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Abstract

The Qilian Shan, in the northeastern Tibetan Plateau, has been continuously extending to the foreland since the late Cenozoic,
resulting in the deformation of the Hexi Corridor Basins. Five terraces of the Hongshui River are faulted in the southern Zhangye
Basin, a sub-basin of the Hexi Corridor, documenting the tectonic history of the Minle Fault since the late Quaternary. In this
study, a high precision digital elevation model (DEM) generated by the unmanned aerial vehicle (UAV) photogrammetry is
used to obtain the cumulative vertical offset of each terrace, and the abandonment ages of terraces are dated by AMS C dating.
The results show that the Minle Fault has been active since the Holocene, and produced an almost constant shortening rate of
0.95+0.30 mm/a since 42.340.5 ka, indicating that the deformation has spread into the Zhangye Basin. Active tectonics and
GPS data indicate the uniform deformation in the Zhangye Basin but different shortening rates in the eastern and western
basin. The differential allocation of deformation could have been caused by different wedge structures. Deformation of the North
Qilian Fold-Thrust System (NQFTS) has been uniform since the late Quaternary and may be consistent with that in 10-year
timescale, although further studies are needed.
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Editors
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Dear Editors,

We are pleased to submit the enclosed manuscript entitled “Late Quaternary uniform

deformation in the foreland of the North Qilian Shan, NE Tibet”, which we wish to be considered

for publication in Tectonics. We believe that this research provides some new insights into the
deformation in the foreland of North Qilian Shan as follows, which would make the paper an
appropriate candidate for publication in 7ectonics.

(1) The activity of the Minle Fault has rarely been revealed, although the fault is an important
part of the North Qilian Frontal Thrust. Our results show that the Minle Fault slips at a
nearly constant rate in different periods of the late Pleistocene, and has been active since the
Holocene, indicating that the deformation has spread into the Zhangye Basin. Active
tectonics and GPS data indicate the uniform deformation in the Zhangye Basin but different
shortening rates in the eastern and western basin. We attempted to explain the differences by
different wedge structures. Previous studies concerning the deformation of the North Qilian
Shan mostly focused on its interior or marginal area. However, the deformation of the
foreland basins, the Hexi Corridor, are lacking concerns. The Zhangye Basin has complex
tectonics, and its differential mode is representative in the deformation of the Hexi Corridor.

(2) We propose that the deformation of the tectonics in the north Qilian Shan, including the
Minle Fault, is uniform in 10*-year timescale and is inferred to be consistent with that in 10°-
year timescale. It implies that the Tibetan Plateau grows at a steady rate in 10%year
timescale.

We confirm that this manuscript has not been published elsewhere and is not under consideration

by any other journal. All of the authors agree with submission to 7ectonics. Our results on

deformation in the foreland of the North Qilian Shan should be of interest to researchers
concerning with the usage of deformed river terrace in documenting active tectonics and
researchers concerning with the late Quaternary deformation of the foreland of the North Qilian

Shan in the northeastern Tibetan Plateau.

Thank you for your consideration of our manuscript. We look forward to your reply.

Sincerely yours,
Qingri Liu
Youli Li
Jianguo Xiong
Huiping Zhang
Weipeng Ge
Xudong Zhao
Xiu Hu

Yuezhi Zhong
Weilin Xin
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Key Points:

e The steady shortening rate of the Minle Fault since the late Pleistocene has been

estimated to be 0.95+0.30 mm/a.

e Spatial difference in shortening rates was possibly caused by different wedge structures

across the eastern and western Zhangye Basin.

e Deformation in the north Qilian Shan has been uniform in different timescales since the

late Miocene.
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Abstract

The Qilian Shan, in the northeastern Tibetan Plateau, has been continuously extending to the
foreland since the late Cenozoic, resulting in the deformation of the Hexi Corridor Basins. Five
terraces of the Hongshui River are faulted in the southern Zhangye Basin, a sub-basin of the Hexi
Corridor, documenting the tectonic history of the Minle Fault since the late Quaternary. In this
study, a high precision digital elevation model (DEM) generated by the unmanned aerial vehicle
(UAV) photogrammetry is used to obtain the cumulative vertical offset of each terrace, and the
abandonment ages of terraces are dated by AMS **C dating. The results show that the Minle
Fault has been active since the Holocene, and produced an almost constant shortening rate of
0.95 £0.30 mm/a since 42.3 = 0.5 ka, indicating that the deformation has spread into the
Zhangye Basin. Active tectonics and GPS data indicate the uniform deformation in the Zhangye
Basin but different shortening rates in the eastern and western basin. The differential allocation
of deformation could have been caused by different wedge structures. Deformation of the North
Qilian Fold-Thrust System (NQFTS) has been uniform since the late Quaternary and may be

consistent with that in 10%-year timescale, although further studies are needed.

