formation of a extensional section in the northern
segment with mainly vertical dislocation. This zone consists of a series of right-slip and
normal faults with large extensional components, and the basins, in order from northwest
to southeast, include the Eryuan Basin, Dali Basin, Fengyi Basin, Maidu Basin and the
right-slip faults between the basins with a northwest to north-northwest orientation. The
fault bundles are parallel but discontinuously distributed and arranged in a left-stepping
en echelon arrangement with each other, and most of them correspond to the boundaries
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of the faulted basins (Figures 1a and 2). The interconnection, transformation and transition
between extension and shear are the basic features of the structure and dynamics of the
basin and range topography along the northern segment [9,30,51,52]. According to the
differences in the small-scale structure and the nature and timing of the fault activity, the
northern segment of the Red River Fault Zone can be divided into four secondary segments
from northwest to southeast—namely, the Wanpotang-Jiangwei segment, the Zhoucheng-
Xiaguan segment, the Fengyi-Dingxiling segment and the Hongyan—Juli segment. The
Wanpotang-Jiang segment mainly refers to the Eryuan Fault F1 (Figure 2), which is mainly
distributed in the Eryuan Basin area. The Zhoucheng—Xiaguan segment mainly refers to
the Dali faulted basin segment, including the Erhai region, which is the most intensely
rifted area of the Red River Fault since the Quaternary, with a vertical dislocation of 3.2 km
and some right-lateral dislocation. The Cangshan Piedmont Fault F2 (Figure 2) is the
segment with the most intense and latest activity in the Red River Fault Zone, with the
northern portion exhibiting the youngest activity with an age of 500 a B.P. The Fengyi—
Dingxiling segment F3 (Figure 2) consists of the basin section along the eastern boundary
of the Fengyi Basin and the mountainous section north of Dingxiling. The activity age and
nature vary among the different sections, with ongoing normal faulting dominating in the
basin section and strike-slip motion dominating in the canyon section. The Hongyan-Juli
segment includes the Midu Basin, a wedge-shaped basin that opens to the northwest,
and the Midu Basin Margin Fault F4 in this segment is the southwestern boundary of the
Midu Quaternary Basin (Figure 2), which generally shows a right-lateral dislocated normal
strike-slip fault section. According to the regional tectonic-geomorphological features, it
is inferred that the last rupture may have occurred in the Late Holocene [30]. In the Late
Holocene, the activity center of the Red River Fault Zone was located on the boundary
fault between Dali and Midu—that is, corresponding to the three sections of the Cangshan
Piedmont Fault, Fengyi-Dingxiling Fault and Midu Basin Margin Fault [30]. Considering
the lack of development of bedrock rivers near the Eryuan Fault, this paper focuses on
the analysis of the three boundary faults from Dali to Midu, while the Eryuan Fault is
not analyzed.
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Figure 1. Regional geological setting ((a): The northern segment of Red River Fault Zone;
(b): Southeastern margin of Qinghai-Tibet Plateau). (Q—TP: Qinghai—Tibet Plateau; SB: Sichuan Basin;
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SCB: South China Block; ICB: Indochina Block; S—YB: Sichuan—Yunnan Block; LMSFZ: Longmen-
shan Fault Zone; XSHF: Xianshuihe Fault; ANHF: Anninghe Fault; ZMHEF: Zemuhe Fault; X]JF:
Xiaojiang Fault; RRFZ: Red River Fault Zone; LCJF: Lancangjiang Fault; JSJF: Jinshajiang Fault;
NJF: Nujiang Fault; W—QF: Weixi—Qiaohou Fault; Z—L—QF: Zhongdian—Longpan—Qiaohou
Fault; X—LF: Xiaojinhe—Lijiang Fault; N—WF: Nanjin—Weishan Fault; CHF: Chenghai Fault;
N—-CF: Nanhua—Chuxiong Fault; DEM data are TANDEM—-X with resolution of 12 m,
from https://tandemx-science.dlr.de, accessed on 3 June 2022.; earthquake catalog data from
https:/ /data.earthquake.cn, accessed on 7 November 2022).
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Figure 2. Secondary fault and stream distributions in the northern segment of the Red River Fault
Zone (F1 Eryuan Fault; F2 Cangshan Piedmont Fault; F3 Fengyi-Dingxiling Fault; F4 Midu Basin
Margin Fault; the DEM range is the minimum watershed range containing the above faults).

