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Abstract The left-lateral strike-slip Altyn Tagh fault that defines the northern margin of the Tibetan
Plateau plays a crucial role in accommodating the Cenozoic deformation related to the growth of plateau.
However, the slip history along the fault remains highly debated. Here we report new 14-16 Ma apatite
fission track (AFT) and 9-11 Ma apatite (U-Th)/He (AHe) data in the western Danghenan Shan, north
Tibet. Age-elevation relationships and AFT/AHe age differences suggest a period of rapid exhumation with
an average rate of 0.1-0.3 km/Ma from 16 to 9 Ma for this area. Thermal history modeling indicates that
this was preceded by accelerated exhumation between the late Oligocene and middle Miocene (~15 Ma).
A northward increase in AFT ages and asymmetric topography across the western Danghenan Shan
indicate that the uplift and exhumation are mainly controlled by the thrust fault along the southern flank
of the western Danghenan Shan. As the thrust fault is a branch of the Altyn Tagh fault, the rapid
exhumation probably represents onset of the transition along the Altyn Tagh fault from left-slip motion

to crustal shortening in the Dangnenan Shan region. Our findings show that the middle Miocene
deformation is not only recorded in the middle and northern Qilian Shan but also in the southwestern
portion of the Qilian Shan, which favors a synchronous middle-Miocene deformation model for the entire
Qilian Shan.

1. Introduction

The northern Tibetan Plateau occupies about one fifth of the Tibetan-Himalayan orogeny and
experiences significant crustal shortening expressed as active thrusting (Yin, 2010; Zhang et al., 2004). The
temporal-spatial evolution of the northern Tibetan Plateau has important implications for the geodynamic
processes of the entire plateau and its potential link to regional climate change (e.g., An et al., 2001; Clark,
2012; Molnar & Tapponnier, 1977; Tapponnier et al., 2001). Previous work has indicated that the northern
Tibetan Plateau experienced deformation shortly after the India-Asia collision (e.g., Clark et al., 2010;
Dupont-Nivet et al., 2004; Duvall et al., 2011; Yin & Harrison, 2000; Zhuang et al., 2011) and has undergone
a phase of accelerated deformation since the Miocene (Lease, 2014; Molnar & Stock, 2009). However, the
details of the spatially distributed deformation remain unclear. Competing models include progressive
northward deformation, synchronously deformation, and rigid block tectonics (e.g., Burchfiel et al., 1989;
Clark, 2012; Meyer et al., 1998; Molnar & Stock, 2009). Although a large body of evidence has been accumu-
lated on the timing of deformation in north Tibet (Lease, 2014; Molnar & Stock, 2009; Zhuang et al., 2018)
and along the Altyn Tagh fault (e.g., Yin et al., 2002; F. Cheng et al., 2015, 2016), the kinematics and
dynamics of north Tibet remain highly debated. For example, whether the northern Tibetan Plateau has
undergone gradual northward propagation in the Cenozoic (e.g., Bovet et al., 2009; Burchfiel et al., 1989;
Meyer et al., 1998; Zheng et al., 2017) and whether the entire Qilian Shan has experienced a synchronous
deformation in the early Cenozoic (Clark, 2012; Clark et al., 2010) or middle Miocene (Lease, 2014;
Molnar & Stock, 2009). The knowledge on deformation timing in the huge area of the Qilian Shan, especially
for the southwestern portion of the Qilian Shan, such as the Danghenan Shan, Daxue Shan, and the remote
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region near the Hala Lake in the interior Qilian Shan, hampers the construction of a holistic deformation
model for the northern Tibetan Plateau.

The Altyn Tagh fault is the longest left-lateral strike-slip fault (~1,600 km) within the India-Eurasia collision
zone and defines the northern margin of the Tibetan Plateau (Molnar & Tapponnier, 1977). This makes the
Altyn Tagh fault one of the most important structures in accommodating convergence between India and
Eurasia. The onset of its left-lateral slip and how it was accommodated are two prominent issues for
understanding the geodynamics of uplift of the Tibetan Plateau (Yin et al., 2002; Yin & Harrison, 2000;
Yue & Liou, 1999). A large number of studies have investigated the geology along the Altyn Tagh fault
(e.g., Chang et al., 2015; F. Cheng et al., 2015, 2016; Cowgill et al., 2003; Dupont-Nivet et al., 2004; Gilder
et al., 2001; Jolivet et al., 2001; Lin et al., 2015; B. Li et al., 2017; Lu et al., 2016; Ritts et al., 2004; Shi et al.,
2018; Sobel et al., 2001; Sun et al., 2005; Wang, 1997; Wu, Xiao, Wang, et al., 2012; Wu, Xiao, Yang, et al.,
2012; Yin et al., 2002; Yue et al., 2001, 2004; Zhuang et al., 2011, 2018). But despite this large body of data,
there is no consensus about its temporal-spatial evolution due to a lack of ideally dated geological or geo-
morphological records on the Cenozoic slip. Estimates for the onset of movement along the Altyn Tagh fault
range from the Eocene, not long after the India-Eurasia collision (e.g., Yin et al., 2002; Jolivet et al., 2001; F.
Cheng et al., 2015, 2016), to the Miocene (e.g., Chang et al., 2015; Lin et al., 2015; B. Li et al., 2017; Meyer
et al., 1998; Ritts et al., 2008; Shi et al., 2018; Sun et al., 2005; Wu, Xiao, Yang, et al., 2012; Yue et al.,
2001). Others have proposed a model with multiple stages of accelerated faulting to reconcile all available
data along the Altyn Tagh fault (Yue et al., 2001; Yue & Liou, 1999; Zhuang et al., 2011, 2018).
Nevertheless, the initiation and slip history of the Altyn Tagh fault remain the subject of much debate.

The Altyn Tagh fault truncate the westernmost Qilian Shan, which consists of several subparallel WNW-
trending mountain ranges (Figure 1). Uplift of these ranges is related to the motion of the fault (Burchfiel
et al., 1989; Meyer et al., 1998; Yin et al., 2002). Especially at the western end of the Qilian Shan, these elon-
gated mountain ranges, such as the Danghenan Shan, veer counterclockwise toward the Altyn Tagh and the
thrusts bounding these ranges merge with it. This suggests that the uplift of these ranges has a close relation-
ship with the sinistral slip along the Altyn Tagh fault. Thus, the tectonic history of these ranges should pro-
vide insights into the slip history of the Altyn Tagh fault and how this slip is accommodated by crustal
shortening in the Qilian Shan.

