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Abstract At the eastern Qilian Shan mountain front in the NE Tibetan Plateau, the Minle-Damaying Fault
(MDF), the southernmost fault of the North Frontal Thrust (NFT) system, has previously been proposed as
an inactive structure during the Holocene. Here we present a detailed record of six strath terraces of the Xie
River that document the history of active deformation of the MDF. One optically stimulated luminescence
dating sample constrains abandonment of the highest terrace Tg at 12.7 £ 1.4 ka. The formation ages of the
lower terraces (T,~T;) are dated by AMS "“C dating. The cumulative vertical offsets of the MDF recorded by
these terraces are determined as 12.2 + 0.4 m (Tg), 8.0 = 0.4 m (Ts), 6.4 + 0.4 m (T,4), 4.6 £ 0.1 m (T3), and
3.2+ 0.2 m (T,o) by an unmanned aerial vehicle system, respectively. A long-term vertical slip rate of the MDF
of 0.9 £ 0.2 mm/yr is then estimated from the above data of terrace age and vertical offset by a linear
regression. Assuming that the fault dip of 35 + 5° measured at the surface is representative for the
depth-averaged fault dip, horizontal shortening rates of 0.83-1.91 mm/yr are inferred for the MDF. Our new
data show that the proximal fault (the MDF) of the NFT system at the eastern Qilian Shan mountain front has
remained active when the deformation propagated basinward, a different scenario from that observed at
both the western and central Qilian Shan mountain front.

1. Introduction

Since the Early Cenozoic, the India-Eurasia collision has exerted a major control on the tectonic and topo-
graphic development of the Asian inland (Figure 1a) (e.g., Avouac & Tapponnier, 1993; Najman et al,, 2001;
Tapponnier et al.,, 2001; Zhang et al., 2004). A striking result of the collision is the growth of the Tibetan
Plateau that today reaches average elevations of >4 km. The progressive outward growth of the plateau
has caused propagation of thrusting and folding into its surrounding sedimentary basins that accommodate
Cenozoic crustal shortening (e.g., Burchfiel et al., 1999; Heermance et al., 2008; Molnar & Tapponnier, 1975;
Sobel et al., 2006; Tapponnier et al., 2001; Thompson et al., 2015). The Qilian Shan (Shan means “mountains”
in Chinese) on the northeastern margin of the plateau is one of the major ranges that formed over the past
~10 Myr in response to the outward growth of the plateau (e.g., Tapponnier et al., 1990, 2001; Wang et al.,
2016; Zheng, Zhang, Ge, et al., 2013; Zheng, Zhang, Zhang, et al., 2013). The history of uplift and growth of
the Qilian Shan is thus crucial to understand the process and the mechanism of upward and outward growth
of the Tibetan Plateau (e.g., Hetzel et al., 2004, 2006; Pan et al., 2013; Tapponnier et al.,, 1990; Zheng et al.,
2017; Zheng, Zhang, Ge, et al,, 2013; Zheng, Zhang, Zhang, et al., 2013).

The Qilian Shan is located in the northeastern margin of the Tibetan Plateau, which comprises several WNW
trending mountain ranges (Figure 1a). The crustal shortening of the range is mainly linked kinematically to
thrusting of several NW trending reverse faults (Tapponnier et al., 1990; Zhang et al., 2004). Separating the
Qilian Shan to the south from the sedimentary basins of the Hexi Corridor to the north, these structures
define the steep mountain front of the range (Figure 1a). Previous studies have utilized low-temperature ther-
mochronology (e.g., George et al., 2001), sedimentology and magnetostratigraphy (e.g., Fang et al., 2005;
Wang et al., 2016; Zheng et al.,, 2017), geological and geodetic investigations (e.g., Zhang et al., 2004), or dat-
ing of deformed geomorphic surfaces using exposure and luminescence dating (e.g., Hetzel et al., 2004, 2006;
Hu et al.,, 2015; Pan et al.,, 2013) to constrain the timing and magnitude of the Cenozoic deformation along the

XIONG ET AL.

THRUSTING IN NE TIBETAN PLATEAU 2973


http://orcid.org/0000-0003-4572-4611
http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1944-9194
http://dx.doi.org/10.1002/2017TC004648
http://dx.doi.org/10.1002/2017TC004648
mailto:hhlv@geo.ecnu.edu.cn
https://doi.org/10.1002/2017TC004648

@ AG U Tectonics 10.1002/2017TC004648

z z
o o

o o
< | <

Thrustfal — BounAdaryfaultr ke
g - A -= Strike-slipfault @ Ms=8.0 » z
]| ' L -+ Normalfault @ 8.05Ms=>7.0 | : 0
J T
92°E 96°E 100°E 104°E
101,5°E 102°E 102.5°E

38°N

—A—Thrustfault ~ ----- Buried fault @®6.0=>Ms=5.0 8.0=Ms>7.0
-=- Strike-slipfault *—— Geological crosssection @ 7.0=>Ms>6.0 .