3. Data and Methods

The data used in this paper are 12 m resolution TanDEM-X data. The TanDEM-X
project is funded by DLR (Deutsches Zentrum fur Luft- und Raumfahrt, the German space
agency) in partnership with Airbus Defence and Space. TanDEM-XDEM data are produced
by a binary system consisting of the TerrasAR-X (TSX) and TanDEM-X (TDX) satellites,
with an orbit altitude of 515 km and an inclination angle of 97.44°. The onboard synthetic
aperture radar (SAR) is used for Earth observation. The elevation reference of the DEM
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data is the ellipsoid height, and the reference ellipsoid is WGS84. TanDEM-X DEM data
are available at resolutions of 0.4 arcsecond (12 m), 1 arcsecond (30 m), and 3 arcsecond
(90 m). Currently, only 90 m resolution data are available for download through registration.
However, the 12 m high-resolution data adopted in this paper can be downloaded after
submitting an application at https://tandemx-science.dlr.de, accessed on 3 June 2022.

Based on the DEM data, the extraction of streams and drainage basins was carried out
using ArcGIS and MATLAB, and then the stream geomorphic indices were calculated. The
ksn is derived from slope-area regression and has been widely used to probe areas affected
by different rates of rock lift [35]. Since ksp, utilizes the response of bedrock rivers to tectonic
uplift, non-bedrock channels (colluvial channels) at the source of the streams should be
excluded before statistical analysis. Finally, 75 streams along the Cangshan Piedmont Fault,
Fengyi-Dingxiling Fault and Midu Basin Margin Fault and their drainage basins in the
bedrock area were retained (Figure 2), including 36 along the Cangshan Piedmont Fault,
and the streams were numbered from north to south as R1, R2, ..., R36. Correspondingly,
the drainage basin number of the bedrock area where the streams were located were
labeled 51, S2, ... , S36. The 20 streams along the Fengyi-Dingxiling Fault were labeled R37,
R38, ..., R56, and the drainage basins in the bedrock area associated with these streams
were labeled S37, S38, ... , S56. The 19 streams along the Maidu Basin margin were labeled
R57, R58, ..., R75 from north to south, and the basins in the bedrock area associated
with these streams were labeled S57, S58, ..., S75. Subsequently, a variety of stream
geomorphic indices were extracted. Slope, relief degree of the land surface (RDLS) and
hypsometric integral (HI) were extracted by ArcGIS, while ks, was obtained by MATLAB
based on the program compiled by Schwanghart et al. [36,37]. Finally, the main factors
affecting the stream geomorphic indices were comprehensively analyzed, and the response
of the piedmont geomorphology of the Cangshan Piedmont Fault, Fengyi-Dingxiling Fault
and Midu Basin Margin Fault to the active structure in the northern Red River Fault was
quantitatively analyzed in combination with the geological and structural background of
the region.

3.1. Slope and Relief Degree of the Land Surface (RDLS)

Slope and RDLS are traditional topographic analysis indices [53]. Slope refers to the
angle of slope of the ground, which can generally be obtained from DEM data through the
relationship between a raster point and the eight neighboring points (referred to as the D8
algorithm) and is often used as a reference index of tectonic and geomorphic conditions in
bedrock mountainous areas. The slope has a certain critical value, approximately 30° [54];
beyond this value, it will not increase with increasing erosion rate [54-56]. The RDLS is the
difference between the maximum and minimum elevations in a certain area, which can
indirectly reflect the strength of tectonic activity [57]. A bedrock mountain drainage basin
can have a variety of reliefs [55], and local relief is commonly used in regional analysis.
The local relief is obtained by calculating the difference between the maximum elevation
and the minimum elevation in a certain area around each grid point. In recent years, slope
and RDLS have been widely used as geomorphic indicators to reflect regional tectonic
activity [42,43,58,59].

3.2. Hypsometric Integral (HI)

The Hl is very sensitive to neotectonic activity and has been widely used in the study
of neotectonic movement and geomorphic development because it can quantitatively reflect
the relationship between geomorphic evolution and tectonic uplift [40,60,61]. According to
the geomorphic erosion cycle theory of Davis [62], geomorphic evolution can be divided
into the juvenile stage, prime stage and old stage. The corresponding drainage area HI
curves show an upward convex type, S type and downward concave type, and the HI
obtained by the drainage area HI curve decreases from high to low. When the geomorphic
development is in the juvenile stage (HI > 0.6), the terrain is flat, the ground slope is low
and the tectonic activity is intense. When the geomorphic development enters the prime
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period (0.35 < HI < 0.6), the land is the most rugged, the terrain is the most fragmented,
the river network is the most developed, the slope reaches the maximum and the tectonic
activity is mild. After the landform enters the old stage (HI < 0.35), the terrain gradually
returns to a flat state, the slope decreases and the tectonic activity is weak [63,64]. If a
region has active tectonics and strong uplift, it is difficult for geomorphic evolution to reach
a balance. Strong uplift often makes the development stage of the drainage basin stay in
the juvenile or prime stage, and the HI value tends to be high [65]. In practical studies, the
HI value of a drainage basin is often simply obtained by the substitution algorithm of Pike
and Wilson [66], namely:

H= (Hmeun - Hmin)/(Hmax - Hmin)/ (1)

In Equation (1), Hyax, Hmean and Hy,;, are the maximum, average and minimum
elevation values in a basin, respectively.