In this paper, we present thermochronological data that reveal a synchronous onset of exhumation along the
Danghenan Shan in northern Tibet. Paired apatite fission track and (U-Th)/He ages from three transects and
thermal modeling show that the western portion of the Danghenan Shan has experienced rapid exhumation
since the middle Miocene time resulting from a thrusting along the southern range front of the western
Danghenan Shan. The range-bounding thrust fault is a branch of the Altyn Tagh fault, suggesting a close
link between the exhumation in the western Danghenan Shan and the sinistral slip along the Altyn Tagh
fault. We infer that the onset of rapid exhumation in the western Danghenan Shan in the middle Miocene
may represent the onset of transferring from the left-lateral strike slip along the Altyn Tagh fault to crustal
shortening in the Qilian Shan. Our new data suggest that the middle Miocene deformation is recorded not
only in the middle and northern Qilian Shan but also in the southwestern portion of the Qilian Shan.

2. Geological Setting
2.1. Danghenan Shan

The Danghenan Shan is a ~250-km long mountain range within the southwestern portion of the Qilian Shan
(Figures 1 and 2, Gansu Bureau of Geology and Mineral Resources, GBGMR, 1989). It is one of several large
WNW trending elongated ranges that have been interpreted as ramp anticlines bounded by crustal-scale
thrusts (Burchfiel et al., 1989; Meyer et al., 1998). The regional geology of the Danghenan Shan consists of
Ordovician and Silurian sandstone, conglomerate, and Paleozoic granodiorite (GBGMR, 1989). Cenozoic
sediments observed along the Danghe valley and at the westernmost end of the Danghenan Shan have been
assigned Oligocene-present age (Gilder et al., 2001; Sun et al., 2005; Yin et al., 2002; X. Wang et al., 2003).
The Danghenan Shan is bounded by thrust faults on both of its flanks, which emplace the Paleozoic
sediments or granodiorite onto the Silurian sandstone to the south, and the Cenozoic sediments to the north
(Figure 2, GBGMR, 1989). Active thrusts cut Quaternary alluvial surfaces north and south of the Danghenan
Shan, showing remarkable fault scarps on satellite imagery and in the field (Meyer et al., 1998; Shao et al.,
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Figure 1. (a) Map of the Tibetan Plateau and surrounding regions, showing the location of (b). Abbreviations: TB—Tarim
Basin; GB—Gobi-Alashan Block; OB—Ordos Block; SB—Sichuan Basin. (b) Topographic map of the northern Tibetan
Plateau with major structures, the white rectangle shows the location of the study area; locations of active faults are from
Tapponnier et al. (2001).

2017). At the western end of the Danghenan Shan, the Altyn Tagh fault is separated into two branches,
forming the northern and southern Altyn Tagh faults (Figure 1). The continuous NE-trending northern
Altyn Tagh fault marks the topographic difference between the Tarim Basin and Qilian Shan, whereas the
southern Altyn Tagh fault bends clockwise from NE to EW and marks the southern range front of the
Danghenan Shan (Figure 2).

2.2. Subei Basin

To the northwest of the Danghenan Shan, the Subei Basin, which is cut by the northern Altyn Tagh fault, lies
within the range front (Figure 2). The Danghe River, flowing westward out of the Tibetan Plateau, transfers
materials from the Tuolainan Shan and Danghenan Shan to the Subei Basin and further northwest to the
Tarim Basin. Thus, the depositional history of the Subei Basin provides insights into the tectonic evolution
of the Danghenan Shan. Cenozoic deposits in the Subei Basin are well exposed in the Tiejianggou and
Xishuigou sections (Figure 2) and were divided into three upward coarsening units based on mammalian
fossils and lithology: (1) Oligocene Paoniuquan Formation, basal, reddish mudstone, clayey, sandy silts,
and sandstone; (2) early-middle Miocene Tiejianggou Formation, purplish red mudstone, sandy silt, and

)

/¢ —

°10'N NNy R
Gl vl N
Holocene [l Jurassic Proterozoic

Basement
Late Pleistocene Carboniferous [Fl] Granodiorite
Q, | Middle Pleistocene | S | Silurian 7, Strike-slip fault
Early Pleistocene  [[01] Ordovician ”’ Reverse fault

[[N"] Neogene Bl cambrian ~— River

Figure 2. Geological map of the western Danghenan Shan and adjacent areas. The geological map is modified from
GBGMR (1989). Red lines are major faults in the region. Black boxes show the locations of the three sampling transects
—magenta dots for Transect 1, green dots for Transect 2, and cyan dots for Transect 3.
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sandstone that gradually coarsens to conglomerate; and (3) an unnamed late Miocene to Pliocene formation,
coarse conglomerate interbedded with sandstone (Bohlin, 1937; Gilder et al., 2001; Sun et al., 2005; Yin et al.,
2002; X. Wang et al., 2003). The initiation of Cenozoic deposition and emergence of coarse conglomerate in
the basin were interpreted as marking the onset of accelerated deformation along the Altyn Tagh fault, and
the initiated uplift of the Danghenan Shan. Based on the magnetostratigraphic results on the initial
Cenozoic deposition in the Xishuigou section, Yin et al. (2002) considered the appearance of the early
Oligocene (~33 Ma) fine-grained red mudstone as evidence of initial crustal shortening, suggestive of an
early deformation in the Danghenan Shan. In contrast, X. Wang et al. (2003) presented new paleontological
data in the Xishuigou section and the Tiejianggou section, which is only ~5 km to the Xishuigou section and
has similar depositional sequence, and reinterpreted the published magnetostratigraphy to propose an early
Miocene age for these red beds. Adding further samples in the Tiejianggou section, Sun et al. (2005) con-
strained the deposits to be much younger (<22.8 Ma). These authors suggest that the accumulation of coarse
conglomerate began ~13.7 Ma, marking the initial tectonic uplift in this region. They argue for a low relief
lacustrine environment for the Subei Basin before 13.7 Ma, which means no significant uplift occurred in the
Subei and Danghenan Shan region during this period. This is supported by an inferred provenance change at
~14 Ma based on detrital apatite fission track data from the same section, which is interpreted as the result of
the uplift of the western Danghenan Shan (Lin et al., 2015). Direct dating on the initial timing of accelerated
uplift of the Danghenan Shan come from an age-elevation profile in the northern range front of the western
Danghenan Shan, which shows consistent (U-Th)/He ages between 7.0 and 8.3 Ma, suggesting that the
Danghenan Shan experienced rapid uplift at or slightly before that time (Zhuang et al., 2018).

3. Methods

The apatite fission track (AFT) and apatite (U-Th)/He (AHe) methods have annealing/closure temperatures
ranging from 60 to 110/120 °C (Gleadow et al., 2002; Ketcham et al., 2007) and partial retention zone of ~40-
80 °C (Farley, 2000; Wolf et al., 1996, 1998), respectively, thus providing constraints on exhumation histories
of the shallow crust at ~2- to 5-km depth. Kinetic models for thermal annealing of apatite fission tracks and
Helium volume diffusion have been well developed (Flowers et al., 2009; Green et al., 1986). We utilized the
elevation dependency of AFT and AHe ages and thermal-kinematic modeling to determine the onset and
duration of accelerated thrust-related exhumation in the western Danghenan Shan.