Plain Language Summary

The foreland of the north Qilian Shan is the northeastern frontal zone of the Tibetan Plateau.
Activities of the foreland reflect the growth rhythm of the plateau. Active tectonics and GPS data
reveal steady shortening rates of the Zhangye Basin in 10* and 10 year-timescale, respectively.
Deformation of the North Qilian Fold-Thrust System, including the Minle Fault, is uniform in

10” year-timescale. Inferred from the results of thermochronology, sedimentary stratigraphy, and
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topography of the mountains, tectonics of the foreland exhibit uniform deformation in 10°-year
timescale. Our results imply that the overall growth rate of the northeastern Tibetan Plateau may

be steady in 10° and 10* year-timescale.

1. Introduction

Since the Cenozoic, the India-Eurasia collision has resulted in the rapid uplift of the Tibetan
Plateau with an average altitude of 4500 m. The plateau is still growing northward and eastward
up to now, acting as a natural laboratory for understanding the mechanism of plate movement
and tectonic activities, and its initial and peripheral blocks have been one of the most active
regions around the world (Figure 1a; Meyer et al., 1998; Tapponnier et al., 2001; Searle et al.,
2011). As the most leading edge of propagation, the northeast Tibet is a growing plateau with
active tectonic movement and large earthquakes (Wang et al., 2014; Li et al., 2018; Zheng et al.,
2019). A large number of studies have shown that the rapid uplift and tectonic deformation in the
northeast Tibet initiated around 15 Ma (Zhu & Helmberger, 1996; de la Torre et al., 2007; Elliott
et al,, 2010; Wang et al., 2018), and the growth pattern may be progressively northward
expansion (Li et al., 2013; Zheng et al., 2017a). The Qilian Shan, located in the northeast Tibet,
with an area of ~250000 km? and an average altitude of ~4 km, is one of the key areas to study
the latest expansion (Figure 1a). With ~50 km crustal shortening since the Miocene (Tapponnier
et al., 2001; Meyer et al., 1998; Zheng et al., 2010; Zuza et al., 2016), the Qilian thrust belt can
be considered as an ideal, active and small-scale model of the Tibetan Plateau, and its
neotectonic features are of referential importance for comprehending the plateau growth (Zhang

etal., 2017).
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The Hexi Corridor, the foreland basins of the Qilian organic belt, has undergone continuous

deformation since the Neogene (Meyer et al., 1998; Tapponnier et al., 2001; Chen, 2003;

Champagnac et al., 2010). The south margins of the basins are controlled by a series of NW-SE-

strike folds and faults, including the Hanxia-Dahuanggou Fault (HDF), Laojunmiao Anticline,

Yumen Fault (YMF), Fodongmiao-Hongyazi Fault (FHF), North Yumu Shan Fault (NYSF),

Yumu Shan Anticline, East Yumu Shan Fault (EYSF), Minle Fault, Yonggu Anticline, Minle-

Damaying Fault (MDF), Huangcheng-Taerzhaung Fault (HTF), and Nanying Anticline. They are

collectively known as North Qilian Fold-Thrust System (NQFTS), clearly defining the boundary

of the Qilian Shan and the Hexi Corridor. In recent years, many studies have been conducted on

the NQFTS. The HDF is considered to be inactive during the late Quaternary (Chen, 2003; Liu et

al., 2017), while the other faults of the NQFTS have been active since the Holocene except the

Minle Fault (Li et al., 1997; Chen, 2003; Li et al., 2016; Xiong et al., 2017; Chen et al., 2017;

Yang et al., 2018a). The Minle fault may have initiated in the late Neogene inferred from the

affected strata, and it was still active in the Pleistocene (Institute of Geology and Lanzhou

Institute of Seismology (IGLS), 1993). As the studies on the Minle Fault are rare, the kinematics

of the fault need to be studied in detail. Continual deformation has propagated to the Hei Shan-

Longshou Shan in the north, forming another series of strike faults, which control the north

margin of the Hexi Corridor (Figure 1a; Zheng et al., 2013a, 2013b; Zhang et al., 2016). The

Hexi Corridor has played an important role in accommodating the crustal deformation of the

plateau; thus, its amount of shortening cannot be ignored (Yang et al., 2018b). The regional

shortening can be derived by interpreting the seismic reflection profile and then restoring the

balanced profile according to the surface geology and regional tectonic history (Dahlstrom, 1969;



127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

manuscript submitted to Tectonics

Zuza et al.,2016). But the seismic data are limited in the Hexi Corridor. However, the shortening
rate can be estimated by adding the shortening rates of the known structures in the basins. In this
way, the estimated shortening rate of the Jiuxi Basin (~2.2 mm/a, Liu et al., 2017) is slightly
higher than that of the Jiudong Basin (~1.3~2.2 mm/a, Yang et al., 2018b), implying that the
shortening rate of the Hexi Corridor is not consistent. The Zhangye Basin has more complex
active tectonics than the Jiudong Basin and its shortening rate remains less well constrained. In
the west Zhangye Basin, the Yumu Shan uplift is extruded, while faults and folds exist within the
east basin. This differential mode is helpful for understanding the spatial variation of deformation

in the Hexi Corridor.