3.3. Channel Steepness Index (ksy,)

In orogenic belts with intense tectonic uplift, bedrock channels are common, and the
geomorphic landscape caused by river erosion in bedrock channels can reflect the process
of river erosion [34,67]. The ksn, derived from the slope—area regression, can be used as
a reference to assess deviations in channel steepness from ideal conditions in which the
river is in equilibrium, as streams experiencing intense tectonic activity become steeper.
Therefore, the value of ks, can be used to quantitatively judge the tectonic activity [56,68,69].
Generally, the presence of high ks, values can indicate areas strongly affected by tectonic
activity. Streams in such areas have steep gradients and thus exhibit high ks, values,
indicating a high regional tectonic uplift rate. In contrast, areas with low ks, values are
associated with low tectonic uplift rates [34,57,70-72]. The relationship in Formula (2) is
consistent with the earlier conceptual model in Formula (3) [73].

S= <K> Ax)T, @)

S=

If ks = (%) and 7 = 6, this equation can be expressed as:

S=ksA Y, 3)

In Equation (2), U is the uplift rate of bedrock; K is the erosion coefficient; A is the
convergence area; m is the area index; and n is the slope index, which depends on the
specific erosion process. In Equation (3), S is the channel hydraulic gradient (also known as
the river slope); ks is the channel steepness index; A is the confluence area, which refers
to all the confluence areas above a certain point in the river; and 6 is the convexity index,
which describes the degree of convexity of the channel profile.

4. Results
4.1. Slope and Relief Degree of the Land Surface (RDLS)

Figure 3 shows the spatial distributions of the slope and RDLS. The slope and RDLS
results clearly show the characteristics of the basin and range structure in the northern
segment of the Red River Fault Zone, and the spatial distributions of the slope and RDLS
show a relatively high consistency. The difference between the basin and mountain regions
is obvious; that is, the values of slope and RDLS are smaller in the basin sections and
higher in the mountain sections. To further compare the slope and RDLS of each secondary
fault, the drainage basins extracted along the Cangshan Piedmont Fault, Fengyi-Dingxiling
Fault and Midu Basin Margin Fault were used to calculate regional statistical average slope
values and regional statistical average RDLS values. Figure 4 shows that the average slope
value of the Cangshan Piedmont Fault ranges from 18 to 36, and the average RDLS ranges
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from 47 to 115. According to Figure 5, the average slope value of the Fengyi-Dingxiling
Fault is between 16 and 29, and the average RDLS is between 43 and 85. Figure 6 shows
that the average slope value of the Midu Basin Margin Fault ranges from 13 to 25, and
the average RDLS ranges from 35 to 72. By comparison, the average slope value and
the average RDLS value of the Cangshan Piedmont Fault are the highest, followed by
those of the Fengyi-Dingxiling Fault, and those of the Midu Basin Margin Fault are the
lowest, which indirectly reflects the trend of decreasing activity from north to south in the
northern segment.
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Figure 3. Slope (left) and RDLS (right) of the region.
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Figure 4. Average slope (left) and average RDLS (right) in the drainage basin of the Cangshan
Piedmont Fault.
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4.2. Hypsometric Integral (HI)