To investigate exhumation history along the western Danghenan Shan, we collected 21 samples from three
transects (Transects 1 to 3) within the hanging wall (Figures 2 and 3). All samples were collected from
Paleozoic granodiorites (GBGMR, 1989). We obtained 19 AFT ages and 18 mean AHe ages for these
three transects (Tables 1 and S1 and S2 in the supporting information). AFT data for all samples passed
the y* test and show tightly clustered ages (age dispersions close to 0) of single grains. AHe ages are average
of >3 aliquots. QTQt (v 5.4.0; Gallagher, 2012) was used to infer the most probable exhumation history from
our data.

3.1. Sampling Locations

Transect 1 was collected along a northward flowing tributary of the Danghe River that approximately
perpendicular to the range axis (Figure 3b). Seven samples were collected within the hanging wall of the
thrust fault (F1) that lies along the base of the southern flank of the Danghenan Shan. The fault defines a
sharp boundary between the Paleozoic granodiorites and Quaternary fluvial/alluvial sediments, forming a
sharp topographic difference of ~1,000 m and faceted range front. In contrast, the topography is much
gentler along the northern flank of the mountain range. Although a reverse fault (F2) was mapped along
the boundary between the granodiorites and Neogene sediments (Figure 2), there is no geomorphic evidence
suggesting that the fault is still active.

Transect 2 is ~15 km to the east of Transect 1 (Figure 3a). Five samples were collected along an elevation
profile ranging from 4,342 to 4,829 m within 1 km in horizontal distance to the southern range-front fault
(F1). The fault juxtaposes the Paleozoic granodiorites over the Silurian sandstone. Similarly, the topography
is asymmetric and the northern flank of the mountain range is much gentler than the south.

Transect 3 is located at the western end of the Danghenan Shan, adjacent to the Altyn Tagh fault and Subei
Basin (Figure 2). This transect comprises nine samples along a N-S profile across the western Danghenan

YU ET AL.



Journal of Geophysical Research: Solid Earth 10.1029/2019JB017570

94°58'E

39°22.5'N

oTransctl T
"4 © Transect 2 | 0
7 @ Transect 3 |

39°18'N

39°22.5'N

39°20'N

Figure 3. (a) Satellite image of the western Danghenan Shan, showing sample locations for the three transects. Transect 1
contains seven samples (magenta dots) collected along a tributary of the Danghe River perpendicular to the range front;
Transect 2 (green dots) is a vertical transect within 1.5 km from the range-bounding thrust fault of the western Danghenan
Shan; Transect 3 has nine samples (cyan dots) distributed across the western end of the Danghenan Shan, of which five are
situated on the northern flank and the remaining four from the southern flank. Reverse triangles show the trace of the
active thrust fault along the southern range front of the Danghenan Shan. No linear structure was observed along the
southern range front. The topography of the western Danghenan Shan is asymmetric with the mountain ridge shifted
toward the southern front. (b) Shaded relief map of Transect 1. A continuous linear active fault trace (F1) can be observed
along the southern range front, whereas the geological boundary (F2) between the granodiorite and Neogene sediments
(Figure 2) along the northern range front cannot be traced in the field or the satellite imagery. (c) Shaded relief map of
Transect 2. (d) Shaded relief map of Transect 3, which consists of two elevation profiles.

Shan (Figure 3d). Four of these were collected from the southern flank of the mountain range and five from
the northern flank. All samples are from the Paleozoic granodiorites. The granodiorites intruded at this
locality are bounded by thrust faults along both the southern and northern range front. The
northeastward extension of the southern Altyn Tagh fault (F1) goes along the base of southern flank of
the mountain range and fresh surface ruptures were observed in the field. Meanwhile, another north-
verging thrust fault (F2; Yin et al., 2002), extends along a valley in the northern flank of the mountain.
The mountain ridge is biased toward the south, closer to F1 rather than F2.

3.2. AFT Sample Preparation and Analytical Techniques

Two AFT ages (SuB-05-2 and SuB-05-4) were measured using laser ablation inductively coupled plasma
mass spectrometry fission track (LA-ICP-MS-FT) method (Pang et al., 2017) and the remaining samples
using the external detector method (Gleadow, 1981). All the fission track ages were analyzed at the
Institute of Geology, China Earthquake Administration. Track length distributions were measured at the
School of Earth Sciences, University of Melbourne. Apatite crystals were hand-picked and then mounted
on epoxy slides with araldite epoxy. Spontaneous fission tracks were etched in 5.5 M HNO; at 21 °C for
20 s (Donelick et al., 1999). Induced fission tracks were recorded in low-U mica, using CN5 as a dosimeter.
After irradiation at the 492 reactor, China Institute of Atomic Energy, the mica and standard glass were
etched with 40% HF at 20 °C for 40 min. A Zeta ({) value of 353 + 10 was determined using Durango
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Table 1
Sample Locations and Apatite Fission Track and (U-Th)/He Ages

AFT age AFT length AHe age

Sample ID Longitude (°E) Latitude (°N) Elevation (m) Central age + 10 (Ma) ML =+ 1o (um) SDmr, (um) Corrected age + 10 (Ma)

Transect 1

SuB-05 95.001 39.305 3,209 14.97 + 0.89 13.9+0.2 14 8.7+0.3
SuB-05-1 95.002 39.310 3,193 NA NA NA 10.88 + 1.17
SuB-05-2 95.000 39.313 3,156 241+13 NA NA 9.49 + 1.86
SuB-05-3 94.997 39.321 3,134 NA NA NA 10.79 + 0.79
SuB-05-4 94.997 39.325 3,080 18.8 £ 1.0 NA NA 9.7+ 1.11
SuB-06 94.999 39.337 3,030 459 +1.3 11.3+0.2 1.9 11.8+1.9
SuB-07 95.011 39.353 2,920 58.5+ 1.6 11.7 + 0.1 1.2 20.8 + 3.8
Transect 2

SuB-08 95.160 39.257 4,829 15.6 + 0.8 13.8 £ 0.2 1.7 NA
SuB-09 95.159 39.258 4,710 15.5+ 0.7 13.6 £ 0.2 1.9 10.5+ 0.3
SuB-10 95.156 39.258 4,601 14.3 + 0.7 141+ 0.1 14 104 +£1.2
SuB-11 95.154 39.258 4,493 145+ 0.8 14.0 + 0.1 1.3 91+12
SuB-12 95.150 39.258 4,342 12.3+0.8 142 + 0.1 1.3 9.2+0.8
Transect 3