The spatiotemporal uniformity of the deformation on the NQFTS is still in controversy. The
shortening rate of the FHF at the mouth of the Hongshuiba River is considered to be 1.0~1.4
mm/a (Yang et al., 2018a) or 2.010.3 mm/a (Hetzel et al., 2019). However, all the other studies
on the whole fault show that the shortening rates are ~1 mm/a (Yang et al., 2018b; Liu et al.,
2019a). The shortening rates of the YMF (Liu et al., 2017) and the MDF (Xiong et al., 2017) are
both close to 1 mm/a. It seems that the east and west portions of the NQFTS may produce
shortening rates at the same order of magnitude (Yang et al., 2018b; Cao et al., 2019). In
addition, the shortening rate of the NQFTS in 10*-year timescale has increased, compared with
that in 10°%year timescale (Champagnac et al., 2010), but other researchers believed that the
NQFTS may have slipped at a nearly constant rate in different timescales (Zhao et al., 2017,

Hetzel et al., 2019).
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The Minle Fault is located in the central part of the NQFTS, and has faulted a series of fluvial
terraces of the Hongshui River. In this study, a DEM derived from a UAV was applied in
determining the accurate vertical offset of the Minle Fault, and AMS "*C dating were used to date
the abandonment ages of the terraces. Our aims are to (1) estimate the shortening rate of the
Minle Fault, (2) understand the deformation across the Zhangye Basin and northeastward
expansion of the NQFTS, and further to (3) discuss the uniformity of deformation on the NQFTS

including the Minle Fault.

2. Geological setting

The north Qilian fold belt is a complex anticline belt, the axis of which is mainly composed of
Cambrian and Ordovician strata, while the flanks are mostly Ordovician and Silurian strata
(IGLS, 1993). The Hexi Corridor has been a strongly-sinking region since the Tertiary,
surrounded by the Qilian Shan in the south and Hei Shan-Longshou Shan in the north. The Hexi
Corridor basins are partitioned into 4 sub-basins, namely, the Jiuxi Basin, Jiudong Basin,
Zhangye Basin, and Wuwei Basin, separated by the Wenshu Shan, Yumu Shan, and Dahuang
Shan, from west to east, respectively (IGLS, 1993). The base of these basins mainly consists of
early Paleozoic strata, covered by highly thick Mesozoic and Cenozoic sediments (IGLS, 1993).
With the Dahuang Shan and Yumu Shan respectively constraining its eastern and western
boundaries, the Zhangye Basin has received about 1000 m-thick Neogene and Quaternary

deposits (Figure 1b; IGLS, 1993).

The south margin of the Zhangye Basin is controlled by the MDF, the Minle Fault, the EYSF and

the NYSF, and its north margin is defined by the South Longshou Shan Fault (SLSF) and the
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South Heli Shan Fault (SHSF). The MDF extends to NWW over a length of 200 km and dipping

SW at varying angles from 60° to 70° . It is an obvious thrust fault, being active as early as the

late Tertiary (IGLS, 1993). As shown in recent studies, the MDF still has been very active since

the Holocene, with vertical slip rates up to 1 mm/a in the east and west (Zhong, 2017; Xiong et

al., 2017). Extending along the eastern edge of the Yumu Shan over a length of 110 km and

dipping SW at angles of 40°~60°, the EYSF consists of two secondary faults with Matisi as the

segmentation point. Different segments of the fault initiated from the end of Miocene to the end

of Pleistocene (IGLS, 1993). Since the late Pleistocene, the EYSF has slipped at a vertical rate of

1 mm/a near the mouth of the Hei River (Qi, 2017; Ren et al., 2019; Cao et al., 2019). The NYSF

extends to NWW or NW on the alluvial fans at the north edge of the Yumu Shan, dipping

40°~80° to the SW over a distance of 60 km (IGLS, 1993). The late Pleistocene rate of the

vertical slip on the fault has been estimated to be ~0.7 mm/a (Palumbo et al., 2009; Chen et al.,

2017). The SLSF and SHSF define the boundary of the Alxa block and Hexi Corridor. The

SLLSF, extending NWW from Hexipu to Gaotai with a total length of 270 km and dipping SW at

angles of 60°~70°, has been still active in the Quaternary (IGLS, 1993). The SHSF is separated

into three sections from Xiaojiazhuang to Hongtugou, extending to 50° N~60° W over a length

of 65 km with dip angles varying from 40° to 80° along the strike (Zheng et al., 2013a). Its

average vertical slip rate has been estimated as 0.1~0.3 mm/a since the late Pleistocene (Zheng et

al., 2013a).