Table 1 shows the HI results for 75 bedrock drainage basins of streams across the
Cangshan Piedmont Fault, Fengyi-Dingxiling Fault and Midu Basin Margin Fault. Figure 7
shows the HI results of the 36 bedrock drainage basins corresponding to the Cangshan
Piedmont Fault. The calculated HI values range from 0.38 to 0.66, indicating that the
drainage basin is in the juvenile or prime stage, and the HI values show a trend of increasing
from south to north along the fault. The HI values along the southern Yinqiao-Xiaguan
Fault are between 0.38 and 0.45, and the fault is in the prime stage. The HI values along
the Yingiao—Zhoucheng Fault in the north are between 0.44 and 0.66. The strong uplift
of the Cangshan Piedmont Fault makes the development stage of the basin stay in the
juvenile or prime stage, and the HI values are relatively high. The high HI values of the
whole Cangshan Piedmont Fault from Zhoucheng to Xiaguan reflect the activity of the
fault, and the tectonic activity is more intense in the north than in the south along the
fault. Figure 8 shows the HI results of the 20 bedrock drainage basins corresponding
to the Fengyi-Dingxiling Fault. The HI values are in the range of 0.39~0.66, and most
values are between 0.39 and 0.60, showing that the drainage basins of the fault are in the
prime stage. The fault is located at the edges of the Fengyi Basin in the north and the
Dingxiling Mountain area in the south. It can be seen from the figure that the streams in
the Fengyi Basin are longer and their drainage basin areas are larger, while the Dingxiling
Mountain area has more river tributaries and the corresponding drainage basin areas are
smaller. Figure 9 shows the HI results of the 19 bedrock drainage basins corresponding to
the Midu Basin Margin Fault. The calculated HI values range from 0.36 to 0.57, and the
values along the Longwangmiao—Gaomengying segment are generally high, concentrated
between 0.43 and 0.47, and the HI values decrease to the south and north. The whole
drainage basin is in the prime stage, indicating that the fault is tectonically active, and
that the activity of the Longwangmiao—Gaomengying segment is the most intense. The
HI values of the northern segment of the Red River Fault Zone are between 0.38 and 0.66,
indicating that the northern segment is in a state of strong uplift and weak erosion; that is,
the geomorphological evolution stage is in the juvenile and prime stage, and most of the
drainage basins are in the prime stage.

Table 1. The HI values of drainage basins.

Chain om0 PREY om PEERSm PRER m PRI w
S1 0.63 516 0.64 531 0.44 546 0.60 S61 0.46
S2 0.58 517 0.51 S32 0.44 547 0.39 S62 0.44
S3 0.55 518 0.47 533 0.44 548 0.47 563 0.48
S4 0.66 519 0.54 534 0.50 549 0.50 564 0.45
S5 0.51 520 0.61 S35 0.39 S50 0.44 S65 0.45
S6 0.51 521 0.49 536 0.38 S51 0.54 566 0.44
S7 0.51 522 0.48 537 0.56 552 0.60 567 0.37
S8 0.54 523 0.45 S38 0.60 S53 0.59 S68 0.56
S9 0.64 524 0.40 539 0.48 554 0.66 569 0.39
510 0.44 525 0.47 540 0.50 555 0.52 570 0.40
511 0.58 526 0.58 541 0.46 S56 0.58 S71 0.56
512 0.41 527 0.42 542 0.51 557 0.38 572 0.38
513 0.47 528 0.40 543 0.40 558 0.39 573 0.57
S14 0.65 529 0.46 544 0.50 S59 0.43 S74 0.50
515 0.52 530 0.41 545 0.45 560 0.37 S75 0.44
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Figure 7. HI of drainage basins of the Cangshan Piedmont Fault.
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Figure 9. HI of drainage basins of the Midu Basin Margin Fault.

4.3. Channel Steepness Index (k)

Based on the program compiled by Schwanghart et al. [36,37], this paper uses the
MATLAB platform to calculate the ks, of the streams in the bedrock area across the Cang-
shan Piedmont Fault, Fengyi-Dingxiling Fault and Midu Basin Margin Fault. The mean
value of kg, in each basin was taken as the final kg, value of the basin (Table 2) to obtain
the spatial distribution map of ks, of the basins along the fault segments. Figure 10 is the
distribution map of the ks, calculated based on 36 bedrock channels along the Cangshan
Piedmont Fault, and the kg, value ranges from 875-2512. The spatial distribution shows
that the ks value of the section from Yingiao north to Zhoucheng ranges from 1085 to
2512, with an average value of 1678. The ks, value of the section from Yingiao south
to Xiaguan ranges from 875-1629, with an average value of 1242. With Yingiao as the
boundary, the ks, value of the northern section is larger than that of the southern section,
showing the same spatial distribution trend as the calculated HI value. The overall high
ksn value of the fault indicates that the Cangshan Piedmont Fault is tectonically active,
and the tectonic activity of the Yingiao-to-Zhoucheng section is higher than that of the
Yingiao-to-Xiaguan section. As shown in Figure 11, the ks, values of the Fengyi-Dingxiling
Fault range from 362 to 1179, and only 3 of the 20 ks, values obtained are above 1000. As
shown in Figure 12, the ks, value of the Midu Basin Margin Fault ranges from 126 to 578,
and its overall ks, value is significantly lower than that of the Cangshan Piedmont Fault
and Fengyi-Dingxiling Fault. The spatial distribution map of ks, shows that the ks, value
of the Longwangmiao—Gaomengying section is higher and concentrated between 440 and
578, so the ks value of the fault segment decreases significantly from south to north. The
spatial distribution trend is consistent with that of the calculated HI values, indicating
that the Longwangmiao-Gaomengying segment is the most active part of the Midu Basin
Margin Fault. The kg, value of the northern segment of the Red River Fault Zone decreases
from north to south, indicating that there is differential uplift in the northern segment; that
is, the uplift rate gradually decreases from north to south.
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Table 2. The kg, of streams.