SuB-28 94.88 39.359 3,675 14.6 + 0.6 144 + 0.1 1.1 10.7 £ 0.5
SuB-29 94.88 39.361 3,494 14.2 + 0.7 141 +0.1 1.2 10.5+ 0.5
SuB-30 94.88 39.363 3,371 143+ 0.9 143+ 0.1 1.1 9.7+ 0.7
SuB-31 94.882 39.370 3,187 18.8 +1.9 14.0 £ 0.2 1.3 NA
SuB-32 94.876 39.378 3,060 144 +1.0 134 +0.2 1.6 NA
SuB-34 94.86 39.335 4,358 141+ 0.8 144+ 0.1 1.1 10.3 + 0.4
SuB-35 94.857 39.333 4,201 14.2 +0.8 144 + 0.1 1.1 10.8 + 0.8
SuB-36 94.854 39.327 4,054 13.8 £ 0.8 143 +0.1 1.3 9.7+ 0.5
SuB-37 94.854 39.320 3,829 143+ 0.9 14.0 + 0.1 1.4 114+ 1.0

Note. ML = nonprojected mean confined track length; SDy;, = standard deviation for ML. NA = not applicable.

apatite and Fish Canyon Tuff as age standard (Hurford & Green, 1983). To compensate the low track density
of our samples, a Cf-252 source was used to increase the number of confined tracks (Donelick & Miller,
1991). Dy, (diameter of etch figures parallel to the crystallographic ¢ axis) measurements were taken to
constrain the annealing kinetics of apatite (Donelick et al., 1999). Full results are reported in Tables 1 and
S1 in the supporting information.

3.3. Apatite (U-Th)/He (AHe) Sample Preparation and Analytical Techniques

Apatite (U-Th)/He analyses were conducted at the Institute of Geology, China Earthquake Administration
using standard procedures (Farley & Stockli, 2002), which can be divided into three steps: measurement of
grain dimensions, measurement of He content, and measurement of U and Th content. (1) Measurement of
grain dimensions: euhedral apatite crystals with minimum dimension >80 um free of inclusions were hand-
picked from sample separates, then grain dimensions were measured under 100X binocular microscope; (2)
measurement of He content: The picked apatite grains and Durango apatite age standards were individually
wrapped in Pt tubes. Then, extraction of He and isotope analysis were completed on an Alphachron instru-
ment. Samples were placed in a Cu planchet and degassed in vacuo by Nd-YAG laser heating (8A current)
for 5 min. This process was done at least twice to confirm complete “He extraction. The “He was spiked with
*He and analyzed by a quadrupole mass spectrometer; (3) measurement of U and Th contents: After He
analysis, the degassed apatite grains were retrieved and transferred into vials containing a mixed spike
of #*°U, #*°Th (25 ul) in 7 mol/L HNOj; for dissolution. The concentration of 2*>U, *°Th spike are 15,
5 ng/ml, respectively. The **°U/***U and **°Th/**2Th isotopic ratios in the spike are 838 + 7,
10.45 + 0.05, respectively. Vials were heated to 120 °C for 1 hr on hot plate and standing for 4 hr at room
temperature to insure complete dissolution. Then, Milli-Q water was added into vials to dilute the
solution to 2.5 ml. Finally, spiked standard solution, spiked sample solution, and blank, which containing
7 mol/L HNOs (25 ul) and empty Pt tube, were measured on Agilent 7900 ICP-MS (inductively coupled
plasma-mass spectrometer). He apparent ages were calculated iteratively according to the equation:
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Figure 4. Corrected AHe ages versus effective uranium content [eU]. Except for samples SuB-11 and SuB-30, none of the
single-grain AHe distribution display a clear relationship with eU content, indicating no significant effect of radiation
damage among grains.

“He = 8(**%0) [exp (A 23gt) — 1] + 7(350) [exp (A 235t) — 1] + 6(**>Th) [exp (A232t) — 1] and corrected for
ejection (Ketcham et al., 2011). AHe ages were determined from two to seven aliquots per sample, yielding
reproducible AHe data for most of the samples. No age-eU correlation was observed (Figure 4), suggesting of
insignificant radiation damage (Flowers et al., 2009).

Overall we obtained 82 AHe ages for our 21 samples (Tables 1 and S2 in the supporting information).
Replicating analyses of 18 grains of Durango apatite yielded a consistent ratio of Th/U (with mean value
of 21.4 + 1.1) and mean apparent age of 31.92 + 1.59 Ma (Y. Wang, Zheng, Wu, et al., 2017), which is in good
agreement with the reference of 31.02 + 0.22 (McDowell et al., 2005).

3.4. Thermal Modeling

We use QTQt (v 5.4.0; Gallagher, 2012) to further investigate the thermal evolution of samples in the
western Danghenan Shan. QTQt extracts time-temperature paths from complex thermochronological
data sets based on the Bayesian transdimensional Markov chain Monte Carlo inversion scheme
(Gallagher, 2012; Vermeesch & Tian, 2014). AFT ages and projected fission track lengths with Dp,, as
kinetic parameter are included in the fission track annealing model of Ketcham et al. (2007). Flower
et al.'s (2009) Radiation Damage Accumulation and Annealing Model was used for helium diffusion
modeling. The present temperature was set to 10 + 10 °C. The present geothermal gradient is in a broad
range of 30 + 30 °C/km, which is based on the current geothermal gradient of 20-25 °C/km in north
Tibet (Hu et al., 2000) and possible effect on shallow isotherms by exhumation (Ehlers et al., 2005).
The paleotemperature offset is set as 15 + 15 °C and can vary over time. As there is no further informa-
tion on cooling history, we do not impose any other temperature constraint. All models run with 200,000
iterations for burn-in process and 200,000 for posterior ensemble. There is no obvious trend in the
likelihood/posterior chain for all models.

