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The tectonic deformation of a series of NWW-trending compressional band-shaped
mountains and fault zones in the Qilian Shan, northeastern Tibet, plays an important role
in absorbing the north—-south crustal shortening of the Tibetan Plateau and accommodating
the sinistral strike-slip of the Altyn Tagh fault. However, the deformation pattern of these
mountains and fault zones in response to crustal shortening and sinistral strike-slip remains to
be investigated. In this study, we present the slope map and swath profiles of the western
Qilian Shan extracted from high-resolution digital elevation model (DEM) data and the fluvial
geomorphologic characteristics of the Baiyang river in the northwestern Qilian Shan. Our data
indicate that the crustal uplift of the northern Qilian Shan is stronger than that of the central and
southern ranges of the Qilian Shan because of the high-terrain relief and stronger erosion. In
addition, the deformed terraces of the Baiyang river documented the activity of NWW-trending
faults in the western Qilian Shan. Based on the longitudinal profiles and ages of the deformed
river terraces, the vertical slip rates of the Changma, Yumen, and Bainan faults in the westemn
Qilian Shan since ~60ka were constrained to be 0.31 + 0.06, 0.33 + 0.02, and 0.24 +
0.02 mm/a, respectively. Based on the comparison with previous studies, we noticed that the
rate of the vertical slip since the Late Quaternary of the northern Qilian fault of 1.5-2 mm/ais
significantly higher than that of the Changma fault of 0.3-0.6 mm/a, which matches the terrain
relief in the Qilian Shan and demonstrates that the northern Qilian Shan has been rising faster
than its southern ranges. From the slip rates of the NWW-trending faults in the western Qilian
Shan, we suggest that the crustal shortening is widely distributed in the NWW-trending
compressional orogenic belts and fault zones across the Qilian Shan, among which the
northern Qilian Shan and its frontal thrust system absorb the greatest shortening amount,
whereas strike-slip faults within the Qilian Shan accommodate most of the sinistral strike-slip of
the Altyn Tagh fault.

Keywords: western Qilian Shan, geomorphologic characteristics, river terrace, slip rate, crustal shortening, sinistral
strike-slip
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Tectonic Deformation of Qilian Shan

1 INTRODUCTION

The collision and post-collisional convergence between India and
Eurasia have caused crustal shortening and thickening and led to
the generation of the magnificent mountain ranges of the
Himalayas and Tibetan Plateau (Molnar and Tapponnier,
1975; England and Houseman, 1986; Harrison et al., 1992; Yin
and Harrison, 2000). Since the onset of the Indo-Asian collision
at 65-50 Ma, the Himalayan-Tibetan orogen has absorbed at
least 1,400 km of crustal shortening (Yin and Harrison, 2000;
Ding et al,, 2017), which have been transformed into the rapid
uplift of mountains (e.g., Harrison et al., 1992; Wang et al., 2014),
thrusting and strike-slip of faults (e.g., Molnar and Tapponnier,
1975; Zhang et al, 2004), lateral extrusion of blocks (e.g.,
Tapponnier and Molnar, 1976; Hodges et al, 2001), and
shrinking and extinction of basins (e.g, Wang et al, 2014;

Ding et al, 2017). The northward expansion of the Tibetan
Plateau led to the growth of a series of compressional orogenic
belts in central Asia. Among them, the Qilian Shan (Shan means
“mountains” in Chinese), an orogenic belt in the northeastern
margin of the Tibetan Plateau, is a typical example (Wang et al.,
2016). The Qilian Shan is located in the convergence zone of the
Tibetan, Tarim, and Alshan blocks, that is, the transition region
from the plateau ranges to basins in the north, and plays an
important role in accommodating the tectonic deformation in the
northern plateau (Zuza et al., 2016). Recent results based on the
stratigraphy and apatite fission track chronology suggest that the
Qilian Shan began to uplift during the Late Miocene (14-10 Ma)
(Wang et al., 2016; Zheng et al., 2017), much later than the Indo-
Asian collision (Wang et al., 2014; Ding et al., 2017). Although the
Qilian Shan with an average altitude of >4,000 m was formed
relatively later, its area exceeds 2,000 km? Its enormous size
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FIGURE 1| (A) GPS velocity field of the China mainland (modified from Wang and Shen, 2020). (B) The tectonic map of the northeastern Tibetan Plateau showing

the main active faults and its slip rates. The range of the map is shown in the black rectangle of panel (A). (C) The topographic profile across the western Qilian Shan. The
location of the profile is the white line P-P’ in panel (B). Abbreviations of names: ATF, Altyn Tagh fault; CMF, Changma fault; DHNSF, Danghe Nan Shan fault; DXSF,
Daxue Shan fault; ELSF, Ela Shan fault; EKLF, Eastern Kunlun fault; NQDF, Northern Qaidam fault; NQLF, Northern Qilian fault; HYF, Haiyuan fault; LPSF, Liupan
Shan fault; RYSF, Riyue Shan fault; SLNSF, Shule Nan Shan fault; SQDF, Southern Qaidam fault.
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FIGURE 2 | The tectonic map of the northwestern Qilian Shan showing the slip rates of the active faults. The range of the map is shown in the white rectangle of
Figure 1B. The white frame in this map shows the Baiyang river study area covering the range of Figures 4A, 8A.

makes it a non-negligible part of studies of the tectonic
deformation of the plateau (Figure 1B).

The Qilian Shan absorbs the north-northeast (NNE) crustal
shortening of the Tibetan Plateau and accommodates the sinistral
strike-slip of the Altyn Tagh fault. Based on the Global
Positioning System (GPS) velocity field, the present-day
shortening rate between India and Eurasia is 40-50 mm/a
(millimeters per year) of which 15-20 and 20-30 mm/a are
absorbed by the Himalayan tectonic belt and the deformation
within the Tibetan Plateau and surrounding mountains,
respectively (Figure 1A) (Zhang et al., 2004; Wang and Shen,
2020). The crustal shortening rate across the Qilian Shan is 5.5
1.5 mm/a, accounting for 15%-17% of the total convergence rate
between India and Eurasia, which is mainly absorbed by the uplift
of mountains and deformation of five large-scale folded fault belts
(Zhang et al., 2004). The Altyn Tagh fault on the west side of the
Qilian Shan is a continental sinistral strike-slip fault in the
northern plateau. The GPS measurements revealed that the
sinistral slip rate of the Altyn Tagh fault decreases from 8 to
12 mm/a in the middle section to 1-2 mm/a in the easternmost
section after crossing the Qilian Shan (Figure 1B) (Zhang et al.,
2004; Liu J. et al., 2020; Wang and Shen, 2020), indicating that the
Qilian Shan accommodates ~8 mm/a of the sinistral strike-slip of
the Altyn Tagh fault. However, the focus of previous studies was
mainly placed on the tectonic deformation of boundary fault belts
in the Qilian Shan, especially the northern Qilian Shan and its

frontal thrust (e.g., Hetzel et al., 2002; Hetzel et al., 2004; Zheng
et al., 2013a; Hu et al., 2015; Liu R. et al., 2017; Liu X.-W. et al.,
2017; Yang et al,, 2018a; Yang et al., 2018b; Liu X.-w. et al., 2019;
Liu X. et al.,, 2019; Hetzel et al., 2019; Yang et al., 2020; Hu et al,,
2021; Lietal., 2021). The knowledge of the sinistral strike-slip and
the compressional deformation within the Qilian Shan is
insufficient, which restricts the overall understanding of the
tectonic deformation in the northern plateau.