101.5°E 102°E 102.5°E

37.5°N

Figure 1. (a) Active tectonics in the northeastern Tibetan Plateau and adjacent regions (Yuan, 2003; Zheng, Zhang, Zhang,
et al, 2013) based on a digital elevation model. Insert map showing topography of the Asian Inland. Boundary fault means
fault with unknown kinematics. NFT: the north frontal thrust system, GF: Gulang Fault, and LMF: Laohushan-Maomaoshan
Fault. (b) Active faults and river systems along the eastern Qilian Shan mountain front. HC Basin: Huangcheng Basin. See
Figure 1a for the location of Figure 1b. The earthquake data (since the year AD 1917) are downloaded from the website of
USGS: https://earthquake.usgs.gov/earthquakes.

Qilian Shan. Nonetheless, the detailed depositional and geomorphic responses to the ongoing growth of the
Qilian Shan still need to be further understood.

Along the margins of active orogenic belts, detailed sedimentological and geomorphological investigations
are necessary to understand the tectonic evolution of mountain belts (e.g., Burchfiel et al.,, 1999; Lavé &
Avouac, 2000; Li et al.,, 1999; Li & Yang, 1998; Lu et al, 2010, 2015, 2017; Molnar et al.,, 1994; Thompson
et al., 2015). In particular, deformed river terraces are very useful in reconstructing the history of active
deformation and understanding the kinematics of active structures. Two prerequisites exist when utilizing
river terrace to constrain the history of active deformation. One is to establish a robust chronology for
terrace formation and/or abandonment, and the other is to precisely determine the magnitude of deforma-
tion (e.g., a vertical offset) recorded by the abandoned terrace tread (e.g., Burbank & Anderson, 2012; Yang
& Li, 2011).

Here we present a detailed record of the latest Quaternary fluvial terraces of the Xie River, the upper reach of
the Dongda River flowing across the eastern Qilian Shan (Figure 1b); the terraces have been sequentially
deformed by thrusting of the Minle-Damaying Fault (MDF), a structure at the eastern Qilian Shan mountain
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front that has previously been proposed to be inactive during the Holocene (Figure 1b) (IG, LERI, China
Earthquake Administration, 1993). A combination of AMS '*C dating and optically stimulated luminescence
(OSL) dating was used to constrain the timing of terrace formation and/or abandonment. An unmanned
aerial vehicle (UAV) photogrammetry system was then utilized to generate a digital elevation model (DEM)
and determine accurate vertical offsets of the MDF at the Xie River. The main aims of this paper are to (1) reveal
the latest Quaternary activity of the MDF (timing, magnitude, and rate) and further to (2) discuss the implica-
tions of our results for active deformation at the northeastern margin of the Tibetan Plateau.

2. General Setting and Active Tectonics of the Study Area
2.1. General Setting

The Cenozoic growth of the Qilian Shan is controlled by the northeastward propagation of the Tibetan
Plateau. Unconformities between Neogene and Jurassic sedimentary rocks (GGB, 1989) indicate that major
tectonic deformation occurred during Late Mesozoic or Early Cenozoic. Late Cenozoic deformation along
the Qilian Shan range has been controlled by a thrust system that defines the basin-mountain boundary
(Gaudemer et al, 1995; IG, LERI, China Earthquake Administration, 1993). In the eastern Qilian Shan
between the Xida River and the Xiying River (Figure 1b), ranges comprise mainly Paleozoic and
Mesozoic low-grade metamorphic and sedimentary rocks, Late Cenozoic sedimentary strata, and
Caledonian granite. Thrusting on the faults at the mountain front places Paleozoic and Mesozoic rocks
above Late Cenozoic sedimentary strata (GGB, 1989; IG, LERI, China Earthquake Administration, 1993). In
the drainage basin of the Xie River (Figure 1b), the major rock types include Devonian conglomerate
and sandstone as well as Lower Carboniferous conglomerate, sandstone, and shale. A small amount of
Lower Silurian sedimentary rocks and Lower Ordovician volcanic and metamorphic rocks are found in
the upper reach of the Xie River.

2.2. Active Tectonics Along the Eastern Qilian Shan

Active faults in the eastern Qilian Shan deformation zone comprise the Lenglongling Fault and the North
Frontal Thrust (NFT) system that includes several northeast vergent thrust faults, that is, the Minle-
Damaying Fault (MDF), Huangcheng-Taerzhuang Fault, Fengle Fault, and Kangninggiao Fault (Figure 1b).
Along the mountain crest of the eastern Qilian Shan, the southeast striking Lenglongling Fault is a sinistral
strike-slip fault with a vertical component (Figure 1b) (He et al., 2010). The Lenglongling Fault is the western
segment of the Haiyuan Fault and bifurcates eastward into the Laohushan-Maomaoshan Fault (LMF) to the
southeast and the Gulang Fault (GF) to the east (Figure 1a) (He et al.,, 2010). This left-lateral strike-slip fault
system has been active during the Quaternary and exhibits a high seismicity with a series of major historical
Earthquakes (e.g., the Haiyuan M 8.7 earthquake of 16 December 1920 and the Menyuan M; 6.4 earthquake
of 26 August 1986) (He et al.,, 2000, 2010; Lasserre et al., 2002; Zhang et al., 1987). The late Pleistocene rate of
sinistral slip on the Lenglongling Fault has been estimated to 4.3 £ 0.7 mm/yr (He et al., 2010).