Located in the south of the Dahuang Shan, the Minle-Yongchang Blind Fault and the Yonggu

Anticline develop in the Zhangye Basin. They have been active since the late Pleistocene, and
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have caused the Ms 4.8 earthquake in 1978, Ms 5.8 and 6.1 earthquakes in 2003, and Ms 5.3

earthquake in 2007 (Figure 1b; Zheng et al., 2005; Zou et al., 2017). The Yonggu Anticline slips

at a shortening rate of 1.50+0.06 mm/a over the past ~10 ka, absorbing the main shortening of

the basin (Zhong, 2017). The neotectonics of the Zhangye Basin has mainly formed (1) the

differential uplift regions since the Tertiary, such as the Yumu Shan and the Dahuang Shan, (2)

the differential uplift regions since the Quaternary represented by the Yonggu Anticline, and (3)

the slight uplift region represented by piedmont facies around the Yumu Shan and the Dahuang

Shan (Wang & Xu, 1990; IGLS, 1993).

The Minle Fault, 15 km long, is connected to the MDF in the south and the EYSF in the

northwest (Figure 1b). It extends N-S-strike in the south section and NW-strike in the north

section. Obvious thrusting can be observed in the latter section (Figures 2b and 5). The fluvial

terraces of the Hongshui River were continuously offset by the Minle Fault. The Pliocene red

sandstones, as the base underlying the Quaternary fluvial deposits, are exposed in the hanging

wall of the fault (Figures 2c¢ and 3). Responding to the activities of the Minle Fault, the

Hongshui River and its tributaries turn to NNW out of the Qilian Shan (Figure 2b; IGLS, 1993).

3. Method

3.1. Terrace Mapping

We divided the terraces of the Hongshui River into seven levels, and mapped them on the Google

satellite imagery (Figure 2a). The geomorphic features of the terraces were obtained by the

following 5 steps: (1) We recognized the shape of the terraces and drew them on the Google map,
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(2) summarized the sedimentary characteristics of each terrace, including color, thickness, grain

size, roundness, and components, and stratified the sediments, (3) measured the height of each

terrace relative to the riverbed by a TruPulse 200X laser range finder, (4) graded the terraces on

the map according to the elevation and the sedimentary structure, and finally (5) drew the

terrace-to-river cross sections (Figure 3).

The terrace T7 only appears on the west bank of the Hongshui River, a part of the hanging wall,

and only the erosion remains are scattered in the area. The terraces Ts, Ts, T3, and T, are widely

distributed on the east bank with continuous and flat surfaces, whereas partly developed on the

west bank with narrow and broken surfaces due to erosion. On the east bank, the terraces T, Ts,

and T, are disrupted by the Minle Fault, enabling us to trace the fault. The terrace T4 is

restrictedly reserved on the banks near the Shangwan village, and the terrace T scatters on both

banks with limited areas (Figure 2a). In the hanging wall, the Pliocene red sandstones, the base

of the terraces, are exposed on both banks with continuous and flat surfaces, underlying the

fluvial sediments of 1-8 m (T;-Ts), and 20-60 m (Ts-T7) and eolian loess of 1-20 m. After

investigation, the terraces T;-T4in the hanging wall are all confirmed to be strath terraces, while

the terrace Ts and T are aggradational terraces (Figure 3). The fluvial sediments on the terraces

are mainly composed of round or sub-round gravels, some of which are boulders of decimeter

size. The lithology of these gravels is mainly conglomerate, sandstone, limestone,

metasandstone, and slate.

The terraces Ty, T,, T3, T4, and Ts of the Hongshui River are offset by the Minle Fault along its
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NW strike, forming a series of NE-facing scarps as ideal media for studying the kinematics of the
fault (Figure 2b). The average dip angle on a natural outcrop of the terrace T, is 31°+7°, which

will be used as the thrust angle of this fault (Figure 2c).