Spatial analysis and geomorphological quantitative studies are
powerful tools for studying tectonic deformation within the
Qilian Shan. Based on high-resolution digital elevation model
(DEM) data and geomorphic parameters, such as the slope and
relief extracted in this study, the spatial variation of the terrain
relief can be determined. A series of north-south rivers flow
perpendicularly through the band-shaped mountains and fault
zones in the western Qilian Shan and have inevitably been
affected by tectonic activity (Figure 2). The geomorphologic
characteristics of these rivers reflect the tectonic deformation
of the mountain ranges and tectonic belts (Chen and
Koronovskii, 2020). It has been proven that the slip rates of
the faults and fold belts can be constrained by studying deformed
landforms along the active Qilian Shan front and in its foreland
(e.g., Hetzel et al., 2002; Hetzel et al., 2004; Hu et al., 2015; Liu X.-
W. et al,, 2017; Yang et al., 2018a; Yang et al,, 2018b; Liu X.-w.
et al., 2019; Liu X. et al., 2019; Hetzel et al., 2019; Chen and
Koronovskii, 2020; Liu R. et al., 2020). In this study, field surveys
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and topographic measurement were applied to analyze the fluvial
geomorphologic characteristics of the western Qilian Shan. By
measuring the displacements and ages of deformed river terraces,
we obtained the long-term slip rates of the main faults in the
study area. All above-mentioned results were used to explain the
tectonic deformation, strain distribution, and deformation
pattern in the western Qilian Shan.

2 TECTONIC SETTING OF THE STUDY
AREA

The Qilian Shan is the northeastern leading edge of the Tibetan
Plateau, resulting from the northward expansion of the plateau.
The overall tectonic trend of the Qilian Shan is approximately
N65°W, almost perpendicular to the direction of the relative
movement between the Indian and Eurasian plates (Zhang et al.,
2004). A series of band-shaped mountains, compressional basins,
and fault and fold zones in the Qilian Shan are distributed in the
NWW direction, demonstrating that the tectonic deformation of
the Qilian Shan is characterized by compression (Figure 1B).
Based on GPS data, the crustal shortening rate between the
Qaidam Basin and Alshan Block is 5.5 + 1.5 mm/a, which is
largely absorbed by the NWW-trending mountains and fault
zones in the Qilian Shan (Zhang et al., 2004).

Our study area is the western Qilian Shan, which is bounded
by the Altyn Tagh fault to the west and the Haiyuan fault to the
east. From south to north, five large-scale NWW-trending
compressional fault zones can be observed, that, are the
northern Qaidam, Danghe Nan Shan, Shule Nan Shan,
Changma, and northern Qilian faults (Figures 1B,C). The
results of previous studies showed that the tectonic
deformation of the NWW-trending mountains and fault zones
in the western Qilian Shan plays a significant role in absorbing the
NNE crustal shortening of the plateau and accommodating a
large amount of sinistral strike-slip components of the Altyn
Tagh and Haiyuan faults (Zhang et al., 2007; Zheng et al., 2009;
Zheng et al., 2013b; Liu J. et al., 2020). These mountains and fault
zones obliquely intersect the Altyn Tagh and Haiyuan faults at
low angles (Figure 1B). Based on GPS data, the sinistral strike-
slip rate in the middle section of the Altyn Tagh fault is 8-12 mm/
a and decreases to 1-2 mm/a in the eastern section (Figure 1B)
(Zhang et al., 2007; Zheng et al., 2009; Zheng et al., 2013b; Liu
J. et al., 2020). The geological results suggest that the sinistral
strike-slip rate of the Altyn Tagh fault in the Holocene was 17.5 +
2.2 mm/a in the midwest, 11 + 3.5 mm/a in the middle, and 2.2 +
0.2 mm/a in the east (Xu et al., 2005). The sinistral strike-slip rate
of the Altyn Tagh fault decreased from west to east and
considerable sinistral strike-slip was absorbed by the tectonic
deformation in the western Qilian Shan. Contrary to the
decreasing trend of the Altyn Tagh fault, the slip rate of the
Haiyuan fault gradually increased from west to east. Based on
GPS data, the sinistral strike-slip rate of the Haiyuan fault is only
1-2mm/a in the west adjacent to Danghe Nan Shan and
4-5mm/a in the middle section near the Tuolai Nan Shan,
but it reaches 4-6 mm/a at the northern margin of the Qilian
Shan (Figure 1B) (Zheng et al., 2009; Zheng et al., 2013b), which

Tectonic Deformation of Qilian Shan

suggests that ~4 mm/a of the sinistral strike-slip in the western
Qilian Shan has been transferred into the Haiyuan fault. The
variation in the slip rates of the Altyn Tagh and Haiyuan faults
indicates that the western Qilian Shan is an important transition
zone for the accommodation of the sinistral strike-slip of these
two large-scale faults, where a large proportion of sinistral strike-
slip components of the Altyn Tagh fault has been absorbed and
partially transferred into the Haiyuan fault by the NWW-
trending mountain building and faulting within the western
Qilian Shan.

The northwestern Qilian Shan represents the junction zone of
the Qilian, Tarim, and Alashan blocks where tectonic
deformation is characterized by crustal shortening and surface
uplift (Chen and Koronovskii, 2020). A series of north-south
rivers flow through the NWW-trending band-shaped mountains
and active fault zones in the western Qilian Shan. These rivers
provide typical geomorphologic markers for studying the tectonic
deformation in this area. In this study, the Baiyang river, one of
the largest north-south rivers in the northwestern Qilian Shan,
was selected as the research object (Figure 2). Four NWW-
trending fold-and-thrust zones are developed from south to
north in the Baiyang river catchment, that is, the Changma,
Hanxia, and Yumen faults and its anticline (Laojunmiao
anticline) and the Bainan fault and its anticline (Baiyanghe
anticline) (Figure 2) (Liu R. et al, 2017; Chen and
Koronovskii, 2020). These faults are subject to compressional
deformation in the NNE direction and the sinistral strike-slip of
the Altyn Tagh fault. Their trend is consistent with the principal
stress field of the Qilian Shan. Based on topographic surveys and
"C dating, Zheng et al. (2013a) determined the left-lateral and
thrust slip rates of 1.17 + 0.07 and 0.25 mm/a of the Changma
fault. However, Luo et al. (2013) constrained the left-lateral and
thrust slip rates of the Changma fault to be 1-3 mm/a and
0.3-0.6 mm/a; Du et al. (2020) estimated the left-lateral slip
rates of the Changma fault to be 3-5mm/a. Previous studies
on the constraint of slip rates of the Changma fault differ greatly.
Using similar methods, Liu X.-w. et al. (2019) derived a vertical
slip rate of 0.9 + 0.1 mm/a and a shortening rate of 1.9 + 0.5 mm/a
for the Yumen blind thrust in the Qilian Shan foreland and Hetzel
etal. (2002, 2019) obtained a vertical slip rate of 0.35 + 0.05 mm/a
for the Bainan fault and a horizontal shortening rate of 2.0 +
0.3 mm/a for the northern Qilian Shan frontal thrust. Most of
studies show that the shortening rates of the northern Qilian Shan
fault system vary in the range of 1-2 mm/a (e.g., Hetzel et al,
2004; Zheng et al., 2013a; Hu et al., 2015; Liu X.-W. et al., 2017;
Yang et al., 2018a; Yang et al., 2018b; Liu X.-w. et al.,, 2019; Liu X.
et al., 2019; Hetzel et al., 2019).