To the north of the Lenglongling Fault, the NFT system dominates the tectonic and topographic patterns of
the eastern Qilian Shan (Figure 1b). The MDF is the southernmost fault in the NFT system, which separates
the eastern Qilian Shan to the south from the Minle Basin to the north (Figure 1b). This fault roughly dips
southward at an angle varying along the strike (IG, LERI, China Earthquake Administration, 1993). On the
west bank of the Xie River, a surface dip of 35 + 5° of the fault has been measured in the field
(Figures 2a-2d). The MDF has previously been proposed to have been inactive during the Holocene (IG,
LERI, China Earthquake Administration, 1993). However, in this study we show that a flight of well-
developed and deformed latest Quaternary terraces of the Xie River records active thrusting of the MDF
over the latest Quaternary (Figure 2c). The Huangcheng-Taerzhuang Fault, to the north of the MDF, has also
been active in the Holocene with average vertical slip rates estimated to 0.54-0.8 mm/yr on the eastern
segment of the fault (Chen, 2003). At least one major history Earthquake, the Gulang M; 8 earthquake of
23 May 1927, occurred on this fault (Gaudemer et al, 1995). Between the western Huangcheng-
Taerzhuang Fault and the eastern MDF, a zone of the sinistral shear has formed a pull-apart basin, that
is, the Huangcheng Basin (Figure 1b). The frontal thrusts of the NFT system, the Fengle Fault, and the
Kangninggiao Fault define the basin-mountain boundary near the cities of Yongchang and Wuwei
(Figure 1b). The average vertical slip rate of the Fengle Fault has been estimated as 2.8 + 1.3 mm/yr with
a horizontal shortening rate of ~2.5 mm/yr over the past ~30 kyr (Champagnac et al,, 2010). Although
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Figure 2. (a) Google Earth image showing the geomorphic framework at the mountain front of the Xie River and (b) the
interpreted distribution of the terraces based on detailed field investigations. (c) Photo showing the fault scarps of the
Xie River terraces caused by thrusting of the Minle-Damaying Fault. (d) Outcrop of the Minle-Damaying Fault dipping
southwestward with an angle of 35 + 5°. (e) II-II' terrace-to-river cross section on the hanging wall of the Minle-Damaying
Fault showing the geomorphic framework. See Figure 2b for the location of this cross section.
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the general framework of the active thrust system at the eastern Qilian Shan mountain front is well
characterized (Figure 1b) (IG, LERI, China Earthquake Administration, 1993), the detailed characteristics
(timing, magnitude, and rate) of the fault system remain unclear. Until now, no estimate of the Holocene
slip rate of the MDF is available. This hinders better understanding of the process and the mechanism of
the northeastward growth of the Tibetan Plateau.

3. The Xie River Terraces

3.1. Terrace Classification

Where the Xie River crosses the MDF, we mapped and characterized a flight of six fluvial strath terraces that
were deformed above the thrust fault. The geomorphic characterization of terraces in the study area along
the Xie River (Figure 2) involved three components. First, fluvial terraces were mapped in the field and using
Google Earth images. Second, sedimentology (color, thickness, grain size, roundness, composition, etc.) and
geomorphology (height above the modern river and extent of dissection) of the fluvial sediments overlying
the bedrock were characterized. Third, based on the mapping, terraces were divided into six levels: T; to Tg
increasing systematically in elevation (Figure 2).

All six terraces (T;-Tg) are beveled into the southwest dipping Lower Carboniferous sandstone and shale, and
planated bedrock surfaces (called “strath surfaces”) are clearly exposed along the west bank of the river
(Figures 2 and 3). The straths are covered with a continuous layer of fluvial deposits that is about 2-4 m thick
(for terraces T, to Ts) and up to about 7-10 m thick (for terrace Te) (Figures 2e and 3). Based on these observa-
tions, the terraces at the mountain front of the Xie River are defined as strath terraces. The distribution of the
low terraces T, and T, is relatively restricted (Figures 2a and 2b). Terrace T, is subdivided into three secondary
terraces Tq,, Tip, and T, based on the difference in height above riverbed (Figure 2). The higher terraces Ts to
Te are widely distributed along the west bank of the river (Figures 2a and 2b). The surfaces of all terraces are
relatively planar and continuous (Figures 2a and 2¢), and no obvious erosion and dissection was observed in
the field. This observation implies a relatively late timing of abandonment of the terrace caused by river
incision. In striking contrast with terraces T;-Ts, the fluvial deposits of terrace Tg are covered by ~2.1 m thick
aeolian loess (Figures 2e and 4). The terraces are mainly composed of subrounded to rounded pebble-to
cobble-sized gravels with the largest boulders reaching several decimeters in diameter (Figure 3). The fluvial
gravels on all terraces have a similar distribution of clast lithologies and include mainly sedimentary rocks
(sandstone and conglomerate) with a small amount of metamorphic rocks.

3.2. Terrace Formation and/or Abandonment Age

3.2.1. AMS '*C Dating

The time of terrace formation for the low terraces T; to T, was estimated using AMS '*C dating. Charcoal was
collected from layers of sand and silt overlying the terrace gravels (Figure 3). A total of 11 AMS C dating
samples were taken in the field. In order to well constrain the terrace formation ages, four sets of paired sam-
ples were collected (Table 1). The pair HC26-27 and the pair HC29-30 were processed each from one single
piece of charcoal (Figures 3c and 3g). In contrast, the pairs HC22-23 and HC31-32 were collected from the
same outcrop but in different positions (Figures 3a and 3f).