4. Results

4.1. AFT and AHe Ages

4.1.1. Transect 1

The southernmost sample (SuB-05) has a relatively young (14.97 + 0.89 Ma) AFT age and a mean track
length of 13.9 + 0.2 um (Figure 5b and Table 1). At ~900 m to the north of SuB-05, sample SuB-05-2 has
an older AFT age of 24.1 + 1.3 Ma. Sample SuB-05-4, which lies ~1.3 km to the north of SuB-05-2, has an
AFT age of 18.8 + 1.0 Ma, whereas the AFT ages for the northernmost two samples (SuB-06, 07) are much
older (45.9 + 1.3 Ma and 58.5 + 1.6 Ma) and mean track lengths are shorter (11.3 + 0.2 and 11.7 & 0.1 um).
In contrast, six AHe ages derived from the southern six samples fall between 9 and 12 Ma, while the
northernmost sample (SuB-07) has an AHe age of 20.8 + 3.8 Ma. In conclusion, the AFT ages increase
northward, in tandem with the northward shortening fission track lengths. In contrast, the AHe ages agree
within error across the entire sampling transect except for sample SuB-07.
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Figure 5. (a) A schematic structural model along profile PP’ in Transect 1, showing the exhumation of the hanging wall of
the thrust fault (F1). The tilted block is structurally controlled by the north-dipping F1. (b) apatite fission track (AFT) and
AHe ages in Transect 1 plotted against distance from the thrust fault (F1) along the southern range front of the western
Danghenan Shan. The AFT ages in Transect 1 increase monotonically northward, while the AHe ages are constant within
error across the entire sampling transect except for sample SuB-07 with AHe age of 20.8 + 3.8 Ma. Assuming a single titled
block model as showed in (a), the regressed dash lines in distance-age plot represent relative exhumation rates. (c) Both
AFT and AHe age-elevation relationships in Transect 2 indicate consistent exhumation rates: 0.18 + 0.07 km/Ma for AHe
data, 0.19 + 0.08 km/Ma for the upper four AFT ages and 0.13 + 0.03 km/Ma for all the AFT data; (d) AFT ages in Transect
3 from both the northern and southern flanks of the western Danghenan Shan are clustered at ~14 Ma, except for sample
SuB-31, which has an AFT age of 18.8 + 1.9 Ma. The AHe ages are ~10.6 Ma within error.

4.1.2. Transect 2

AFT ages increase monotonically with elevation, ranging between 12.3 + 0.8 and 15.6 + 0.8 Ma (Figure 5c;
Table 1). Mean track lengths vary between 13.6 + 0.2 and 14.2 + 0.1 pm with narrow standard deviations
(1.3-1.9 um), suggestive of rapid cooling through the partial annealing zone. All five samples were collected
within narrow horizontal distance of <1 km adjacent to the thrust fault along the southern flank of the
western Danghenan Shan. We estimate an exhumation rate of 0.1-0.3 km/Ma from the slope of a best fitting
line in the age-elevation plot by least squares fitting. AHe ages derived from the lower four samples in this
transect range from 9.1 + 0.8 to 10.5 + 0.3 Ma (Table 1). The slope of the latter age-elevation relationship
suggests an exhumation rate of 0.18 + 0.07 km/Ma, which agrees well with that derived from the AFT data.
4.1.3. Transect 3

Eight out of nine samples in this transect yield ~14 Ma AFT ages (Figure 5d and Table 1). Only sample
SuB-31 yields an older age of 18.8 + 1.9 Ma. AHe ages for seven samples are ca. 10.6 Ma. Neither the AFT
nor the AHe ages vary significantly beyond the analytical uncertainties. Mean track lengths vary between
134 + 0.2 and 14.4 + 0.1 pum.

4.2. Thermal Modeling

Due to the samples in Transect 1 were collected along a tributary of the Danghe River and not along an ele-
vation profile, which would produce unequal uplift rates, AFT and AHe data for each sample in this transect
were modeled separately. The inverse modeling for SuB-05 and SuB-05-4 indicates steady cooling since
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Figure 6. QTQt inverse models for Transect 1. (a-e) Thin black lines show the 95% credible intervals for the expected model. (f) Observed and predicted age-
elevation distributions, inferred from the expected model. (g-i) Comparison between observed (o) and predicted (p) projected fission-track length. Histograms
show the observed projected fission-track length distribution and the red curves denote the predicted distribution, with 95% credible intervals marked by the

gray curves.

~20 Ma (Figure 6). These two samples passed through the partial annealing zone (PAZ) rapidly and have
been totally annealed, and do therefore not constrain the onset of rapid cooling. The cooling history for
SuB-05-2 is poorly constrained. The Expected Model suggest a rapid cooling since ~10 Ma, whereas the
Maximum Mode Model reveals a similar rapid cooling history as SuB-05 and SuB-05-4. SuB-06 and SuB-
07 have younger AHe ages but much older AFT ages, suggesting that they experienced a relatively slow
cooling history between the early Cenozoic and middle Miocene. They are most likely to reveal the onset
timing of rapid cooling. The Expected Models of SuB-06 and SuB-07 are similar. They stay in the PAZ and
suggest slight reheating from the late Cretaceous to ~20-15 Ma, followed by rapid cooling with a constant
cooling rate until the present.

Transect 2 consists of five samples whose age-elevation profile indicates rapid exhumation of 0.1-0.3 km/Ma
from ~16 to 9 Ma. This is consistent with a long-term average exhumation rate of 0.2-0.3 km/Ma since
~16 Ma, suggesting that these samples may have passed through the PAZ rapidly and were then exhumed
toward the surface with a nearly constant rate. The AFT and AHe ages from each sample are modeled
jointly. The inverse modeling reveals reheating from the late Oligocene to ~16-17 Ma and monotonic cooling
after that (Figure 7). The predicted ages and projected fission track lengths from the Expected Model match
the data very well for all the samples in the elevation transect. The inverse models and long fission track
lengths suggest that these samples went through the PAZ rapidly and that the onset of rapid cooling
occurred during the early Miocene (~16-17 Ma).

As discussed previously, Transect 3 may have undergone interior deformation. Therefore, the samples are
modeled separately. The results of this exercise are similar to those for Transect 1, indicating a phase of
monotonic cooling since 15-20 Ma, followed by a slight decrease in cooling rate for some samples since
~10 Ma (Figure 8).
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Thin black lines show the 95% credible intervals of the expected model. (g) Comparison between observed and predicted
age-elevation distribution. All the predicted AHe and apatite fission track (AFT) ages are from the expected model. (h-1)
Comparison between observed (o) and predicted (p) projected fission-track length.