3 MATERIALS AND METHODS

3.1 Geomorphologic Spatial Analysis Based
on the Digital Elevation Model

Geomorphologic parameters, such as the slope and slope
direction, extracted from high-resolution DEM data can
provide qualitative and quantitative constraints for studying
the tectonic deformation in orogenic belts (e.g., Chu, 2015). In
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this study, we obtained slope parameters based on DEM data with
a precision of 30 m and developed the slope map of the Qilian
Shan using ArcGIS software (Figure 3B), which accurately
reflects the spatial variation of the terrain slope in the Qilian
Shan. Before analyzing the spatial variation of the terrain slope, a
reasonable slope classification system must be established. In this
study, based on the slope classification developed by the
Geomorphology Survey and Mapping Committee of the
International Geographical Union, we classified the slope
grades as follows: 0°-0.5°, 0.5°-2°, 2°-5°, 5°-15°, 15°-35’,
35°-55°, and 55°-90°, representing the plain, gentle slope,
moderate slope, steep slope, very steep slope, cliff, and vertical
wall, respectively (Figure 3B) (Chu, 2015; Cheng et al., 2019). In
the slope map, different slopes were expressed using different
colors to present the spatial variation of the slopes.

Topographic swath profiles have an advantage over
conventional topographic linear profiles with respect to the
evaluation of the effects of vertical surface movements in the
investigation of fluvially sculpted topography. Based on
topographic swath profiles derived from DEM data, a simple
linear profile can be expanded into a rectangular swath profile
and the elevation in a given swath area can be calculated as
statistical parameters (maximum, mean, minimum, and standard
deviation), which reflect the terrain relief in the study area and
compensate for the deficiencies of single linear topographic
profiles (Chu, 2015). In this study, we used the 3D analyst
tools of ArcGIS to extract two swath profiles across the
western Qilian Shan, perpendicular to the strike of the
mountains and faults. Each profile has a width of 5km and
length exceeding 500 km (Figure 3A). Then, we divided each
profile into 100 units, each of which is a square of 5 x 5km?.
Based on the elevation from DEM, we derived the maximum
(Max), average (Mean), minimum (Min), and Range values (the
difference between Max and Min) of elevation for each unit and
plotted four curves in the swath ranges, respectively.
(Figures 3C,D).

3.2 Topographic Surveys of the Fluvial

Geomorphology

The fluvially sculpted topography on the Earth’s surface is the
result of interactions among the tectonics, erosion, and climate
(Lavé and Avouac, 2001). To analyze the coupling between the
fluvial topography and tectonic movements, it is crucial to
accurately identify geomorphic markers that can reflect
tectonic deformation. The results of previous studies suggested
that climate change is the driving force of deep incision and the
formation of terraces of rivers in the northern Qilian Shan
because the regional fluvial incision rates are significantly
higher than the vertical slip rates of the northern Qilian thrust
(e.g., Hetzel et al, 2006; Yang et al, 2020). Despite the
inconsistencies of the incision and vertical slip rates,
numerous fluvial geomorphic markers can be used to reflect
the tectonic deformation in orogenic belts such as hanging
valleys, bedrock gorges, steep V-shaped channels, fluvial strath
terraces, etc. (Chen and Koronovskii, 2020). Through a field
investigation, we comprehensively analyzed the geomorphic

Tectonic Deformation of Qilian Shan

features of the reaches of the Baiyang river catchment,
including the valley contour, riverbed characteristics, heights
of the valleys, types, and composition of terraces, etc. Based
on the distribution of mountain ranges and faults and fluvial
geomorphologic features, the Baiyang river can be divided into
upper, middle, and lower reaches. The sections south of the
Changma fault, from the Changma fault to the Yumen fault, and
north of the Yumen fault were classified as the upper, middle, and
lower reaches, respectively (Figure 4A).

3.3 Measurement of the Displacement and

Ages of Deformed Terraces

River terraces have been deformed due to the continuous activity
along faults in the northern Qilian Shan. In turn, the
displacement of the river terraces reflects the movement of
these faults. By measuring the displacement of the terraces
and determining their ages, the rates of the long-term slip of
these faults since the Late Quaternary can be obtained (e.g., Liu R.
etal, 2017; Yang et al., 2018a; Yang et al., 2018b; Liu X.-w. et al,,
2019; Liu X. et al., 2019; Chen and Koronovskii, 2020). The key to
deriving the long-term slip rates of faults is to accurately measure
the offsets and ages of terraces. In this study, the differential GPS
with a centimeter accuracy was used to obtain the elevation of
terraces above the riverbed near faults, based on which the
longitudinal profiles of the river terraces were established. We
first investigated the development of river terraces near the faults
and divided the river terraces into different levels based on the
elevation, distribution areas, and composition. Along the
Changma fault, we identified three terrace levels and named
them T1 to T3 (Figures 5A,B). Along the Hanxia and Yumen
faults, we divided the terraces into 5-6 levels (Figures 6A,B,D).
Along the Bainan fault and its anticline, we identified five terrace
levels (Figures 7B,C). Then, we used the Trimble R10 GNSS
measurement system to obtain the elevation of terraces. In this
way, we obtained the elevation data of T1-T3 terraces near the
Changma fault, T1-T5 near the Yumen fault, T1-T5 near the
Bainan fault and the riverbed (TO0). At last, the longitudinal
profiles of the terraces were established to derive the offsets of
the terraces due to faulting. T3 along the Changma fault and T5
along the Yumen fault represent the regional terraces in the upper
and middle reaches and its ages are also similar, demonstrating
that these two terraces are comparable (Table 1).

We employed two dating methods (optically stimulated
luminescence, OSL, and terrestrial cosmogenic nuclide dating,
'%Be) to estimate the ages of the offset terraces. Near the Changma
fault, we collected the OSL dating sample from the loess layer
approximately 2 m below the surface of T3 (Figure 5A). Between
the Hanxia fault and Yumen fault, we collected the '°Be dating
samples of T3 and T5 from the terrace well-developed section
(Figure 6A). On the north side of the Bainan fault, we collected
'9Be samples from all terraces (Figure 7B). All sampled terraces
are well-developed regional terraces in their respective sections.
The dating procedures can be referred to our previous study of
Liu R. et al. (2020). Some results of offsets and ages of fault
terraces have been published in our previous works (Liu R. et al.,
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FIGURE 4 | (A) The topographic map of the Baiyang river catchment. The range of the map is shown in the white frame of Figure 2. (B-D) are the regional terrace
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2017; Chen and Koronovskii, 2020). In this study, we reorganized
these data for our research purpose and listed them in Table 1.