Stream ksn Stream ksn Stream ksn Stream ksn Stream ksn
R1 1966 R16 1412 R31 1518 R46 709 R61 446
R2 1808 R17 1546 R32 1454 R47 449 R62 578
R3 1501 R18 1578 R33 1306 R48 367 R63 532
R4 1440 R19 1632 R34 1257 R49 904 R64 478
R5 2410 R20 1745 R35 951 R50 403 R65 440
R6 1181 R21 2111 R36 875 R51 509 R66 314
R7 1356 R22 1467 R37 1179 R52 735 R67 412
R8 1596 R23 1629 R38 1179 R53 411 R68 331
R9 1691 R24 1031 R39 413 R54 1004 R69 358
R10 2512 R25 1001 R40 549 R55 564 R70 126
R11 2400 R26 1542 R41 450 R56 498 R71 356
R12 1085 R27 1382 R42 702 R57 362 R72 336
R13 1653 R28 1127 R43 362 R58 461 R73 381
R14 1416 R29 906 R44 634 R59 341 R74 239
R15 1429 R30 1414 R45 740 R60 501 R75 544
100°0'0" E 100°20'0"E

26°0'0"N

25°40'0"N

ke
B 575-1031
[ 1032-1306
[ 13071596
I 1597-1966
I 19672512

529 530

b S31
- $32

100°0'0"E

77
ot

S33

S347

26°0"0"N

25°40'0"N

100°20'0"E

Figure 10. ks, of drainage basins of the Cangshan Piedmont Fault.
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4.4. Indication of Stream Geomorphic Index to Active Tectonics

The average slope value and average RDLS value of each fault show high consistency.
According to the value range of each fault, the Cangshan Piedmont Fault features the
highest values, the Fengyi-Dingxiling Fault features the second highest values, and the
Midu Basin Margin Fault features the lowest values. The ranges of ks, values and HI
values in each basin of the Cangshan Piedmont Fault, Fengyi-Dingxiling Fault and Midu
Basin Margin Fault are drawn as scatter plots for comparison. The ks, values of each fault
(Figure 13a) are significantly different. The Cangshan Piedmont Fault values are the highest,
followed by the Fengyi-Dingxiling Fault values and the Midu Basin Margin Fault values.
Compared with the difference in the ks, values, the difference in the HI values on the scatter
plot is relatively small (Figure 13b) and concentrated in the range of 0.4~0.6. However,
it can also be seen that the Midu Basin Margin Fault has a smaller HI value, while the
Cangshan Piedmont Fault has a higher HI value, and the trend is generally the same as that
of the ksn values. A comprehensive analysis of several stream geomorphic indices shows
that the northern section of the Red River Fault Zone is highly active. According to the
differences in spatial distribution, the structural activity of the Cangshan Piedmont Fault,
Fengyi-Dingxiling Fault and Midu Basin Margin Fault weakens from north to south, and
the Cangshan Piedmont Fault is the most intense.
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Figure 13. Comparison of kss (a) and HI (b) values in basins along the secondary faults (F2: Cangshan
Piedmont Fault; F3: Fengyi-Dingxiling Fault; F4: Midu Basin Margin Fault).

In order to effectively synthesize and summarize the indication of ks, and HI values
on the change in active tectonic intensity, we conducted principal factor analyses of ks, and
HI. Principal factor analysis can reduce the information loss of the original index as far
as possible, and at the same time reduce the number of index parameters and replace all
kinds of information existing in various variables with fewer comprehensive indicators.
These comprehensive indicators can more directly reflect the substantive connotation
of the original indicators to be explained, which is a highly effective generalization and
abstraction of the original variables [74]. After principal factor analysis with SPASS software,
we obtained factor 1 as the first principal factor, whose eigenvalue was 1.342 and the
percentage of variance was 67.1%. Factor 1 contains about 67.1% of the information in
the original two variables, which is relatively representative. We used it as a new index
of active tectonic intensity. Like ks, and HI, the higher the value, the more active it is.
We calculated the principal factor score and presented it as a variation curve (Figure 14),
which can be easily divided into three sections, corresponding to the drainage basins of
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three faults (F2, F3, F4), respectively. The value of factor 1 in the three intervals showed
a decreasing trend and it can also be concluded that the active tectonics of the northern
segment of the Red River Fault Zone gradually weaken from north to south.
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Figure 14. Variation curve of factor 1 in the northern segment of Red River Fault Zone from north to south.