Following standard procedures (Vries & Barendsen, 1954), the complete sample preparation was performed
either at the Beta Analytic (five samples) or the Radiocarbon Dating Laboratory of Peking University (six sam-
ples) (Table 1). The charcoal of each sample was pretreated using the acid-alkali-acid (AAA) sequence to
remove contaminants (Vries & Barendsen, 1954). The sample was first gently crushed and then dispersed
in deionized water. It was then washed with hot hydrochloric acid (HCl) to eliminate carbonates followed
by an alkali (NaOH) wash to remove secondary organic acids. The alkali wash was followed by a final acid rinse
to neutralize the solution before drying. Finally, the processed samples were transformed into graphite
following standard procedures (Santos et al., 2004). The AMS radiocarbon measurements of the prepared gra-
phite samples were performed at both the Beta Analytic (five samples) and the AMS Center, School of Physics,
Peking University (six samples). Based on the approach of Talma and Vogel (1993), the "*C ages of the sam-
ples were determined with Libby’s half-life (5,568 years), the Northern Hemisphere '*C calibration curve
IntCal13 (Reimer et al.,, 2013), and OxCal V4.2 (University of Oxford, 2017). Dates are reported as years before
present (present = AD 1950).
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Figure 4. Photograph of ~2.1 thick loess sediments capping the terrace deposits of Tg, from which the OSL sample was
taken. See Figure 2b for the location of the sampled section.

3.2.2. Optically Stimulated Luminescence Dating

To estimate the age of the highest terrace Tg of the Xie River, we took an optically stimulated luminescence
(OSL) dating sample from the bottom of the ~2.1 m thick loess sediments capping the fluvial deposits
(Figures 2b and 4). Fresh sediments were exposed with a shovel before using a plastic hammer to drive a
20 cm long steel pipe with a diameter of 5 cm into the freshly exposed deposits. The pipe containing the
sample remained sealed with opaque materials before processing in the lab.

Following standard procedures (Aitken, 1998), preparation and measurements of the OSL sample were car-
ried out at the OSL Laboratory of the Institute of Geology and Geophysics, Chinese Academy of Sciences.
In order to insure maximal shielding, 2-3 cm of the sample was removed from each end of the pipe and only
the sample in the center of the steel pipe was analyzed in the lab. About 20 g of loess from the center of the
steel pipe were used for water content measurement, and an uncertainty of 10% was assigned. The rest of the
loess was first dried and then was treated with 10% hydrochloric acid (HCl) and 10% hydrogen peroxide
(H,0,) to remove carbonates and organic materials, respectively. Grains <90 pm were obtained by mechan-
ical dry sieving, and then were etched with 40% HF for about 80 min to remove feldspar as well as etch the
outer alpha dosed layer of quartz grains. Before final rinsing and drying, HCI (10%) was used again to dissolve

Table 1
AMS "¢ Dating Data of the Xie River Terraces
Sample Sampled Sample Terrace elevation at Sampling Conventional Calibrated '#C cal Terrace formation
no.? terrace level location the sampling site (m) depth (m)© 4 age (a BP) age (cal a BP) age (cal a BP)
HC22 T4 37°50'47.00"N 30055 0.60 6445 + 35 7360 = 70 5825 + 130
HC23* 101°34'28.10"E 3005 + 5 0.90 9160 + 30 10320 + 80
HC29 37°50'57.38"N 2984 + 5 0.54 5200 + 30 5953 + 50
HC30* 101°34'44.60"E 2984 + 5 0.68 4980 + 30 5698 + 60
HC24 T3 37°50'52.70"N 2992 + 5 0.7 3995 + 30 4471 + 60 4471 + 60
101°34'39.52"E
HC26 Ty 37°50'53.25"N 2985+ 4 0.97 3130+ 25 3363 = 40 3288 + 150
HC27 101°34'42.23"E 2985 + 4 0.87 3130 + 25 3363 + 40
HC28* 37°50'54.76"N 2982 + 5 0.97 2970 + 30 3138 + 80
101°34'44.18"E
HC31* Tib 37°51'04.17"N 2969 + 4 1.16 2710 + 30 2807 + 60 2511 + 300
HC32 101°35'03.63"E 2969 + 4 0.85 2225 + 25 2215+ 70
HC33* Tib 37°5106.01"N 2962 + 4 0.60 1480 + 30 1360 + 50 1360 + 50

101°3511.08"E

Note. The AMS 4 dating procedure is performed at the Beta Analytic (for the samples marked by the asterisk) and the Radiocarbon Dating Laboratory of Peking
University, respectively.