4 RESULTS

4.1 Slope Map and Swath Profiles Based on
the Digital Elevation Model

To characterize the topographic features of the Qilian Shan, a
slope map and two swath profiles based on high-resolution DEM
data of the Qilian Shan were extracted in this study (Figures
3A-D). The slope map shows that plains, gentle slopes, and
moderate slopes are mainly distributed in the basins and valleys
within and around the Qilian Shan and are widely distributed in
the south of the Qilian Shan. However, they are limitedly
distributed in band-shaped intermontane basins in the central
and northern Qilian Shan (Figure 3B). Areas with steep slopes
are strictly limited to the foothills of mountain ranges. Cliffs and
vertical walls best represent the high-relief topography and are
widespread in all NWW-trending band-shaped mountains of the
Qilian Shan, but their distributions differ. In the northern Qilian

Shan, they are widely distributed, extending from the northern
margin of the Qilian Shan to the Tuolai Nan Shan, accounting for
more than 60% of the entire distribution of cliffs and vertical walls
(Figure 3B). In the central Qilian Shan, they are in the top areas
of the Shule Nan Shan and the Danghe Nan Shan, accounting for
~30% of the distribution of cliffs and vertical walls. However, in
the southern Qilian Shan, cliffs and vertical walls are rare; they are
distributed at the peaks of mountain ranges, accounting for less
than 10% of the distribution of cliffs and vertical walls
(Figure 3B). Therefore, the spatial variation of the slopes
shows that the distribution of areas with high slopes in the
northern Qilian Shan is significantly larger than that in the
southern and central Qilian Shan.

We extracted two swath profiles with an extension direction
perpendicular to the strike of the mountains and plotted four
curves (Max, Mean, Min, and Range curves) based on calculating
the elevations in the swath ranges (Figures 3B-D). The range
curve best represents the terrain relief in the study area. In the
western profile (Figure 3C, swath profile C-C’), the range is
comparatively low in the southern and central areas, reaching
~800 m in the southern Qilian Shan, ~1,000 m in the Danghe Nan
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FIGURE 5 | (A) Satellite image of the Baiyang river near the Changma fault showing the terrace distribution. The red lines represent the fault traces. The colored dots

denote the measuring paths of terraces. The blue lines show the faulted gullies in this region. The white five-pointed star shows the location of the optically stimulated
luminescence (OSL) sample. The image range is shown in the black rectangle of Figure 8A. (B) The longitudinal profiles of terraces (T1-T3) and the modern riverbed (TO)
of the Baiyang river showing the offset of the terrace T3 (modified from Liu R. et al., 2017).

Shan, and the minimum of 700 m in the Shule Nan Shan. From
the Tuolai Nan Shan to the northern Qilian Shan, the range
significantly increases. In the Tuolai Nan Shan, the range
steadily varies between 700 and 1,000 m, but that is above
1,000 m within a width of 70 km in the northern Qilian Shan
and rapidly reaches the maximum of 2,000 m in the middle of
the northern Qilian Shan (Figure 3C). In the eastern profile
(Figure 3D, swath profile D-D’), the range is generally larger
than that in the western profile, especially in the central Qilian
Shan, and has a greater advantage of 200-300 m in the same
mountain ranges. However, the range reaches maxima in the
northern Qilian Shan in both profiles. In the eastern profile,
the range reaches up to 1,000 m within a width of 35 km in the

northern Qilian Shan, with a maximum of 1,400m
(Figure 3D).

In summary, the topographic slope map and two swath
profiles of the Qilian Shan show that the distribution of the
high-relief terrain and the range value reach maxima in the
northern Qilian Shan, demonstrating that the terrain relief in
the northern Qilian Shan is much greater than that in the central
and southern regions. The high terrain relief, in general, results
from intense erosion, which is closely related to tectonics and
climate. However, located in a same region, the mountains in the
Qilian Shan have similar climatic conditions. Thus, the terrain
relief in the northern Qilian Shan might be related to the rapid
surface uplift in the northern Qilian Shan. Furthermore, the
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FIGURE 6 | (A) Satellite image of the Baiyang river in the northern Qilian Shan front. The red lines represent the fault traces. The colored dots denote the measuring
paths of terraces. The '°Be sampling positions of T3 and T5 terraces have been exhibited. The image range is shown in the black rectangle of Figure 8A. (B) Satellite
image of the Baiyang river near the Yumen fault showing the terrace distribution. The image range is shown in the black rectangle of (A). The colored dots denote the
measuring paths of terraces. (C) The photograph of fault scarp of the Yumen fault in the alluvial fan. The location of photograph is shown in the (A). (D) The
longitudinal profiles of terraces (T1-T5) and the modern riverbed (TO) of the Baiyang river near the Yumen fault. The measuring paths have been shown in the (B) (Chen
and Koronovskii, 2020; revised).
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research results of the Longmen Shan, the eastern margin of the
Tibetan Plateau, also suggested that crustal deformation and
topographic relief in mountain ranges are largely coupled
(Hubbard and Shaw, 2009).

4.2 Geomorphologic Characteristics of the
Baiyang River

The Baiyang river is a north-south river in the northern Qilian
Shan. It originates within the Qilian Shan and flows northward
through the northern mountain ranges of the Qilian Shan,

roughly perpendicular to the strike of the mountains and
faults. After crossing the mountain ranges, it continues to
incise piedmont alluvial fans and flows into the Jiuxi Basin
(Figure 4A). The Baiyang river flows through four active
faults, which from south to north are the Changma, Hanxia,
Yumen, and Bainan faults (Figure 4A). In this study, the Baiyang
river was divided into upper, middle, and lower reaches based on
the distribution of faults and fluvial topographic characteristics
(Liu R. et al., 2017; Chen and Koronovskii, 2020).

In the upper reaches of the Baiyang river, wide and U-shaped
valleys are developed. The riverbeds are wide (up to 50-150 m
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TABLE 1 | The displacements and ages of terraces and slip rates of faults in the
Baiyang river.

Faults Terraces  Offsets (m)? Ages (ka)? Vertical
slip rate (mm/a)
Changma T3 182 587 £9.5 0.31 £ 0.06
Yumen T3 88+1.2 18.0+45 0.67 £0.2
T5 214 +1.2 64.4 + 9.0 0.33 £ 0.02
Bainan T1 5.0 120+ 2.0 0.41 £ 0.04
T2 10.5 39.9+538 0.27 + 0.04
T3 14.5 73.4 £ 8.8 0.20 + 0.02
T4 23.5 85.0 £ 9.8 0.28 + 0.03
T5 36 174.6 + 18.2 0.21 £ 0.02

aThe age of terrace T1 near the Bainan fault from Hetzel et al. (2002) and other offset and
age data of terraces from our previous studies of Liu R. et al. (2017) and Chen and
Koronovskii. (2020).

wide) and flat with a coarse gravel cover. We observed two to
three terraces upstream and named them TI1 to T3 from
youngest to oldest (below naming terraces in the same
way). Terraces T1 and T2 are widely distributed, but T3 can
only be observed locally. The surfaces of terraces T1, T2, and
T3 are 2-3, 7-10, and 20-30 m higher than the modern
riverbed. The T1, T2, and T3 are accumulation terraces,
which are mainly composed of fluvial gravel and covered
with eolian loess (Figures 4D,G).