5. Discussion
5.1. Lithology and Climatic Factors

The distribution of Middle and Late Pleistocene alluvial deposits can be seen at the
junction of the faults and basins in the study area. In addition, Proterozoic, Permian,
Devonian, Ordovician and Jurassic strata are also exposed around the faults (Figure 15).
The southern section of the Cangshan Piedmont Fault has a large number of Proterozoic
rocks, including gneiss, amphibolite, schist and marble with moderate and high degrees of
metamorphism, and these lithologies are highly resistant to erosion. The northern area is
dominantly Devonian strata, consisting of shale, sandstone, etc., and there is a small amount
of Late Paleozoic diorite and diabase with a relatively low degree of erosion resistance.
The Fengyi-Dingxiling Fault has a large number of Ordovician strata, including sandstone,
shale and limestone, and Devonian strata including limestone and sandstone in the south.
Granitic porphyry is also distributed in the south and has a high degree of erosion resis-
tance. The Midu Basin Margin Fault is associated mainly with Cretaceous strata, mainly
quartz sandstone, mudstone, siltstone, sandstone and conglomerate. Jurassic strata and
Permian rocks are distributed in the south, and the Permian eruptive rocks are dominated
by various types of basalt, such as compact basalts and orthocline basalts [30]. Different
lithologies have different degrees of erosion resistance, which affects the geomorphic evo-
lution of the drainage basin. Comprehensive lithologic analysis shows that the erosion
resistance of the bedrock in the southern section of the Cangshan Piedmont Fault is higher
than that in the northern section. If the tectonic and rainfall factors are not considered,
the HI and kg, values in the southern section should be higher than those in the northern
section, but the actual results are the opposite. Similarly, there are granitic porphyry rocks
with a high degree of erosion resistance in the southern section of the Fengyi—Dingxiling
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Fault, whose stream geomorphic indices should show a high value, but the results are
lower than those of the northern section of the Cangshan Piedmont Fault with relatively
weak erosion resistance. The stream geomorphic indices in the study area are not greatly
affected by lithology. The climate of the study area is subtropical, with mild and humid
conditions. Climate can also have an impact on the geomorphic evolution of a drainage
basin. In terms of climate, the influence of topographically induced precipitation is greater
in alpine regions than in mountain regions. From China Meteorological Data Network
(https:/ /data.cma.cn/data/weatherBk.html, accessed on 9 November 2022.) data, we ob-
tained the monthly average precipitation statistics of Dali station near Cangshan Piedmont
Fault and Midu station near Midu Basin Margin Fault from 1981 to 2010, and calculated the
annual average precipitation. The annual average precipitation of Dali station is 87.9 mm
and that of Midu station is 65.7 mm. Specifically, the precipitation is higher along the Cang-
shan Piedmont Fault than along the other faults, and if other factors are not considered,
the HI and kg, values of this fault section should be lower; however, in fact, the opposite is
true. Climate is not the main factor affecting the stream geomorphic indices.
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Figure 15. Regional lithologic distribution map (from https://www.ngac.org.cn, accessed on
4 November 2022). (1: Holocene alluvium sediments; 2: Pleistocene alluvial sediments; 3: Tertiary;
4: Cretaceous; 5: Jurassic; 6: Triassic; 7: Permian; 8: Gray limestone; 9: Silurian; 10: Carboniferous;
11: Devonian; 12: Ordovician; 13: Precambrian metamorphic rocks; 14: Neoproterozoic; 15: Paleo-
proterozoic; 16: Brown schist; 17: Syenite porphyry; 18: Granite porphyry; 19: Diorite; 20: Granite;
21: Gabbro; 22: Mafic rock; 23: Diabase gabbro; 24: Lake).
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5.2. Tectonics