¥The dating material of all the samples is charred material, and the pretreatment on all the samples is acid/alkali/acid. The sampling locations and the sampled
sections are shown in Figures 2b and 3, respectively. “The terrace elevation was obtained by a Garmin handheld GPS. “The sampling depth was measured
by a tape with the scale of 1 cm. ~Based on the IntCal13 database (Reimer et al., 2013), a simplified approach (Talma & Vogel, 1993) is used to calibrate 4C dates.
Reported "“C ages used Libby’s half-life (5,568 years) and were referenced to the year AD 1950. The age uncertainty is two sigma.
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Table 2
Calculated Values of Equivalent Doses, Annual Doses, and OSL Ages

Water content  Equivalent  Annual doses OSL age
Sample no. Sample location Sampled layer (m) u? (ppm) Th (ppm) K (%) (%) & doses (Gy) (Gy/kyr) (ka)©

HC-T6-1¢ 37°51’35.03" N The lower part of ~2.1 m 3.81 15.6 1.88 6.1 49.7 £ 1.7 3.90+0.17 127 +£14
101°35'28.9" E thick loess capping the
terrace gravels of Tg

#The contents of U, Th, and K were determined using an ELEMENT Plasma Mass Spectrometer. The uncertainty of 5% was taken. bAn uncertainty of 10% is
assigned to the water content. The age uncertainty is two sigma. “Location of the dating sample and the sampled terrace cross section are shown in
Figures 2b and 4, respectively.

any residual fluorides after etching. The etched grains were sieved again through a 63 um mesh and then
mounted as a monolayer on 9.8 mm diameter aluminum discs using silicone oil as an adhesive. Grains cov-
ered the central ~3 mm diameter portion of each disc, corresponding to several hundreds of grains per ali-
quot. Luminescence measurements were performed on a Risg TL/OSL DA-15 reader. First, the purity of the
samples was tested by measuring the infrared stimulated luminescence (IRSL) and 110°C thermolumines-
cence (TL) peak that is indicative of feldspar. We used a 2°5r/°°Y beta source with a dose rate of 0.09 Gy/s
for dosing and blue light emitting diodes (A = 470 + 20 nm) and infrared (A = 830 nm) LED units for stimula-
tion. Equivalent dose (De) of the quartz was determined by using the Simplified Multiple Aliquot
Regenerative-dose (SMAR) procedure (Wang et al., 2006). Signals of initial 0.64 s of stimulation were inte-
grated for growth curve construction after subtracting background (last 5 s). To determine the environmental
dose rate, U, Th, and K contents in the samples were measured using an ELEMENT Plasma Mass Spectrometer
with a relative measurement error of <5%. The cosmic ray dose rate was estimated according to Prescott and
Hutton (1994). The environmental dose rate was determined based on the conversion relation between dose
rate of quartz and the contents of U, Th, and K and water content (Aitken, 1998). Finally, OSL date for the mea-
sured sample was calculated from the acquired De and environmental dose rate.

3.2.3. Determination of Terrace Formation and/or Abandonment Age

Ages for T, to T, obtained by AMS '*C dating are shown in Table 1. Except for the paired samples HC22-23
that have about 3,000 years of difference in age, the small range of radiocarbon ages of the sample pairs
HC29-30 and HC31-32 obtained in two different labs (Table 1) lends confidence in our AMS dating. For the
terrace Ty, the paired AMS "*C samples HC22 and HC23 yielded two ages that are not within the uncertainty
bounds: 7.36 + 0.07 ka and 10.32 + 0.08 ka (Table 1 and Figure 3f), both of which are significantly older than
the ages of the paired samples HC29 and HC30 (5.95 + 0.05 ka and 5.7 £ 0.06 ka) taken from the same terrace
(Table 1 and Figure 3g). The scattered and older ages of HC22 and HC23 might be attributed to reworking of
older deposits upstream and different sources of charcoal. We thus discarded these two older ages
(7.36 = 0.07 ka and 10.32 + 0.08 ka) and did not use them to constrain the formation age of terrace T;. We
then calculated mean terrace ages for the sample pairs using the accepted '*C age data of the samples taken
from the three terraces Ty4, T, and T;,, and estimated the formation ages of terraces T,, T3, T», Tq5, and Ty, to
5.83 +0.13 ka, 4.47 £ 0.06 ka, 3.29 £ 0.15 ka, 2.51 £ 0.3 ka, and 1.36 £ 0.05 ka, respectively (Table 1). The errors
assigned to the mean ages include the nominal values of the involved individual (two or three) ages.
Provided (1) that the charcoal got transported by the river into the terrace deposits and did not form in situ
from organic material and (2) that there are no postdepositional formation processes working on the terrace
sediments, such as bioturbation, any of the above radiocarbon ages from the charcoal is a maximum age of
the deposition of the sampled terrace sediment horizon. Therefore, the calibrated radiocarbon ages of the
sampled charcoal fragments found in the fluvial sediments (Table 1) provide a maximum age for the forma-
tion of terraces T,-T,.

The OSL sample taken from the bottom of the loess overlying the terrace sediments of Tg constrains the ter-
race abandonment to 12.7 + 1.4 ka (Table 2 and Figure 4). It is reasonable to assume that loess begins to accu-
mulate on the terrace after abandonment of the terrace (e.g., Hu et al., 2015; Lu et al., 2014; Pan et al., 2013).
Hence, the age of the basal loess provides a reliable minimum age on the timing of terrace abandonment,
and the OSL age of 12.7 + 1.4 ka may be slightly younger than the actual time of terrace abandonment.
No suitable material for OSL or AMS '*C dating was found in the terrace deposits of Ts and T;; thus, their
formation or abandonment ages remain unconstrained.
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Figure 5. (a) Composite image of the area covering the Minle-Damaying Fault
obtained by a DW-01 unmanned aerial vehicle photogrammetry system.
Yellow dots show the camera positions ~200 m above the ground. (b) Digital
elevation model (DEM) generated from the obtained aerial images using Agisoft
PhotoScan. Topographic profiles extracted from the DEM are shown in Figure 6.
(c) Sixteen ground control points with associated horizontal and vertical errors
which control the resolution of the constructed DEM. The horizontal error of
each ground control point is shown as a vector.