The middle reaches of the Baiyang river flow through the main
mountain ranges of the northern Qilian Shan in which the valleys
significantly narrow and the riverbeds that are more than 100 m
wide upstream quickly narrow down to a width of 10 m in the
midstream. Compared with the wide valleys upstream, deep and
V-shaped valleys are developed in the midstream and the terrace
type gradually changes from accumulation to erosion and
basement terraces. Unconformities occur between the fluvial
gravel and bedrock. The bedrock is composed of Paleozoic
limestone, Mesozoic limestone and sandstone, Cenozoic
orange sandstone, and Pleistocene conglomerate and the
overlying layers consist of fluvial gravel and aeolian loess (Liu
X.-w. et al., 2019). With the gradual increase in the terrace levels,
high terraces are widely developed. In the south of the midstream,
the number of terrace levels is 3-5. In the north of the midstream
near the Hanxia fault, the terrace levels increase to 6-7. Terraces
T1 to T7 are 2-3, 5-10, 20-30, 45-50, 65-75, 85-90, and up to
110 m above the modern riverbed, respectively (Figures 4C,F).

The lower reaches of the Baiyang river incise the piedmont
alluvial fans of the northern Qilian Shan. In the range of the
alluvial fans, the valleys widen and the types of valleys change
from V-shaped valleys midstream to U-shaped valleys in the
alluvial fan area. However, the gravel layer in the fan is relatively
loose; thus, the valleys are still very deep. Low terraces
downstream are poorly developed and only two high terraces
are preserved. Based on the height of the river terraces, the two
high terraces downstream can contrast with the T4 and T5
terraces in the midstream, 45-50 and 70-80 m above the
modern riverbed, respectively. These terraces are mainly
basement terraces. The basement is composed of Pleistocene
conglomerates and the overlying layers consist of fluvial gravel
and aeolian loess. After crossing the alluvial fan, the river flows
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into the Jiuxi Basin and dries up in the middle of the basin
(Figures 4B,E).

Based on the fluvial geomorphological characteristics of the
Baiyang river, the fluvial geomorphic features in the middle
reaches notably differ from those in the upper and lower
reaches, mainly manifested by narrow, deep, and steep
V-shaped valleys, an increase in the terrace level, wide
distribution of high terraces, and different terrace types
(mainly erosional and basement terraces). The above-
mentioned characteristics indicate that the erosion in the
middle reaches of the Baiyang river is more intense than that
in the other reaches. As a regional river at the northern margin of
the Qilian Shan, the Baiyang river has a similar regional climate
and hydrodynamic environment, but the notable differences in
the fluvial topography among the three reaches may be related to
different intensities of tectonic movement, indicating that the
northern Qilian Shan was subject to more intense tectonism.

4.3 Kinematics of Faults in the Baiyang River

Catchment

From south to north, the Baiyang river flows through the
Changma fault, northern Qilian fault (including the Hanxia
fault and Yumen fault and associated Laojunmiao anticline),
and Bainan fault and associated Baiyanghe anticline. The long-
term slip rates of the faults since the Late Quaternary were
determined (Liu R. et al., 2017; Chen and Koronovskii, 2020).

4.3.1 Changma Fault

The Changma fault with a total length of ~120 km is a sinistral
strike-slip fault in the Qilian Shan with reverse components. Its
western end is connected to the Altyn Tagh fault. The Changma
fault is NWW-striking and inclined to the southwest, with a dip
angle of 50°~70". In the Baiyang river catchment, a fault plane can
be observed along the Changma fault, with the occurrence of
165°270° (Liu R. et al, 2017). Based on the fault plane, the
Changma fault shows reverse faulting characteristics, that is,
the Precambrian gray gneiss thrusts over the Miocene orange
sandstone (Liu R. et al., 2017). Based on the longitudinal profile of
the terraces near the Changma fault, we observed a significant
vertical displacement of 18 + 2m for terrace T3 (Figure 5B).
Combined with the age of T3 of 58.7 + 9.5 ka obtained by the OSL
dating method, the vertical slip rate of the Changma fault since
~59 ka was estimated to be 0.31 + 0.06 mm/a and the horizontal
shortening rate was determined to be 0.11 + 0.02 mm/a (Table 1)
(Liu R. et al,, 2017). In addition, notable sinistral offset ridges and
gullies can be observed on the eastern bank of the Baiyang river,
indicating that the Changma fault is affected by sinistral strike-
slip (Figure 5A). Based on the offsets and ages of the deformed
terraces, the estimated sinistral strike-slip rate of the Changma
fault is 3-5 mm/a in the Baiyang river catchment, which is in the
eastern segment of the Changma fault (Figure 2) (Luo et al., 2013;
Du et al., 2020).

4.3.2 Northern Qilian Fault
The northern Qilian fault is the boundary between the northern
Qilian Shan and adjacent Jiuxi Basin, which controls the
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geomorphologic contour of the study area. In the Baiyang river
catchment, this fault can be divided into two NWW-striking
secondary faults, that is, the Hanxia fault in the south and the
Yumen thrust fault in the north (Figure 6A). Based on the fault
scale, the Hanxia fault is the main boundary fault between the
northern Qilian Shan and Jiuxi Basin. The Yumen fault is
considered to be a newly formed thrust due to the northward
expansion of the Qilian Shan (Chen and Koronovskii, 2020).
Between the Hanxia and Yumen faults, the fault-related NWW-
trending anticline fold (Laojunmiao anticline) is 7-10 km wide
from south to north and ~50km long from west to east
(Figure 6A). The Hanxia fault, Yumen fault, and Laojunmiao
anticline jointly constitute the northern Qilian frontal thrust
system.

Based on topographic profiles, the river terraces along the
Hanxia fault are insignificantly deformed, but distinct fault
surfaces were observed in natural outcrops where the
Ordovician limestone thrusts over the Yumen conglomerate of
the Lower Pleistocene and the occurrence of the fault plane is
178°275° (Liu R. et al,, 2017). Based on geological mapping, the
Hanxia fault has been inactive since the Pleistocene and active
geomorphological evidence has not been found in the Baiyang
valleys (Institute of Geology and Lanzhou Institute of Seismology,
1993). In addition, notable deformation cannot be observed for
the terraces of the Shiyou river, a south-north river on the west
side of the Baiyang river (Hetzel et al., 2006).

The activity of the Yumen fault and Laojunmiao anticline
caused significant deformation the terraces of in the Baiyang river
catchment. Although the Yumen fault is regarded as a blind
thrust at the western front of the Qilian Shan (Liu X.-w. et al.,
2019), we observed notable fault traces of the Yumen fault in the
gullies on the east side of the Baiyang river, where the fault cuts
through the gravel deposits of alluvial fans and its occurrence was
measured to be 205°232° (Figure 6C) (Chen and Koronovskii,
2020). Thrusting leads to the vertical displacement of the terraces
of the Baiyang river. The longitudinal profile of the terraces of
Baiyang river shows that T3, T4, and T5 along the Yumen fault
were significantly deformed, with displacements of 8.8 +1.2,9.7 +
1.1, and 214 % 1.2m, respectively (Figures 6B,D). The
abandonment ages of T3 and T5 obtained by terrestrial
cosmogenic nuclide dating ('°Be) are 13.0 + 4.5 and 64.4 +
9.0 ka, respectively (Table 1) (Liu R. et al, 2017). Based on
the dip angle of the fault, we determined the vertical slip and
horizontal shortening rates of the Yumen fault since ~13 ka to be
0.67 + 0.2 and 1.06 + 0.5 mm/a, respectively. The vertical slip and
horizontal shortening rates of the Yumen fault since ~64 ka were
determined to be 0.33 + 0.02 and 0.53 + 0.03 mm/a, respectively
(Table 1) (Chen and Koronovskii, 2020). Liu R. et al. (2017)
constrained the vertical uplift and horizontal shortening rates of
the Laojunmiao anticline since ~9 ka to be 1.23 + 0.81 and 0.67 +
0.02 mm/a, respectively. Based on the combination of the slip
rates of the Hanxia fault, Yumen fault, and Laojunmiao anticline,
the long-term vertical slip rate of the western part of the northern
Qilian fault is 1.5-2 mm/a and the horizontal shortening rate is
1.2-1.7 mm/a, which is consistent with the shortening rate of
1.2-1.9 mm/a determined for the eastern segment of the Yumen
fault (Liu X.-W. et al., 2017; Liu X.-w. et al,, 2019; Liu X. et al,,
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2019), slightly higher than the vertical slip rate of 0.9-1.3 mm/a
and horizontal shortening rate of 1.1-1.4 mm/a reported for the
middle segment of the northern Qilian fault since the Late
Quaternary (Yang et al., 2018a) and significantly higher than
the vertical uplift rate of 0.4-0.8 mm/a determined in the eastern
part of the northern Qilian fault (Hu et al., 2015).