Early studies have shown that the Quaternary activity intensity of the Red River
Fault Zone gradually increases from south to north with decreasing activity age. A field
geological survey showed that the center of activity in the Late Holocene was located on
the boundary faults from Dali to Midu in the north—namely, the Cangshan Piedmont Fault,
Fengyi-Dingxiling Fault and Midu Basin Margin Fault [30]. The spatiotemporal evolution
of the activity is in good agreement with the distribution of destructive earthquakes and
paleoseismic relics along the fault zone. In the northern segment of the fault with intense
activity since the latest Pleistocene, there have been hundreds of earthquakes of magnitude
5 or higher, and many destructive earthquakes of magnitude 7 or so have occurred. The pa-
leoseismic relics of the latest Pleistocene to Holocene period are clear [75,76]. The 1925 Dali
earthquake of magnitude 7 and the 1652 Midu earthquake of magnitude 7 occurred in the
northern segment. For example, the 1925 Dali M7 earthquake occurred on the Cangshan
Piedmont Fault segment, which has been obviously active in the Holocene. This fault
also exhibits obvious evidence of vertical differential activity from the Late Pleistocene
to the Holocene, which can be seen in many fault scarps along the fault zone. There are
several traces of paleoearthquakes along this fault, which is the main segment generating
strong earthquakes. The 1652 Midu M7 earthquake occurred on the Midu Basin Margin
Fault, which was also an active fault from the Late Pleistocene to the Holocene [30]. This
paleoseismic information also indicates that the northern segment of the Red River Fault
has been very active since the Late Pleistocene. Second, a large number of geophysical
studies have also shown strong tectonic activity along the northern segment. Yan et al. [77]
obtained the motion state of the Red River Fault Zone through sectional analysis based
on the observation data of 144 GPS stations in the Red River Fault Zone and its adja-
cent areas from 2009 to 2014. The simulation results of fault dislocation showed that the
locking degree of the northern section of the Red River Fault Zone is significantly higher
than that of the central and southern sections. The locking coefficient of the northern
section is 1.0 at a depth of 44 km, reaching the state of complete locking. The correspond-
ing slip deficit of the northern section also decreases significantly from north to south.
Xu et al. [6] used InSAR to obtain the co-seismic deformation field of the M6.4 earthquake
that occurred in Yangbi County on 21 May 2021. They calculated the regional strain dis-
tribution and the Coulombic stress changes of neighboring faults caused by co-seismic
dislocation. The Longpan-Qiaochou Fault, Chenghai Fault and northern Red River Fault
Zone in the northwestern Yunnan tectonic area show a Coulomb stress increase, and the
Coulomb stress increase in the northern Red River Fault Zone is the most significant,
reaching 0.01 MPa. Numerous studies have shown that the northern segment of the Red
River Fault Zone currently has continuous strain accumulation, large deformation width
of the fault zone and a high degree of locking, which is manifested as an area with sig-
nificantly high values of tensile strain and shear strain. The high-strain state indicates
that the current tectonic stress is strong, and the high slip rate also reveals the activity of
deep fault deformation in this area [48,78-81]. Considering that the stream geomorphic
indices are not greatly influenced by lithology and climate factors, the major role played
by tectonic processes is illustrated. The stream geomorphic indices show high values in
the northern segment along the Cangshan Piedmont Fault to the Midu Basin Margin Fault,
indicating that the neotectonic activity in this region is higher than elsewhere, and the
values gradually decrease from north to south, indicating that the tectonic activity is highest
along the Cangshan Piedmont Fault and decreases progressively to the south.

During the collision between the Indian Plate and the Eurasian Plate, the pushing of
the Indian Plate in the northward and east-northeastward directions shortened, thickened
and uplifted the crust of the Qinghai-Tibet Plateau and resulted in rotation and extrusion
in the southeast direction. The movement of the southwest Qinghai-Tibet Plateau block
was blocked by the Kunlun Mountain—Xianshuihe Fault, which made the block slip in
the southeast direction. As a result, the Sichuan—-Yunnan rhomboid block has experienced
extrusion in a south—southeast direction [82]. The Red River Fault Zone is the southwestern
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boundary of the Sichuan—Yunnan rhomboid block, and the southward movement of the
Sichuan—Yunnan block pushes and deforms the Red River Fault Zone, resulting in the
right-lateral movement of the fault zone (Figure 16). Therefore, the activity of the Red River
Fault Zone is controlled by the combined action of the ENE pushing of the Indian Plate, the
SE extrusion of the Qinghai-Tibet Plateau, and the SE extrusion of the Sichuan-Yunnan
rhomboid block, all of which play a crucial role in generating the forces driving activity
along the Red River Fault Zone [30,83,84].