5. Discussion
5.1. Timing of Rapid Exhumation in the Western Danghenan Shan
The 4-5 Ma difference between all paired AFT and AHe ages from individual samples in Transect 2 suggests

a cooling rate of 9 + 4 °C/Ma from 15.6 + 0.8 to 9.1 + 1.2 Ma, which is supported by thermochronological
modeling. Assuming an appropriate geothermal gradient of 20-25 °C/km in north Tibet (Hu et al., 2000),
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Figure 8. (a—g) QTQt thermal history inversions for Transect 3. Thin black lines show the 95% credible intervals of the
expected model. (h) Comparison between observed and predicted age-elevation distribution. All the predicted AHe and

apatite fission track ages are from the expected model. (i-o) Comparison between observed (o) and predicted (p) projected
fission track length.

we derive an exhumation rate of 0.4 + 0.2 km/Ma during this period. This is consistent with the exhumation
rate of 0.1-0.3 km/Ma based on the observed age-elevation relationships (Figure 5c). Furthermore, assuming
a closure temperature of 60 °C for AHe and 110 °C for AFT, an average surface temperature of 10 °C, and a
geothermal gradient of 20-25 °C/km, we derive a long-term average exhumation rate of 0.2-0.3 km/Ma for
the samples in Transect 2 since ~14-16 Ma. This exhumation rate coincides with that obtained from the age-
elevation relationship during ~16 and 9 Ma, suggesting that the samples in Transect 2 may have experienced
monotonic cooling with a consistent exhumation rate since at least 14-16 Ma.
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Our AFT ages from Transects 2 and 3 as well as sample SuB-05 from Transect 1 all fall in a narrow 14-16 Ma
range (Table 1). All these samples also have long (>13.5 um) mean track lengths, implying rapid cooling
through the fission track annealing temperature. This means that the western Danghenan Shan has
experienced rapid exhumation since at least 14-16 Ma. QTQt modeling for all these samples also indicates
monotonic cooling since 15-20 Ma with an approximately constant cooling rate of ~5-6 °C/Ma.
Furthermore, in Transect 1, sample SuB-05-2, which lies just ~900 m to the north of SuB-05, has a younger
AHe age of 9.5 + 1.9 Ma, but a much older AFT age of 24.1 + 1.3 Ma. Compared to the 14.6 Ma difference
between AFT and AHe ages for SuB-05-2, the 6.3 Ma age difference for SuB-05 indicates a transition to
relatively rapid exhumation between 24.1 + 1.3 and 14.97 + 0.89 Ma (Figure 5b and Table 1). Similarly,
SuB-05-4 has an AHe age of 9.7 + 1.1 Ma and an AFT age of 18.8 + 1.0 Ma, which is also consistent with
accelerated exhumation between 18.8 + 1.0 and 14.97 + 0.89 Ma.

The AFT ages of Transect 1 suggest a systematic southward increase of exhumation since the early Cenozoic
(Figure 5b). We attribute this trend to northward tilting of the hanging wall. This is supported by field
observations and satellite imagery (Google Earth), which reveal a pronounced topographic asymmetry in
the western Danghenan Shan. In the adjacent area of Transect 1, the northern flank of the mountain range
is gentler than its southern one and the mountain ridge is significantly biased toward the south. The thrust
fault along the southern range front is continuous and is visible as a linear feature on the satellite imagery,
whereas the northern mountain range front is irregular and sinuous (Figure 3a). Figure 5a shows a sche-
matic structural model of Transect 1, which shows increasing exhumation toward F1 that controlled by
the displacement along the fault. Figure 5b shows AFT and AHe ages plotted versus distance from F1 along
a N-S azimuth perpendicular to the trend of F1 and the mountain range. Most AHe ages along this transect
fall in the range of 9-12 Ma except for the northernmost sample SuB-07, which has an AHe age of
20.8 + 3.8 Ma. The narrow range and excellent reproducibility of the AHe data tightly constrains the timing
of the thrust faulting. In contrast, AFT ages increase nearly monotonically from 14.97 + 0.89 Ma near F1 to
58.5 + 1.6 Ma at ~5.7 km distance from F1 (excluding sample SuB-05-2). Assuming a single tilted block
model for Transect 1, the monotonic and significant dispersion of the AFT ages suggests a steady cooling
from the early Cenozoic (~58.5 Ma) to middle Miocene (~15 Ma) with relatively slow rate. The inverse
modeling of samples SuB-06 and SuB-07 yields a similar thermal history including ~60-80 °C of rapid
cooling starting ~16-20 Ma after a prolonged period of isothermal holding since at least the early
Cenozoic. Bearing in mind the age-elevation profile of Transect 2 that shows the rapid exhumation began
at least since 14-16 Ma, we tightly constrain the initial timing of rapid exhumation in the western
Danghenan Shan to be ~15 Ma.

Vertical age-elevation profiles are usually interpreted to mark the onset of rapid cooling (Gleadow et al.,
1986). Transect 3 features constant AFT and AHe ages of ca. 14 Ma and ca. 10.6 Ma, respectively
(Figure 5d). Transect 3 can be divided into two elevation profiles that separated by the mountain ridge.
The southern profile with four samples was collected within 2 km to F1, whereas the northern one was
collected within 2.5 km to F2. The uniform AFT ages for both the northern and southern elevation profiles
indicate that the thrust faults (F1 and F2) bounding the western Danghenan Shan have undergone rapid slip
since or slightly earlier than ~14 Ma. However, the ~4 Ma difference between the AFT and AHe ages is
similar to that in Transect 2, suggesting that both transects may have experienced a similar exhumation rate
between ~14 and 10.6 Ma. Thus, the almost vertical age-elevation relationship in Transect 3 may indicate
that these samples were located at the same crustal depth when they passed through the AFT and AHe
closure temperatures and subsequently underwent structural deformation. In other words, upper crustal
folding exposed these samples to the current localities with different elevations because of unequal uplift
rates. Combining the thermochronological data in Transects 2 and 3, we argue for a holistic interpretation
for all the AFT and AHe ages. Under this model, all the samples underwent exhumation at a constant rate
of 0.1-0.3 km/Ma from ~16 until 9 Ma. Then, N-S convergence induced an anticlinal folding, increasing
uplift rates for the samples close to the anticline axis.