4, Vertical Offset of the Minle-Damaying Fault
by Morphometry

Photogrammetry acquired by an unmanned aerial vehicle (UAV) sys-
tem equipped with a camera has progressively become an important
tool to obtain landscape surveys. Images obtained by a UAV photo-
grammetry system can be used to generate a digital elevation model
(DEM). In this work, a DW-01 UAV with an octorotor, a Canon EOS 5D
Mark Il camera, a MX-20 transmitter, a MikroKopter-tool ground con-
troller, and a navigation board was used to obtain areal imagery.
Three aerial surveys at an altitude of about 200 m were performed
(Figure 5a). In total, 141 images covering an area of 0.51 km? were
acquired (Figure 5a). The horizontal and vertical precision of the images
is about 0.5 m and 0.2 m, respectively. Agisoft PhotoScan was used for
photo alignment, dense cloud building, mesh building, and texture
building. This standard procedure provided a high-density point cloud
to generate a DEM (Figure 5b), and the resolution of the DEM is con-
trolled by 16 ground control points (Figure 5c). The DEM transferred
from the obtained aerial images was then used to extract topographic
profiles perpendicular to the fault scarp of the MDF (Figures 5b and 6).
Finally, the vertical offset of the MDF recorded by each terrace was pre-
cisely determined by averaging the offsets of three parallel profiles
(Figures 5b and 6). Assuming that erosion and/or sedimentation is zero,
the determined vertical offsets recorded by the strath terrace treads
can be used to represent the vertical component (rock uplift) of thrust-
ing of the MDF.

The vertical offsets of the fault scarp recorded by the Xie River terraces
(Figures 2c and 6) clearly reveal the recent history of thrusting of the
MDF. Since terrace Tg was formed, the cumulative vertical offset of
the MDF is 12.2 = 0.4 m (Figure 6). Both seismic events and/or continu-
ous thrusting of the MDF may have contributed to the total offset since
abandonment of terrace Tg. The cumulative vertical offset recorded by
the terrace treads decreases sequentially, that is, the younger terrace
recording less vertical offset (Figure 6).

5. Estimates of Deformation Rates on the
Minle-Damaying Fault

Using the formation ages of the faulted Xie River terraces and the ver-
tical offsets recorded by each terrace tread, the slip rate of the terrace
surface above the MDF is calculated, and the uncertainty is estimated
based on the uncertainties of the ages and the vertical offsets. First,
we calculate the vertical slip rate (vertical component of the fault slip
rate) of the MDF by dividing the age of each terrace by the vertical off-
set of the terrace across the fault scarp. Thus, we obtain a vertical slip
rate of 0.96 + 0.11 mm/yr for Te. This rate is of the same magnitude
as 1.1 + 0.07 mm/yr recorded by the terrace tread of T, and
1.03 + 0.04 mm/yr recorded by the T; terrace tread, respectively. The
similarity of vertical slip rates calculated across three different time
intervals supports the notion that the MDF had a relatively constant
Holocene vertical slip rate over at least the past 12.7 kyr. Finally, we esti-
mate a vertical slip rate of 0.9 £ 0.2 mm/yr from the formation ages of
these three terraces and the vertical offsets recorded by their terrace
treads by a linear regression using Isoplot (Figure 7). Combined with
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Figure 6. Topographic profiles crossing the fault scarps of the Minle-Damaying
Fault. For each terrace, the vertical offset of the Minle-Damaying Fault is
estimated by calculating the arithmetic mean of three values based on the three
topographic profiles.

the fault dip of 35 + 5° that was measured on the west bank of the Xie
River (Figures 2c and 2d), and provided that the measured surface dip
of the fault is representative of the subsurface dip, this vertical slip rate
yields an estimated shortening rate (horizontal component of the fault
slip rate) of 0.83-1.91 mm/yr on the MDF. As shown in section 3.2.3, the
AMS 'C dates on the charcoal fragments from the terrace deposits of
T,-T4 and the OSL dates on the overlying loess of T¢ provide a maxi-
mum and minimum age for the terrace formation and abandonment,
respectively. Thus, the obtained rates of vertical slip and shortening
for the MDF from these ages would be a little bit underestimated and
overestimated, respectively.