4.3.3 Bainan Fault

The Bainan fault is in the Jiuxi basin and has a NWW trend,
northward dip, dip angle of 30°, and length of ~20 km (Liu R.
et al, 2017). A fault-related fold (Baiyanghe anticline) is
developed on the northern side of the Bainan fault
(Figure 7A). The Bainan fault and Baiyanghe anticline, located
on the alluvial fan in the center of the basin, considered to
represent the reverse structure of the northern Qilian fault
(Min et al.,, 2002). River erosion and tectonic movement may
jointly result in the development and uplift of multiple terraces of
the Baiyang river. However, its uplifting topographic expression
contrasts sharply with the surrounding flat surface of the alluvial
fan, indicating that the tectonic activity may play a crucial role in
the growth of the fault and anticline. Therefore, we focus on the
effects of the internal dynamics rather than the external dynamic
process. From the longitudinal profiles, terraces T1-T5 are 5.0,
10.5, 14.5, 23.5, and 36 m above the modern riverbed (Figures
7B,C). The abandonment ages of T1-T5 based on terrestrial
cosmogenic nuclide ('’Be) dating are 12.0 +2.0,39.9 + 5.8,73.4 +
8.8,85.0 + 9.8, and 174.6 + 18.2 ka, respectively (Table 1) (Liu R.
etal., 2017). Based on the combination of the heights and ages of
the terraces, we determined the uplift rates of the Bainan fault and
Baiyanghe anticline since the formation of T1-T5 to be 0.41 +
0.04, 0.27 £ 0.04, 0.20 + 0.02, 0.28 + 0.03, and 0.21 + 0.02 mm/a,
respectively (Table 1) (Liu R. et al., 2017).

5 DISCUSSION

5.1 Deformation Characteristics of the
Northwestern Qilian Shan

Based on the fluvial geomorphologic characteristics of the
Baiyang river and the slip rates of faults, the vertical uplift rate
of the northern Qilian Shan dominated by the northern Qilian
fault is greater than that of the central Qilian Shan controlled by
the Changma fault. On the one hand, the geomorphologic
characteristics of the Baiyang river derived from the slope map
and swath profiles of the western Qilian Shan based on DEM data
suggest that the river erosion in the northern Qilian Shan is more
intense than that in the central Qilian Shan and the terrain relief
reaches a maximum in the northern Qilian Shan. On the other
hand, the vertical slip rates of the Changma and the northern
Qilian faults since the Late Pleistocene were estimated to be 0.31 +
0.06 and 1.5-2 mm/a, respectively, based on comparing the slip
rates of the main faults in the Baiyang river catchment (Luo et al.,
2013; Liu R. et al., 2017), demonstrating that the northern Qilian
Shan has been uplifted faster than the central Qilian Shan.
Based on this study, the age of T3 along the Changma fault,
that of T5 along the Yumen fault, and the average age of T2 and
T3 along the Bainan fault are comparable (~60 ka). Based on the
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Bainan fault (Liu et al., 2017a; revised).

combination of the estimated fault slip rates with the dip angles,
the vertical uplift rates of the Changma, Yumen, and Bainan faults
since ~60 ka were estimated to be 0.31 + 0.06, 0.33 + 0.02, and
0.24 + 0.03 mm/a, respectively, and the horizontal shortening rate
were determined to be 0.11 + 0.02, 0.53 + 0.03, and 041 +
0.05 mm/a, respectively (Figures 8A,B). Although the Hanxia
fault might be the main fault based on its scale, a significant fault
trace cannot be observed along the Hanxia fault (Hetzel et al,
2006; Liu R. et al.,, 2017; Liu X.-W. et al., 2017; Liu X.-w. et al,,
2019). Instead, the Yumen fault and its anticline (Laojunmiao
anticline) were notably deformed and their uplift and shortening
rates since the Late Pleistocene are 1.5-2 and 1.2-1.7 mm/a,

respectively (Figure 9A) (Liu R. et al, 2017). Thus, both
vertical uplift rates and shortening rates of the northern Qilian
fault are significantly higher than those of the Changma fault
within the Qilian Shan. However, it should be noted that the
activity intensity of the Yumen fault at the northern Qilian Shan
front is greater than that of the Hanxia fault (Hetzel et al., 2006).
The reason for this phenomenon may be that the active area at the
front of the northern Qilian Shan migrated from the Hanxia fault
to the Yumen fault and associated fold belt due to the northward
expansion of the Qilian Shan (Figure 9B).

Despite the relatively faster vertical uplift and horizontal
shortening rates along the northern Qilian fault, a notable
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strike-slip displacement has not been observed for this fault
(Yang et al., 2018a). In contrast, the tectonic movement of the
Changma fault resulted in notable sinistral displacements of
ridges and gullies in the Baiyang river catchment. Based on the
deformation and ages of the terraces along the Changma fault,
the sinistral slip rates of the Changma fault in the western,
middle, mid-eastern, and eastern segments were estimated to
be 1.33 + 0.39, 3.11 £ 0.31, 343 + 0.5, 4.49 £ 0.5 mm/a,
respectively (Luo et al., 2013; Du et al., 2020). Conversely,

the vertical slip rate was estimated to be 0.60 + 0.16 mm/a in
the western segment and 0.31 + 0.06 mm/a in the eastern
segment (Figure 9A) (Luo et al.,, 2013; Liu R. et al., 2017). The
sinistral strike-slip rates of the Changma fault gradually
increase from west to east, whereas the vertical slip rates
gradually decrease from west to east. Consequently, in the
northwestern region of the Qilian Shan, crustal uplift and
shortening largely occurred in the northern Qilian Shan and
the range-bounding faults, but strike-slip occurred along the
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FIGURE 10 | Spatial variation of slip rates along the Altyn Tagh fault and three-dimensional DEM map of the western Qilian Shan. The upper figure shows an
eastward decrease of slip rates along the Altyn Tagh fault, exhibiting steady slip rates in the central segment, a high slip gradient in the Aksay segment and a low slip
gradient from Subei to the east segment (modified from Liu J. et al., 2020). In the DEM map, the black lines and numbers represent reverse faults and thrusts and its
shortening rates; the red lines and numbers represent sinistral strike-slip faults and its sinistral slip rates. Abbreviations of fault names: ATF, Altyn Tagh fault; NQDF,
Northern Qaidam fault; DHNSF, Danghe Nan Shan fault; SLNSF, Shule Nan Shan fault; TLSF, Tuolai Shan fault; CMF, Changma fault; NQLF, Northern Qilian fault.