5.2. Tectonic Implications

5.2.1. Implications for Slip of the Altyn Tagh Fault

The Qilian Shan is dominated by active crustal shortening (e.g., Burchfiel et al., 1989; Meyer et al., 1998;
Tapponnier & Molnar, 1977). The active thrusts at the western end of the Qilian Shan terminate at the
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Altyn Tagh fault and are not truncated or offset by it, but branch from it. This fault geometry and kinematics
indicate that the active thrusting at the western end of the Qilian Shan is related to strike-slip motion along
the Altyn Tagh fault (e.g., Meyer et al., 1998; Yin et al., 2002). Different models have been proposed to predict
the relative initial timing of thrusting in the Qilian Shan and left-lateral slip along the Altyn Tagh fault. Yue
and Liou (1999) proposed a two-stage evolution model suggesting that the Altyn Tagh fault extended north-
eastward along the Alxa-East Mongolia fault and was dominated by strike slip at the first stage; then during
the second stage, the Alxa-East Mongolia fault became inactive and the left slip along the Altyn Tagh fault
has been accommodated by shortening of the Qilian Shan and Qaidam Basin since the middle Miocene
(~13-16 Ma). By analyzing provenance of conglomerate in the NW Qaidam Basin, Wu, Xiao, Yang, et al.
(2012) also proposed a two-stage evolution model for the Altyn Tagh fault: (1) Altyn Tagh fault was a basal
shear zone confined in the middle-lower crust during the first stage of ~36-15 Ma; (2) crust beneath the
Altyn Mountain was split and left-slip movement initiated at ~15 Ma. Based on magnetostratigraphic analy-
sis results in the western Hexi Corridor and previous studies, W. Wang, Zhang, Pang, et al. (2016) proposed a
two-stage northward propagated model of the Altyn Tagh fault, in which the fault terminated in the western
Qaidam Basin in Eocene-Oligocene, then it propagated to the northeast to its present eastern end by ~13 Ma.
In this model, the intensive crustal shortening and rapid growth of the Qilian Shan has initiated since the
middle Miocene. Using high-resolution seismic reflection data from the northwestern margin of the
Qaidam Basin, Wu et al. (2019) suggest a three-stage deformation history for the Altyn Tagh fault. The fault
was characterized by small magnitudes of strain with nearly constant rates during the first stage of ~53.5-
16.9 Ma; strain rates increased and the local unconformity along the Altyn Tagh fault was developed in
the second stage of ~16.9-15.3 Ma; strain rates dropped abruptly by 1 or 2 orders of magnitude in the third
stage of 15.3 Ma to present. In this model, the south Qilian Shan may uplift in early Cenozoic (~53.5 Ma).
Based on fault geometry and kinematics on both side of the Altyn Tagh fault, Yin et al. (2002) proposed four
possible temporal relationships between the movements on the Altyn Tagh fault and thrusting at the wes-
tern end of the Qilian Shan. They postdate that the Altyn Tagh fault has been active since ~49 Ma in the
Qimen Tagh and until ~33 Ma in the Danghenan Shan region. However, these models have been difficult
to test due to a lack of unequivocal chronological constrains.

The thrusting and crustal shortening in the western Danghenan Shan are intimately related to the sinistral
slip along the Altyn Tagh fault (Burchfiel et al., 1989; Meyer et al., 1998; Yin et al., 2002). This is supported by
the present fault geometry in the western Danghenan Shan. The thrust fault along the southern range front
of the Danghenan Shan is oriented along an E-W direction in our study area and veers by ~20° counterclock-
wise toward the Altyn Tagh fault (Figure 2). The fault can be traced from the south of the Aksay Bend until
Transect 2 and extends even further eastward. The fault geometry suggests that the thrust fault along the
southern Danghenan Shan is not truncated by the Altyn Tagh fault, but branches from it. Our new thermo-
chronological data suggest that the western Danghenan Shan began to rise in the middle Miocene. This
means that the left-lateral slip motion has been transferred to crustal shortening in the Qilian Shan since
then. Thus, the Altyn Tagh fault in the Qilian Shan must have been active since at least the middle
Miocene (~15 Ma). Relatively slow exhumation in the Danghenan Shan between the early Cenozoic and late
Oligocene revealed by AFT data in Transect 1 may be related to the early Cenozoic deformation exhumation
in the Danghenan Shan region (Jolivet et al., 2001; Sobel et al., 2001), whereas the exhumation rate in the
early Cenozoic must be much lower than that since the middle Miocene derived from this study. The rela-
tively slow exhumation before the late Oligocene supports fast and concentrated slip along the Altyn Tagh
fault in the early stage (Yue & Liou, 1999), or, alternatively, a relatively quiescent period before the middle
Miocene for its northeastern section (e.g., E. Wang, 1997; Sun et al., 2005; Wu, Xiao, Yang, et al., 2012; Wang,
Zhang, Pang, et al., 2016).

The Subei Basin is at the western end of the Danghenan Shan such that its depositional history will provide
insight into the deformation timing of the Danghenan Shan and Altyn Tagh fault. Gilder et al. (2001) mea-
sured a paleomagnetic section in Xishuigou from ~26.1 to 18.8 Ma and magnetic parameters suggest rapid
uplift occurred at ~21 Ma. Yin et al. (2002) constrained magnetostratigraphy of the same section from ~33
to 27 Ma and they considered the initiation of deposition as the onset timing of uplift of the Danghenan
Shan (~33 Ma). Due to lack of direct fossil evidence found in their field investigations, the correlations to
the standard polarity time scale are not unique. X. Wang et al. (2003) reinterpreted these published data
to a span of 20-9.3 Ma based on detailed paleontologic evidence. They estimated the Danghenan Shan
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began to uplift from 12 to 9 Ma based on the initiation of coarse sediments in the section. To the west of this
section by ~5 km, Sun et al. (2005) provided magnetogtratigraphy in the Tiejianggou section, which has simi-
lar sedimentary sequence with the Xishuigou section, to a span of 22.8-9 Ma. They indicate that coarse con-
glomerates began to accumulate and magnetic susceptibility increased after ~13.7 Ma, which is attributed to
the tectonic uplift around the western Danghenan Shan. They also suggest that the fine-textured mudstone
with horizontal bedding accumulated between the late Oligocene and early Miocene represents lacustrine
environment and distal source deposit, which means that the region near the western Danghenan Shan
was large low-relief basin without mountains to provide high-energy alluvial or fluvial sediments into the
Subei Basin during that time. Furthermore, Lin et al. (2015) reported a distinct change in slope of the peak
age and lag time of the detrital apatite fission track occurred at ~14 Ma in the Tiejianggou section, which is
interpreted as a provenance change caused by the uplift of the western Danghenan Shan. Therefore, combin-
ing the evidence of magnetogtratigraphy, paleontology, lithofacies, initiation of coarse sediment, and prove-
nance change with our thermochronological results, we prefer to suggest that the Altyn Tagh fault in the
Subei Basin was reactivated since the middle Miocene.

The proposed rapid exhumation commencing in the middle Miocene coincides with the onset of a suite of
significant phenomena along the Altyn Tagh fault: (1) thermochronology on basement rocks along the
Altyn Tagh fault (e.g., Jolivet et al., 1999, 2001; Ritts et al., 2008; Shi et al., 2018; Sobel et al., 2001; Zhuang
et al., 2018); (2) acceleration in sedimentation rate, provenance change and growth strata recorded by paleo-
magnetic studies in the western Qaidam Basin and along the Altyn Tagh fault (e.g., Chang et al., 2015; Gilder
etal., 2001; B. Li et al.,, 2017; Lu et al., 2014; Wang, Zhang, Pang, et al., 2016; W. Zhang et al., 2013); (3) pro-
venance analyses based on lithofacies variations and detrital zircon U-Pb ages along the Altyn Tagh fault
(e.g., F. Cheng et al., 2015, 2016; Wu, Xiao, Wang, et al., 2012; Wu, Xiao, Yang, et al., 2012; Yue et al,,
2001; Zhu et al., 2017; T. Zhang et al., 2018); and (4) initiation of growth strata in the basins along the
Altyn Tagh fault and western Qaidam Basin revealed by seismic data (e.g., F. Cheng et al., 2014, 2015,
2016; B. Li et al., 2017; R. Liu, Allen, et al., 2017; Yin et al., 2008).