3.2. Sampling and AMS *C Dating

Eight charcoal samples were collected from the overlying sand layers or within the gravel layers
of the Ty, T,, and Ts. No suitable material for dating was found in the fluvial deposits of the
terraces T3 and T4. Thus, their abandonment ages remain unconstrained. To ensure the accuracy
of the age, we collected three samples on the terrace T;. Samples MLF97, MLF123, and
MLF125 were taken from the fluvial sand layer overlying the gravel layer (Figures 4a and 4b).
Another three samples were collected on the terrace T,. Among them, samples MLF79 and
MLF113 were collected from the overlying sand layer, while sample MLF25 was from the sand
layer within the gravel layer (Figures 4c-4¢). We obtained two samples at the same site from the
terrace Ts, including sample MLF38 from the overlying sand layer and sample MLF39 from the

gravel layer (Figure 4f).

All collected charcoal samples were sent to the Beta laboratory for AMS e age test to
determine the abandonment age of the terraces. The laboratory treated the samples following the
standard experimental procedure (Vries & Barendsen, 1954). All the samples were pretreated
with an acid-alkali-acid sequence to remove contaminants, and then they were converted into

graphite samples, which were used for the radiometric C determination by AMS.
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3.3. Unmanned aerial vehicle Photogrammetry

Using a UAV equipped with a camera to obtain aerial images has progressively become an
important method in geomorphology research. The image with GPS system can generate DEMs
with the ground resolution up to centimeter level. In this study, the UAV, the Dajiang phantom 4
Pro, was equipped with a 1-inch outsole Sony Exmor R CMOS sensor of 20 megapixel, and with
a satellite positioning module (GPS/GLONASS). According to the principle of “uniform-
distributed and non-collinear points”, nineteen control points and two check points were set in
the planned area before the flight. We used the Trimble GEO7X handheld GPS to determine the
geographic coordinates of these points with the precisions of less than 5 cm (Figure 5¢). Based
on the topography of the study area, the aerial photo height was set to 230 m. After arraying the
photo, adding control points, creating the dense point clouds, and building the grids in the
software of Agisoft Photoscan 1.4, an orthophoto image with an area of 2.09 km” and a ground
resolution of 5.91 cm/pix was acquired (Figure 5a), and a DEM with horizontal and vertical

accuracy of 0.6 m and 0.2 m, respectively, was finally exported (Figure 5d).

The terraces Ty, T,, T3, T4, and Ts were recognized on the DEM, and three topographic profiles
across the fault were extracted from each terrace except the terrace T; (Figures 5b and 5d).
Assuming that the erosion and deposition flux are zero, the height of the scarp on the profile can
represent the cumulative vertical offset of the fault since the terrace was abandoned. We took the
mean height of the scarps on the three profiles as the vertical offset of each terrace. Because the

terrace T, has been eroded, no topographic profiles were extracted from it.
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4. Results

4.1. Determination of the abandonment age

The three samples of the terrace T; collected from the overlying sand layer can represent the

abandonment age. The age differences between samples MLF123 and MLF125 from the same

site is about 0.1 ka, while sample MLF97 from another site is ~0.4 ka older than the former two.

The ages of the three samples approach each other, implying that they are reliable. Thus, we take

the average age of 9310£87 cal a BP as the abandonment age of the terrace T, (Table 1). Among

the three samples of the terrace T,, samples MLF79 and MLF113 are from the overlying sand

layer, while sample MLF25 is from the sand within the gravel layer. Their ages all fall into the

late MIS 2 stage, although they are inverted to some extent. The average age of 17513£185 cal a

BP is calculated to represent the abandonment age of the terrace T, (Table 1). The two samples of

the terrace Ts are from the same exposure. Sample MLF38 from the overlying sand layer can

represent the abandonment age, while sample MLF39 from the sand within the gravel layer can

represent the maximum age for abandonment. Sample MLF39 is about 4 ka older than MLF38,

consistent with the sedimentary law that the lower layers are older than the upper layers in a

normal sedimentary sequence. Therefore, the age of sample MLF38 is taken as the abandonment

age of the terrace Ts (Table 1). The ages of the three terraces exhibit a good sequence, and the

terraces with the ages of ~40 ka (Chen, 2003; Liu et al., 2017; Yang et al., 2018a; Ren et al.,

2019), ~18 ka (Palumbo et al., 2009; Liu et al., 2017; Hetzel et al., 2019), and ~9 ka (Chen et al.,

2017; Zhong, 2017; Liu et al., 2019a) are widely developed at the northern foot of the Qilian

Shan, which show the robust chronology of this study.
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4.2. Vertical offset of the Minle Fault

The faulted terrace T, indicates that the Minle Fault is still active in the Holocene (Figures 2¢

and 5b). The cumulative vertical offsets recorded by the other terraces decrease sequentially. The

vertical offsets of the terraces Ts, T4, T3, and T, are 23.0£0.6 m, 16.4+0.2 m, 12.5£0.5 m, and

8.60.2 m, respectively. Therefore, the vertical offset of the terraces Ts is a cumulation on

account of multiple-stage activities (Figure 6).