6. Discussion

6.1. Implications for Active Deformation Along the Eastern
Qilian Shan

Along the eastern Qilian Shan, active deformation is driven mainly by
slip on a series of thrust faults. At the mountain front of the Xie River,
continuous deformation of the MDF during the latest Quaternary is
supported by a flight of successively deformed strath terraces
(Figures 2¢, 5, and 6). The vertical slip rate over the last 12.7 kyr was esti-
mated as 0.9 + 0.2 mm/yr (Figure 7), which is of the same order of mag-
nitude as the vertical slip rates of the other reverse faults of the NFT
system at the eastern Qilian Shan mountain front (Figures 8 and 9).
For example, at the eastern segment of the Huangcheng-Taerzhuang
Fault, Chen (2003) has estimated Holocene vertical slip rates to
0.54-0.8 mm/yr by topographic surveying on the fault scarps recorded
by river terrace treads and thermoluminescence dating (Figures 8
and 9). Based on AMS 'C dating and paleoseismic trenching, the
Holocene vertical slip rate of the Kangninggiao Fault has been esti-
mated as 044 + 0.08 mm/yr (Figures 8 and 9) (Ai et al, 2017).
However, there is an exception to these estimates on vertical slip rates.
At the eastern segment of the Fengle Fault near the Xiying River
(Figures 1b and 9), Champagnac et al. (2010) have estimated the
long-term rate of vertical slip of the Fengle Fault as 2.8 + 1.3 mm/yr
over the past ~30 kyr by '°Be exposure dating and topographic survey-
ing. Tectonically, the Kangnianggiao Fault and the Fengle Fault are con-
sidered as the eastern and western segments of the Southern Wuwei
Basin Fault, respectively (Figures 1b and 9); both of the faults would
be expected to have a similar rate of deformation. Relative to the low
rate of vertical slip of 0.44 + 0.08 mm/yr from the Kangninggiao Fault
(Ai et al.,, 2017), however, the rate from the Fengle Fault proposed by

Champagnac et al. (2010) is exceptionally high and has been argued to be overestimated due to uncertainties
in age control and/or fault offset estimates (Hetzel, 2013; Hu et al, 2015). If the vertical slip rate of
2.8 £ 1.3 mm/yr of Champagnac et al. (2010) is ignored, vertical slip rates are comparable on different faults
in the NFT system along the eastern Qilian Shan (Figures 8 and 9).

When combining the estimated vertical slip rates of thrust faults along the eastern Qilian Shan and the mea-
sured fault dips at the surface, Chen (2003) has estimated the Holocene rates of horizontal shortening of the
Kangnianggiao Fault and the Huangcheng-Taerzhuang Fault as ~0.9 mm/yr and 0.8-1.1 mm/yr, respectively.
Recent studies show that distributed folding in response to thrusting on blind faults has accomplished a
considerable portion of the deformation (e.g., Hetzel et al., 2006; Hu et al.,, 2015). For example, in the area
between the Huangcheng-Taerzhuang Fault and the Kangninggiao Fault (Figures 1b and 9), formation of
the Nanying anticline has resulted from thrusting on such a blind fault with an estimated crustal
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Figure 7. Long-term vertical slip rate of the Minle-Damaying Fault (MDF)
estimated from the formation and abandonment ages of the terraces Tg, Ty,
and T3 and the vertical offset recorded by these three terrace treads by a linear
regression using Isoplot. The gray shaded envelope displays the uncertainty of
the regression. The data of terrace age and vertical offset are from Tables 1 and 2
and Figure 6.

shortening rate of 0.9 + 0.3 mm/yr (Hu et al., 2015). Together with our
estimate of horizontal shortening rate of 0.83-1.91 mm/yr on the
MDF, a total of 3-4 mm/yr of crustal shortening inferred from active
tectonic studies occurs across the eastern Qilian Shan mountain front.
Taking into account the possibility of unrecognized blind thrusts that
accommodate the crustal shortening, the actual shortening rate across
the eastern Qilian Shan mountain front might be underestimated. On
the larger scale, it appears that the cumulative rate of NNE directed
shortening across the eastern Qilian Shan mountain front is higher
than that along the western Qilian Shan mountain front, where the
rate of crustal shortening has estimated to at most ~2 mm/yr (Hetzel
et al., 2006).

6.2. Pattern of Active Deformation in the NE Tibetan Plateau

Crustal shortening in the NE Tibetan Plateau has successively
encroached into the Hexi Corridor. This outward migration of deforma-
tion has resulted in formations of a thrust fault system and fold-and-
fault zones (e.g., Li & Yang, 1998; Tapponnier et al.,, 1990; Zheng et al.,
2017; Zheng, Zhang, Ge, et al, 2013; Zheng, Zhang, Zhang, et al.,
2013). A series of relatively small mountain ranges have thus devel-
oped, such as the Hei Shan, Jintanan Shan, Heli Shan, and Longshou
Shan in the northern Hexi Corridor and the Yumu Shan and the
Laojunmiao anticline in the southern Hexi Corridor (Figure 9). Based

on detailed geologic and geomorphic investigations, the onset of mountain building in the Jintanan Shan
and the Heli Shan in the northern side of the Hexi Corridor (Figure 9) has been constrained to ~1.5-1.6 Ma
and ~1 to < 3 Ma, respectively (Zheng, Zhang, Ge, et al,, 2013; Zheng, Zhang, Zhang, et al., 2013). These ages
are younger than the formation age of 3.7 + 0.9 Ma of the Yumu Shan (Palumbo et al,, 2009) as well as the
onset of deformation of the Laojunmiao anticline at ~4.9-3.6 Ma (Fang et al., 2005; Zheng et al,, 2017) in
the southern Hexi Corridor (Figure 9). This difference in age suggests that the deformation front along the
northeastern margin of the Tibetan Plateau has reached the northern side of the Hexi Corridor (i.e., the
southern Gobi-Alashan Block) since about 2 Ma (Figure 9) (Zheng, Zhang, Ge, et al., 2013).