=vvv— Thrust fault
#—— Strike-slip fault
o City
C——> Direction of motion of the Indian plate
>—> Theextrusion direction of the Tibetan Plateau
mmmdp The extrusion direction of the Sichuan-Yunnan Block

Figure 16. Crustal dynamics of the Qinghai-Tibet Plateau and its surrounding areas. XOB: Ximalaya
Orogeny Belt; ATFZ: Altyn Tagh Fault Zone; QLSFA: Qilianshan Fault Zone; LMSF: Longmenshan
Fault; A-XFZ: Anninghe—Xiaojiang Fault Zone; RRFZ: Red River Fault Zone; JSJFZ: Jinshajiang Fault
Zone; K-XFZ: Kunlun—Xianshuihe Fault Zone.

Resulting from the combined effects of the above pressures, large-scale dextral strike-
slip movement has occurred in the Red River Fault Zone since the Quaternary, resulting
in dextral slip in the eastern block of the fault zone, mass loss at the northern end and
the formation of an extensional zone in the northern segment of the fault zone, as shown
in the geometric model diagram of tension-shear activity in the northern segment of the
Red River Fault Zone (Figure 17). The Cangshan Piedmont Fault and Fengyi-Dingxiling
Fault in the northern section are tensile normal faults with dextral strike-slip motion.
Second, in the northern section, a left-stepping en echelon arrangement of basins formed,
including the Eryuan Basin, Dali Basin, Fengyi Basin and Midu Basin. They are triangular
in shape, and the opening at the northwestern end and convergence at the southeastern
end are the products of right-lateral extension. The above combined tectonic forces also
cause the block located between faults to have a rotational motion. With the Red River
Fault Zone as the boundary, the eastern blocks move clockwise and the western blocks
move counterclockwise. The eastern block rotation occurred with the sinistral strike-slip
movement of Chenghai Fault, Heqing—Eryuan Fault and Zhongdian-Jianchuan Fault.
The western block move counterclockwise with the dextral strike-slip movement of the
Red River Fault Zone and the Longling-Lancangjiang Fault [30]. The northern part of
the Red River Fault Zone is the main location of the movement and deformation of the
Sichuan-Yunnan Block, and this zone takes on and absorbs the movement energy and strain
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transferred by the northern Sichuan—Yunnan Block [85-88]. The trend of weakening activity
in the northern segment from north to south may be the result of the gradual weakening
of energy from the north in the southward transmission process. If the southeastward
extrusion of the Qinghai-Tibet Plateau is considered the main driving force for the Sichuan-
Yunnan Block movement with the Red River Fault Zone as the southwestern boundary,
then the current weakening trend of the Red River Fault Zone from north to south indicates
that the influence range of the lateral extrusion of the Qinghai-Tibet Plateau seems to be
limited. It will be of great scientific value to study the influence of the lateral compression
of the Tibetan Plateau on crustal deformation in the Sichuan—Yunnan region to further
explore the dynamic mechanism of strong earthquake activity in the Sichuan-Yunnan
region [15,83,84,89-91].

a—a_=a Tensile normal fault a)
== Strike-slip fault ==
- Principal stress and strain
«——= Direction of tension

“ ) Direction of block rotation

= Basin

Figure 17. Geometric model diagram of tension—shear activity in the northern segment of the Red
River Fault Zone. CHF: Chenghai Fault; H-EF: Heqing-Eryuan Fault; Z-JF: Zhongdian-Jianchuan
Fault; RRFZ: Red River Fault Zone; L-LF: Longling-Lancangjiang Fault.

6. Conclusions

Based on DEM data, we used ArcGIS and MATLAB to extract several stream geo-
morphic indices. The information provided by the channel geomorphology regarding the
activity of the Cangshan Piedmont Fault, Fengyi-Dingxiling Fault and Midu Basin Margin
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Fault in the northern segment of the Red River Fault Zone was quantitatively analyzed.
The results showed the following;:

(1) The comprehensive analysis of multiple indices shows that the degree of activity
along the northern segment of the Red River Fault Zone is relatively high, indicating
that the future strong earthquake risk of the northern segment is worthy of attention.

(2) The difference of tectonic activity intensity in the northern segment of the Red River
Fault Zone is the main factor affecting the river landform change. The activity of the
Cangshan Piedmont Fault is the highest. The spatial difference in geomorphic index
values reflects the trend of decreasing activity in the northern segment from north to
south, which is consistent with the trend of decreasing activity in the Red River Fault
Zone from the northern segment to the middle and southern segments.

(3) Among the factors of climate, lithology and tectonics, neotectonics are the main factor
controlling the fluvial geomorphology development of each secondary fault in the
northern segment of the Red River Fault Zone. The relative strength of tectonic
activity in the northern segment of the Red River Fault Zone obtained by fluvial
geomorphology is consistent with the findings of previous studies, indicating that
drainage basins can effectively reflect regional differences in tectonic activity.
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