4.3. Estimate of the shortening rate on the Minle Fault

Combining the abandonment ages of the faulted terraces and the vertical offsets recorded by each

terrace, the slip rates of the fault can be calculated. The uncertainty is estimated based on the

uncertainty of the age and the vertical offset. First, the vertical offset is divided by the

abandonment age to get the vertical slip rate (vertical component of the fault slip rate) in

different periods. As a result, the vertical slip rate of the Minle Fault is 0.54+0.02 mm/a since the

abandonment of the terrace Ts (42.3+£0.5 ka), which approaches the rate of 0.49+0.01 mm/a since

the abandonment of the terrace T, (16.9+£0.2 ka). The linear regression analysis of the vertical

slip rates of the two terraces through the original point shows that the correlation coefficient is

almost equal to 1, indicating that the Minle Fault has a long-term steady slip rate (Figure 7).

Finally, the shortening rate (horizontal component of the slip rate) of 0.95+0.30 mm/a is

calculated based on trigonometrical function and the thrust angle of 31°£7°. In fact, the terraces

in the hanging wall of the fault have suffered erosion while the terraces in the foot wall have

accepted the deposition after being faulted, which means the measured fault scarp may be

smaller than the real offset. In addition, the age of the charcoal from the sand overlying the

gravel layer cannot fully represent the cutting age of the river, but a little earlier than the
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abandonment age. Therefore, the slip rate of the Minle Fault is likely to be slightly

underestimated.

5. Discussion

5.1. Differential deformation of the Zhangye Basin

The slip rates of the Minle Fault since 42.3+0.5 ka and 16.9+£0.2 ka are close to each other

(Figure 7). Similarly, the differences among the vertical slip rates on the MDF in different

periods since 12.7+1.4 ka are less than 0.05 mm/a (Figure 8; Xiong et al., 2017). Furthermore,

the vertical slip rates of the NYSF in the three periods since 113.4+4.9 ka are all about 0.6

mm/a, and that of the EYSF since 47.0+3.4 ka and 19.69+1.32 ka are 1.25 mm/a and 1 mm/a,

respectively (Figure 8; Qi, 2017). Overall, the rates of deformation in the south margin of the

Zhangye Basin have been almost constant since the late Pleistocene. By summarizing or

calculating the shortening rates of the faults, as shown in Table 2, the shortening rate of the

Minle Fault (0.95+0.30 mm/a) is close to that of the MDF (1.1520.75 mm/a), but higher than

that of the NYSF (0.52£0.33 mm/a) and the EYSF (0.6 0.3 mm/a). Recently, the NYSF has

been observed to control the deformation of the anticline in its hanging wall although the

shortening rate on the fault itself is low (Hu et al., 2019). The total shortening rate of the fault-

fold system reaches 1.8 0.4 mm/a, most part of which was absorbed by the anticline (Hu et al.,

2019). Likewise, the deformation is possible to be absorbed by the fault-related fold in the east

Yumu Shan. Among the faults in the north margin of the Zhangye Basin, the SLSF has caused a

20-meter scarp since the late Pleistocene (IGLS, 1993), but the slip rate has not been

constrained. Inferred from the similar tectonic settings and geometries of the Longshou Shan
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and the Heli Shan, the shortening rate of the SLSF is assumed to be close to that of the SHSF

(~0.4 mm/a; Table 2; Figure 8; Zheng et al., 2013a).

Different shortening rates are observed across the eastern and western Zhangye Basin. In the
eastern basin, the deformation is mainly allocated to the Minle Fault or MDF, the Yonggu
Aanticline (with a shortening rate of 1.50%0.06 mm/a; Zhong, 2017), and the SLSF. While in the
western basin, the fault-fold system in the north Yumu Shan (Hu et al., 2019) and the SHSF
(Zheng et al., 2013a) are responsible for the shortening. The shortening rates of the eastern and
western Zhangye Basin are 2.85+0.36 mm/a and 2.1+£0.6 mm/a, respectively, derived from the
active tectonics. They are consistent with shortening rates of 2.92+1.01 mm/a and 1.93+£0.96
mm/a derived from GPS data (Zheng et al., 2017b). In addition, the southern Zhangye Basin
absorbs ~84% and ~76% of the deformation across the whole basin in the eastern and western
basin, respectively (Figure 9). Thus, the NQFTS is the dominant tectonics in the Hexi Corridor,

although thrusts exist in both margins of the basins.