Lenglongling

xx mm/yr (xx): Vertical slip rate estimate (mm/yr)
and time interval of slip rate record

Elevation (xm)

T T T T T
0 10 20 30 40 50 60 70 80 920
Distance (km)

Figure 8. |-I' cross section with vertical exaggeration. Topography was extracted
from the ASTGTM2 DEM with the resolution of 30 m. See Figure 1b for location.
The vertical slip rates of the Fengle fault (Kangninggiao Fault), the Huangcheng-
Taerzhuang Fault, and the Lenglongling Fault are from Ai et al. (2017), Chen
(2003), and He et al. (2000), respectively. All these faults approximately dip
southward or southwestward, with dip angles that vary along strike and are
commonly estimated to ~40-70° (the Minle-Damaying Fault, IG, LERI, China
Earthquake Administration, 1993), ~40-80° (the Huangcheng-Taerzhuang
Fault, Chen, 2003), and ~40-90° (the Fengle Fault and the Kangningqiao Fault,
Ai et al., 2017).

When the deformation front migrated toward the north-northeast
(Zheng et al., 2017), some more proximal (southern) structures in the
NFT system at the Qilian Shan mountain front (such as the Red Sand
River Fault) have been proposed to become inactive (Hetzel et al,
2004, 2006). Along the western Qilian Shan mountain front, when the
deformation propagated northward into the southern Hexi Corridor,
the Yumen anticline developing above the Yumen Fault (near the
city of Yumen, Figure 9) became active, whereas the proximal basin-
mountain boundary thrust became inactive (Hetzel et al, 2006).
Along the central Qilian Shan mountain front, a similar history of defor-
mation has been documented, where the proximal Red Sand River
Fault became inactive when the Zhangye Fault to the north of the
Red Sand River Fault (near the city of Zhangye, Figure 9) was active
(Hetzel et al., 2004).

A different scenario is observed at the eastern Qilian Shan mountain
front (Figure 9). Our new data show that the proximal fault (here it is
the MDF) of the NFT system along the eastern Qilian Shan remains
active, even though the distal structures of the NFT system
(the Huangcheng-Taerzhuang Fault, the Fengle Fault, and the
Kangninggqiao Fault, Figures 1b, 8, and 9) are tectonically active during
the Holocene (e.g., Ai et al., 2017; Champagnac et al., 2010; Chen, 2003;
Hu et al., 2015). A similar pattern of deformation has been documented
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Figure 9. Map showing slip rates on faults (white boxes) as well as constraints on the onset of mountain building (gray
boxes) in the southern and northern Hexi Corridor. “(~10 kyr, 10Be)” shows the time interval of slip rate record and the
corresponding dating method: 10ge; %8¢ exposure dating; AMS 4. AMS carbon-14 dating; OSL: optically stimulated
luminescence dating; TL: thermoluminescence dating. Numbers represent the names of the faults: 1: Yumen Fault; 2:
Jiayuguan Fault; 3: Zhangye Fault; 4: Red Sand River Fault; 5: Huangcheng-Taerzhuang Fault.

in the southern Chaiwopu Basin, a piggyback basin in the easternmost part of the northern Chinese Tian Shan
foreland (Lu et al,, 2015). There, thrusting on the frontal thrust fault, the Banfanggou Fault, in the southern
Chaiwopu Basin has driven continuous growth of the Saergiaoke anticline during the late Quaternary (Lu
et al, 2015). In contrast, field observations and measurements on bedding attitudes indicate late
Quaternary activity of the proximal Junggar Frontal Thrust Fault (Lu et al, 2015), which separates the
northern Chinese Tian Shan range to the south from the Chaiwopu Basin to the north. We propose that
the spatial pattern of deformation, as observed along the Qilian Shan mountain front (Hetzel et al., 2004,
2006; this study), could have been driven by the eastward migration of deformation along the NFT system
in the NE Tibetan Plateau, but the detailed mechanism behind the spatial pattern of deformation on the
NFT is unclear and needs further work.

7. Conclusion

At the mountain front of the eastern Qilian Shan, NE Tibetan Plateau, a flight of six strath terraces document
the history of active deformation of the Minle-Damaying fault (MDF), where the fault is cut by the northeast-
ward flowing Xie River. Continuous thrusting of the MDF has faulted six Xie River terraces. Terrace profiles
extracted from a high-resolution digital elevation model (DEM) that was obtained by an unmanned aerial
vehicle (UAV) system are used to measure the accumulated vertical offset of the MDF. Together with the ter-
race ages constrained by OSL and AMS '*C dating, we obtain an average vertical slip rate of 0.9 + 0.2 mm/yr
across the past 12.7 + 1.4 ka. The estimated vertical slip rate of the MDF is comparable with the Pleistocene-
Holocene rates from the other thrust faults in the NFT system along the eastern Qilian Shan. Our new data
also show that the proximal fault of the NFT system along the eastern Qilian Shan, NE Tibetan Plateau, has
remained active when the deformation propagated northeastward into the southern Hexi Corridor.
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