Changma fault within the Qilian Shan, accommodating
1-3 mm/a of the sinistral strike-slip of the Altyn Tagh fault.

5.2 Deformation Pattern of the Western
Qilian Shan in Response to the Crustal
Shortening and Sinistral Strike-Slip of the
Altyn Tagh Fault

The northern margin of the Tibetan Plateau consists of the Altyn
Tagh fault, Qilian orogenic belts, and Haiyuan fault, which are
characterized by large-scale lateral strike-slip, the uplift of NWW-
trending mountains, and thrusting. However, the deformation
pattern of the Qilian Shan in response to crustal shortening and
sinistral strike-slip remains controversial because the strain
partitioning in this region is poorly understood. The Qilian
Shan is regarded to be a continental stepover between the
Altyn Tagh and Haiyuan faults (Zhang et al., 2007). The GPS
observations and geological investigations reveal that the Qilian
Shan accommodates the sinistral slip rate component of ~8 mm/a
of the Altyn Tagh fault and the strain is partitioned into the
compressional deformation and sinistral strike-slip of the faults in
the Qilian Shan (e.g., Zhang et al., 2007; Zheng et al., 2013b; Liu
J. et al., 2020; Xu et al., 2021). Moreover, the GPS data also show
NNE shortening at a rate of 5.5 + 1.5 mm/a between the Qaidam
Basin and Hexi Corridor, which is mainly absorbed by NWW-

trending mountain ranges and fault zones in the western Qilian
Shan (Zhang et al., 2004).

The Altyn Tagh fault, as a large-scale boundary fault between
the Tarim block to the north and the Tibetan Plateau to the south,
plays an important role in controlling the tectonic deformation of
the Tibetan Plateau during its northward growth. Two models,
that is, the “eastward extrusion model” and “crust thickening
model,” can be used to explain the deformation of the plateau.
The “eastward extrusion model” is supported by the very high slip
rates on the main boundary faults of the rigid blocks and the
“crust thickening model” is characterized by continuous
deformation distributed within the blocks as well as on the
boundary faults, that is, a relatively low slip rate on the Altyn
Tagh fault (Liu J. et al., 2020; Zhang et al., 2007). In recent years,
results from geological studies, GPS observations, and
interferometric ~ synthetic aperture radar measurements
suggested that the average slip rate of the Altyn Tagh is
8-10 mm/a on different timescales (e.g., Zhang et al., 2004; Xu
et al., 2005; Zhang et al., 2007; Zheng et al., 2013b). This implies
that the previous estimation of 20-30 mm/a may present an
overestimation (e.g., al., 1987; Peltzer
Tapponnier, 1989; Tapponnier et al., 2001). Most results show
that the slip rate in the central part of the Altyn Tagh fault is
relatively high and can reach 9-12 mm/a (Figure 10) (e.g., Zhang
et al., 2007; Zheng et al., 2013b; Liu J. et al., 2020). Researchers
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have noted an ununiform eastward decrease in the slip rate along
the eastern segment of the Altyn Tagh fault, specifically at the
junction of the Altyn Tagh fault and western Qilian Shan (e.g.,
Zhang et al., 2007; Zheng et al., 2013b; Liu J. et al., 2020). Liu et al.
(2020a) revealed that the slip rate of the Altyn Tagh fault begins to
significantly decrease in the Aksay segment in which the Altyn
Tagh fault connects to the Danghe Nan Shan in the central Qilian
Shan. In the Aksay-Subei segment, the slip rate of the Altyn Tagh
fault decreases from 10 + 1 to 5.1 + 0.8 mm/a within a distance of
50 km. However, subsequently, the slip rate slowly decreases from
~5 mm/a in Subei to 1-2 mm/a in the easternmost segment of the
Altyn Tagh fault (Figure 10) (Liu J. et al.,, 2020). Relatively low
slip rates obtained along the Altyn Tagh fault suggest that the
activity of the Altyn Tagh fault is not compatible with the “block
extrusion model,” but supports the “crust thickening model.” In
addition, the high decay of the slip rate in the eastern segment of
the Altyn Tagh fault may be related to crustal thickening,
thrusting, and left-lateral strike-slip in the Qilian Shan,
resulting in blocking at this position (Liu J. et al., 2020).

The NNE-ward crustal shortening and sinistral strike-slip of
the Altyn Tagh fault are mainly accommodated by NWW-
trending mountains and fault zones in the western Qilian
Shan. Understanding the strain partitioning of these faults is
important for studying the deformation patterns in the northern
plateau. From south to north, five large-scale NWW-trending
fault zones are distributed in the western Qilian Shan, that is, the
northern Qaidam, Danghenan Shan, Shulenan Shan, Changma,
and northern Qilian faults (Figures 1B,C). In most of the
previous studies in the region, the focus was placed on
boundary faults, especially the northern Qilian fault system,
and the faulting or folding kinematics within the Qilian
orogen were poorly documented. However, it is necessary to
evaluate the deformation pattern in northeastern Tibet (Hu et al.,
2021). The northern Qilian fault has a vertical slip rate of
0.8-1.4 mm/a and a shortening rate of 1-2 mm/a due to Late
Quaternary geomorphic deformation (Figure 10) (e.g., Hetzel
et al., 2002, Hetzel et al., 2004; Hetzel et al., 2006; Hu et al., 2015;
Liu X.-W. etal,, 2017; Yang et al., 2018a; Yang et al., 2018b; Hetzel
et al., 2019; Liu X.-w. et al., 2019; Liu X. et al., 2019; Chen and
Koronovskii, 2020; Liu R. et al., 2020; Yang et al., 2020; Hu et al.,
2021), which is consistent with GPS data (e.g., Zheng et al., 2009;
Pan et al,, 2020) and the long-term shortening rate inferred from
balanced cross-sections (Zuza et al., 2016). Notable horizontal
strike-slip displacement has not been observed along the northern
Qilian fault (Hetzel et al., 2006; Yang et al., 2018a). The results of
previous studies showed that the northern Qilian fault has an
eastward decreasing shortening rate, varying from 1.2-2 mm/a
along the western segment to 0.8-1.4 mm/a in the central and
eastern segments (e.g., Chen and Koronovskii, 2020; Hetzel et al.,
2004, Hetzel et al., 2006; Hu et al., 2015; Liu R. et al., 2017; Liu X.-
W. et al,, 2017; Liu X. et al., 2019; Liu R. et al., 2020; Yang et al,,
2018a; Yang et al.,, 2018b; Hetzel et al., 2019; Yang et al., 2020).
The Changma fault, which is located in an intramontane basin
within the western Qilian Shan, is characterized by left-lateral
strike-slip with a thrust component. Its left-lateral strike-slip rates
are 1.0-1.6 mm/a in the western segment and 3.0-4.9 mm/a in
the eastern segment; however, the vertical slip rates vary from
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0.6 £ 0.2mm/a in the west to 0.3 + 0.1 mm/a in the east
(Figure 9A) (Luo et al, 2013; Du et al, 2020). Hu et al
(2021) derived a vertical slip rate of 1.5 + 0.l mm/a and a
shortening rate of 0.9 + 0.1 mm/a based on the deformation
and ages of the terraces along the North Tuolai Shan fault
(Figure 10), which is the boundary fault between the central
and northern Qilian Shan mountains. This deformation rate is
similar to the rates determined along the leading-edge fault in the
northern Qilian Shan. To the west, a shortening rate of 2.1 +
0.6 mm/a has been estimated for the northern frontal thrust
system of the Daxue Shan (Meyer et al, 1998), which is
aligned on the Tuolai Nan Shan and Shulenan Shan, jointly
constituting the boundary between the central Qilian Shan and
southern Qilian Shan (Hu et al., 2021). By applying '°Be exposure
dating to samples from deformed river terraces, Xu et al. (2021)
obtained a mean uplift rate of 0.6 + 0.2 mm/a and a shortening
rate of 0.8 + 0.2 mm/a for the Danghe Nan Shan frontal thrust
fault (Figure 10). The southern Zongwulong Shan thrust, the
southern margin of the southern Qilian Shan, has a Holocene
shortening rate of 0.5 + 0.1 mm/a (Shao et al.,, 2019). Hu et al.
(2021) suggested that the widely distributed shortening across the
Qilian Shan supports the kinematics of distributed upper crustal
shortening across the Qilian Shan, rather than a large,
propagating crustal-scale deformation wedge.