As mentioned above, results in 10*year timescale and GPS observation velocities in 10-year
timescale both show that deformation rates in the south margin of the Zhangye Basin are steady,
but differences exist between the eastern and western basin. The differential allocation of
deformation is inferred to be caused by different accretionary wedge structures in the upper crust.
Active folds exist in the hanging wall of the NYSF, but no active fold has been found in the
hanging wall of the MDF (Zhong, 2017; Lei et al., 2020), while the Yonggu Anticline develops

within the basin in the north of the MDEF. Under continuous compression, the wedge grows and
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the materials within are deformed until the critical taper is attained, which depends on the

strength of the base relative to the internal strength of the wedge (Davis et al., 1983). After that, it

slides stably, continuing to grow self-similarly as a constant taper when encountering other

materials at the toe (Davis et al., 1893). Thermochronology (Zheng et al., 2010) and sedimentary

stratigraphy (Bovet et al., 2009; Wang et al., 2016) reveal that the north frontal faults of the west

Qilian initiated at ~10 Ma. Considering that the overall uplift of the east and west Qilian has

resulted in the similar topography and deformation of the involved strata, we infer that the north

frontal faults in the east Qilian, represented by the MDF, initiate at ~10 Ma. The NYSF began to

be active at ~4 Ma (Palumbo et al., 2009; Hu et al., 2019), but the Yonggu Anticline seems to be

younger, inferred from topography and actual research (Zhong, 2017). Based on the above

analysis, the wedge taper of the NYSF is inferred to float around the critical taper due to the

erosion, thus the wedge is deformed internally. However, the upper crustal wedge of the MDF

may have exceeded the critical taper due to its long-history activity. As a result, instead of

causing the fold in its hanging wall to be deformed, the MDF slips and accretes forward to the

Yonggu Anticline. Due to the younger formation age, the Yonggu Anticline is far from reaching

the critical taper, so the fault slip is not significant, mainly manifested as internal fold

deformation.

5.2. Uniform deformation in the north margin of the Qilian Shan

As discussed in the previous section, the faults in the south margin of the Zhangye Basin,

including the Minle Fault, have produced nearly constant slip rates since the late Pleistocene. In

addition, the other faults or folds of the NQFTS, such as the YMF (Liu et al., 2017), FHF (Yang

et al., 2018a), HTF (Chen, 2003), and Nanying Anticline (Hu et al., 2015) also seem to exhibit
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steady-rate activities in 10*-year timescale (Figure 8; Table 2). If the surveying and the
chronology of these studies are reliable, the crustal deformation in 10*-year timescale in the north
margin of the Qilian Shan is relatively uniform. It indicates that the NQFTS has been the most
active boundary in the northeast front of the Tibetan Plateau, and that the Qilian Shan is

gradually growing into a plateau.

The shortening rate revealed by thermochronology since ~10 Ma (Zheng et al., 2010) is
consistent with the shortening rate derived from the active tectonics since the late Pleistocene
(Yang et al., 2018a, 2018b; Liu et al., 2019a), indicating that the slip rate of the FHF may be
steady in the long term. The estimated shortening rate of 0.72 mm/a of the Laojunmiao Anticline
since ~5 Ma (Zhao et al., 2017) is within the range of that of 0~2.240.5 mm/a in 10*year
timescale (Hetzel et al., 2006). Based on the matching of the present topography with the slip
rate of the relevant fault, the Yumu Shan (Palumbo et al., 2009), Heli Shan (Zheng et al., 2013a),
and Jintanan Shan (Zheng et al., 2013b) are considered to have grown at a steady rate since ~4
Ma, ~2 Ma, and ~1.5 Ma, respectively. It seems that the faults in the north margin of the west
Qilian Shan and even the mountains in the north of the Hexi Corridor exhibit uniform
deformation in 10%year timescale. Although the east Qilian lacks the tectonic results in 10%-year
timescale, its topography, stratigraphy, and slip rate of the northern boundary faults are similar to
those of the west Qilian (Figure 8). Moreover, the whole north Qilian is considered to be the
result of rapid uplift since 10 Ma (Zheng et al., 2010). Thus, the deformation of the east Qilian is

inferred to be also uniform in 10°-year timescale, although more data are needed.
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6. Conclusion

Five terraces of the Hongshui River in the south of the Zhangye Basin were faulted by the Minle
Fault, documenting the tectonic history of the fault since the late Pleistocene. A DEM generated
by the UAV photogrammetry is used to obtain the cumulative vertical offset of each terrace, and
the abandonment ages of terraces are dated by AMS '*C dating. The results show that the Minle
Fault has been active since the Holocene, and that it has shortened steadily at a rate of 0.95+
0.30 mm/a since the late Pleistocene, indicating that the deformation has spread into the Zhangye
Basin. Active tectonics and GPS data indicate the uniform deformation in the Zhangye Basin but
different shortening rates in the eastern and western basin. The differential allocation of
deformation could be caused by different wedge structures. Deformation of the NQFTS has been
almost uniform since the late Quaternary and may be consistent with that in 10°%-year timescale,

although further studies are needed.
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Figure Captions

Figure 1. (a) Topography and active tectonics of the northeast Tibetan Plateau and its peripheral

zone with an insert topographic map of the inner Asia in the lower left (Yuan et al., 2013; Zheng

et al., 2013b). Boundary fault means fault with unknown kinematics. NQFTS, the north Qilian

fold-thrust system. The purple boxes indicate the locations of the two GPS velocity sections in

Figure 9. (b) Active tectonics and river system around the Minle Fault. The earthquake data

(since the year AD 1917) are downloaded from the website of USGS:

http://earthquake.usgs.gov/earthquakes.

Figure 2. (a) Interpretation of the terraces based on detailed field investigation with a Google
image around the Minle Fault as the base map. (b) Photo showing the fault scarps on the
Hongshui River terraces faulted by the Minle Fault, with a range shown in Figure 2a. (c) A
natural outcrop of the Minle Fault on the terrace T, on the west bank of the Hongshui River. Ty is
the youngest terrace faulted by the Minle Fault. F1 and F2 are two branches of the Minle Fault,
with thrust angles of 35° +3° and 27° +3° , respectively. See the photographing location

and angle in Figure 2a.

Figure 3. Terrace-to-river cross sections in the hanging wall of the Minle Fault, showing the

elevations and structures of the terraces. See Figure 2a for the locations of I-I’ 1 II-1I".
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Figure 4. Sampled sections of the AMS '*C dating samples from the terraces Ts, T, and T;. See

Figure 2a for the sampling locations.

Figure 5. (a) Orthoimage of the Minle Fault in its NW-strike section taken by the UAV. Yellow
dots show the camera positions of 230 m above the ground. (b) Interpretation of the terraces
based on the high resolution orthoimage. A natural outcrop of the fault was observed on T, as
shown in Figure 2c. (c¢) Positions of the control points and check points, with a total number of
21 with associated horizontal and vertical errors which control the precision of the DEM. (d)
DEM generated from the Orthoimage. Three lines numbered in Arabic numerals across the fault

were drawn on each terrace, corresponding with topographic profiles in Figure 6.

Figure 6. The topographic profiles of the terraces across the Minle Fault. The vertical offset of

each terrace is taken from the mean height of the scarps on the three profiles.

Figure 7. Linear regression analysis of the vertical slip rates of the two terraces through the
original point. The fault slip rates in different timescales are determined by the cumulative
vertical offsets and abandonment ages of terraces, the data of which are shown in Figure 6 and

Table 1, respectively. The gray shaded envelope displays the uncertainty of the regression.

Figure 8. Slip rate of faults or folds within the Hexi Corridor. The slip rates and corresponding
references are shown in the white boxes whose arrows point to the research sites. V, H, and S

represent the vertical slip rates, the horizontal slip rates, and shorting rates, respectively. Marks in
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the same shape represent the results on the same fault, and colors indicate different sites. Each

fault or fold is coded with a combination of a letter and a number. The bold lines and fonts

represent the NQFTS. F1, Yumen Fault (YMF); F2, Fodongmiao-Hongyazi Fault (FHF); F3,

North Yumu Shan Fault (NYSF); F4, East Yumu Shan Fault (EYSF); F5, Minle-Damaying Fault

(MDF); F6, Huangcheng-Taerzhuang Fault (HTF); F7, Hanxia-Dahuanggou Fault (HDF); FS,

Hei Shan Fault; F9, Jintanan Shan Fault; F10, South Heli Shan Fault (SHSF); F11, South

Longshou Shan Fault (SLSF); F12, Minle-Yongchang Blind Fault; F13, Fengle Fault; F14,

Kangingqiao Fault; A1, Laojunmiao Antice; A2, Yumu Shan Anticline; A3, Yonggu Anticline;

A4, Nanying Anticline.

Figure 9. GPS observation velocity in the two sections across the Zhangye Basin in the direction

of N45°E. The position of the two profiles are shown in Figure 1. The blue dots and error bars

refer to the rates of movement recorded by GPS stations relative to the stable Eurasian continent

between 2009 and 2017. Six and eleven GPS stations are used in the section (a) and (b),

respectively (Table S1; Zheng et al., 2017b). The red and green lines represent faults and folds,

respectively. The gray lines show the mean elevation of the 5 k