In spite of the shortening rates of the main NWW-trending
faults in the Qilian Shan varying in a similar range and the crustal
shortening widely distributed across the Qilian Shan, the terrain
relief shows that the crustal shortening varies in different
orogenic belts within the Qilian Shan. The results of previous
studies verified that crustal shortening, structural relief, and
topographic relief correlate in mountain ranges, suggesting
that crustal shortening is a primary driver of the uplift and
topography of the Longmen Shan at the eastern margin of the
Tibetan Plateau (Hubbard and Shaw, 2009). The slope map and
swath profiles of the western Qilian Shan established in this study
show that the terrain relief in the northern Qilian Shan is
significantly higher than that in the central and southern
orogenic belts. Specifically, the distribution of high-relief
terrain and the relief values reach a maximum in the northern
Qilian Shan, indicating that more intense mountain uplift and
crustal shortening may occur in the northern Qilian Shan. Thus,
we suggest that the crustal shortening in the northern Qilian Shan
is more intense than that in the central and southern mountain
ranges.

The northern Qilian Shan accounts for considerable crustal
shortening in the northeastern Tibetan Plateau, whereas notable
strike-slip has not been observed in the northern Qilian frontal
region. Previous studies showed that the Qilian Shan
accommodates the sinistral rate component of ~8 mm/a of the
Altyn Tagh fault and transfers the strain into compressional
deformation and sinistral strike-slip faults within the Qilian Shan
(LiuJ. et al., 2020; Zhang et al., 2007). It is necessary to determine
the positions accommodating the eastward extrusion of the Altyn
Tagh fault in the Qilian Shan. At the junctions between the Altyn
Tagh fault and the western Qilian Shan, particularly the Danghe
Nan Shan, Daxue Shan, and Changma faults, the slip rates of the
Altyn Tagh fault significantly decrease (Hu et al., 2021; Zhang
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et al.,, 2007). In contrast to the northern Qilian frontal thrust,
notable sinistral strike-slip has been observed in these regions
(Luo et al., 2013, 2015; Shao, 2010). Shao (2010) estimated the
Holocene sinistral slip rate of the Danghe Nan Shan fault to be
455 + 0.6mm/a (Figure 10). Luo et al. (2013, 2015)
determined the average left-lateral slip rate of the Daxue
Shan fault and the slip rate of the Changma fault to be
2.81 + 0.32 and 1-3 mm/a, respectively (Figure 10). These
results show that the Danghe Nan Shan, Daxue Shan, and
Changma faults within the Qilian Shan accommodate almost
all sinistral slip rates of the Altyn Tagh fault (Figure 10). Liu
J. et al. (2020) further suggested that the slip rate decrease
along the Altyn Tagh fault is not uniform in junction segments.
The slip rate decreases faster in the Aksay-Subei segment, at
the intersection between the Altyn Tagh fault and Danghe Nan
Shan, but it decreases slowly from Subei to the easternmost
segment. Accordingly, the strike-slip of the three NWW-
trending faults within the Qilian Shan, rather than the
range-bounding faults, account for most of the strike-slip of
the Altyn Tagh fault. However, the focus of previous studies
was mainly placed on the northern boundary faults of the
Qilian Shan and faulting or folding kinematics within the
Qilian Shan were poorly documented, which limits our
understanding of the tectonic deformation and strain
partitioning in the Qilian Shan (Hu et al., 2021).

In summary, the compressional deformation of the Qilian
Shan and strike-slip faults within the orogens is due to the NNE-
ward crustal shortening of the northeastern Tibetan Plateau and
the rapid sinistral strike-slip of the Altyn Tagh and Haiyuan
faults. The crustal shortening across the Qilian Shan may be
widely distributed in the NWW-trending compressional orogenic
belts among which the northern Qilian Shan plays the most
important role in absorbing crustal shortening because of its
high-relief terrain and more rapid slip rate along the northern
Qilian fault. Strike-slip faults within the Qilian Shan are key areas
for the accommodation of the strike-slip of the Altyn Tagh fault
through the sinistral strike-slip of faults and regional
compressional deformation within the Qilian Shan. In
addition, it is necessary to enhance the research of tectonic
deformation within the Qilian Shan.

6 CONCLUSION

Spatial analysis and fluvial geomorphological studies are powerful
tools for studying tectonic deformation within orogens. The
topographic slope map and two swath profiles of the western
Qilian Shan extracted from high-resolution DEM data show that
the terrain relief in the northern Qilian Shan is significantly
higher than that in the central and southern Qilian Shan. In
addition, the fluvial geomorphologic characteristics of a
north-south regional river (Baiyang river) illustrate that the
stronger erosion in the middle reaches correlates with the
rapid uplift of the northern Qilian Shan, demonstrating that
the northern Qilian Shan has been uplifted more rapidly than the
central Qilian Shan since the Late Quaternary. Based on high-
resolution topographic measurements and chronological
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constraints of deformed river terraces along faults in the
western Qilian Shan, the vertical slip rates of the Changma,
Yumen, and Bainan faults in the Baiyang river catchment
since ~60ka were estimated to be 0.31 + 0.06, 0.33 + 0.02,
and 0.24 + 0.02 mm/a, respectively. The comparison of our
data with previously published results shows that the uplift
rate of 1.5-2 mm/a of the northern Qilian fault is significantly
higher than the uplift rate of 0.3-0.6 mm/a of the Changma fault
within the Qilian Shan since the Late Quaternary, which matches
the terrain relief in the Qilian Shan and demonstrates that the
uplift rate of the northern Qilian Shan is higher than that of the
central Qilian Shan. The slip rates of active faults in the western
Qilian Shan reveal that the crustal shortening across the Qilian
Shan may be widely distributed in the NWW-trending
compressional orogenic belts and the northern Qilian Shan
plays the most important role in absorbing crustal shortening;
however, the rapid sinistral strike-slip of the Altyn Tagh fault is
largely accommodated by strike-slip faults within the
Qilian Shan.
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