5.2.2. Implications for Building the Northern Tibetan Plateau

Our new thermochronological data combined with published data in the western Danghenan Shan indicate
a period of accelerated deformation since the middle Miocene in the southwestern portion of the Qilian
Shan. The accelerated deformation in the middle Miocene is observed not only in the southwestern portion
of the Qilian Shan but also throughout the rest of the Qilian Shan: (1) Thermochronological data indicate
that the northern margin of the Qilian Shan has undergone accelerated exhumation since ~10 Ma
(George et al., 2001; B. Li et al., 2019; Zheng et al., 2010, 2017; Zhuang et al., 2018); (2) a shift in provenance
in the Hexi Corridor from the Bei Shan to the north to the northern Qilian Shan to the south, and facies
change in the Hexi Corridor suggest that the deformation that created the high topography of the northern
Qilian Shan began at the middle Miocene (Bovet et al., 2009; Wang, Zhang, Pang, et al., 2016); (3) rapid
exhumation of the central Qilian Shan is reported to have occurred since the middle Miocene (Duvall
et al.,, 2013; D. Yuan et al., 2011, 2013; Yu et al., 2019; Zheng et al., 2017); (4) accelerated exhumation
and depositional rates, sediment coarsening, development of growth strata, and climate change attributed
to mountain building in the middle Miocene are widespread across the eastern portion of the Qilian
Shan east of the Qinghai Lake, such as the Linxia, Xunhua, Guide, and Gonghe basins (see a review in
Lease, 2014); and (5) new thermochronological data and magnetostratigraphy in the southern margin of
the Qilian Shan and northern Qaidam Basin suggest that the region has experienced rapid exhumation
since the middle Miocene (Fang et al., 2007; Pang et al., 2019; W. Wang, Zheng, Zhang, et al., 2017;
Zhuang et al., 2018; Figure 9a).

The widespread middle Miocene deformation across the entire Qilian Shan is apparently incompatible with
the stepwise northward growth model for north Tibet, which suggests that the crustal shortening related to
the India-Eurasia collision and postcollision convergence has propagated into the southern Qilian Shan in
the Paleocene or early Eocene then extended northward progressively (e.g., Bovet et al., 2009; Qi et al.,
2016). However, the geodynamics caused the widespread middle Miocene deformation in north Tibet
remains poorly understood. It may be due to a large increase in horizontal compressive force in response
to the removal of overthickened, unstable mantle lithosphere in the southern-central Tibetan Plateau
(Molnar & Stock, 2009), continued northward propagated crustal shortening since the India-Eurasia
collision (England & Houseman, 1986), a significant amount of extrusion transferred from the Altyn Tagh
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Figure 9. Topographic map of north Tibet with major faults and initial deformation timing in (a) middle Miocene and (b)
Paleocene to Eocene. Initiation ages were derived from: 1—This study; 2—Ritts et al. (2008); 3—Shi et al. (2018); 4—Yue
and Liou (1999); 5—Y. Wang et al. (2018); 6—R. Liu, Allen, et al. (2017); 7—Chang et al. (2015); 8—B. Li et al. (2017); 9—
Cheng et al. (2015); 10—X. Wang et al. (2003); 11—Sun et al. (2005); 12—Lin et al. (2015); 13—Zhuang et al. (2018); 14—
D. Yuan et al. (2013); 15—Zheng et al. (2017); 16—Bovet et al. (2009); 17—George et al. (2001); 18—Wang, Zhang, Pang,
et al. (2016); 19—Zheng et al. (2010); 20—Duvall et al. (2013); 21—Yu et al. (2019); 22—B. Li et al. (2019); 23—W. Wang
etal. (2011); 24—Zheng et al. (2006); 25—Lease et al. (2011); 26—Lease et al. (2012); 27—Fang et al. (2003); 28—Garzione
et al. (2005); 29—Hough et al. (2011); 30—Yan et al. (2006); 31—Craddock et al. (2011); 32—D. Yuan et al. (2011); 33—W.
Yuan et al. (2006); 34—Fang et al. (2007); 35—Pang et al. (2019); 36—W. Wang, Zheng, Zhang, et al. (2017); 37—Jolivet
et al., 1999; 38—Yin et al. (2002); 39—D. Liu, Li, et al. (2017); 40—F. Cheng et al. (2015); 41—F. Cheng et al. (2016); 42—
Jolivet et al. (2001); 43—Yin et al. (2008); 44—He et al. (2018); 45—He et al. (2017); 46—Qi et al. (2016); 47—Dupont-Nivet
et al. (2004); 48—Dai et al. (2006); 49—1J. Zhang et al. (2015); 50—Wang, Zhang, Liu, et al. (2016); 51—Clark et al. (2010);
52—Duvall et al. (2011); 53—Mock et al. (1999); 54—F. Wang, Shi, et al. (2017).

fault to distributed shortening in the Qilian Shan (Yue et al., 2001; Yue & Liou, 1999), or change in the
external boundary condition between the Asia and Pacific (Zhuang et al., 2018).

Early Cenozoic deformation was reported in north Tibet, such as in the Qimen Tagh, southern and northern
margins of the Qaidam Basin, western Qinling, and Xining-Lanzhou Basin (e.g., Clark et al., 2010; Cheng
et al., 2015, 2016; Dai et al., 2006; Dupont-Nivet et al., 2004; Duvall et al., 2011; Jolivet et al., 2001; Mock
et al., 1999; F. Qi et al., 2016; Zhuang et al., 2011; W. Wang, Zhang, Liu, et al., 2016; F. Wang, Shi, et al.,
2017; Yin et al., 2002, 2008; Zhang et al., 2015; Figure 9b). A major part of the evidence for the early
Cenozoic deformation come from the depositional history in the Qaidam Basin. However, the age of the
Lulehe formation, which marks the initiation of Cenozoic sedimentation in the Qaidam basin, remains
highly debated. It was considered that the Lulehe formation was deposited during Paleocene and early
Eocene (~50 Ma) based on magnetostratigraphy, spore and pollen assemblages, and regional lithostrati-
graphic correction (e.g., GBGMR, 1989; F. Cheng et al., 2018; Fang et al., 2007; Yin et al., 2008). If this tradi-
tional age model is correct, the northern and southern margins of the Qaidam Basin have received sediments
from the adjacent mountains, such as the southern Qilian Shan and/or eastern Kunlun Shan in the early
Cenozoic, which may derive from tectonic exhumation then. This is supported by thermochronological data
in the Qimen Tagh (Jolivet et al., 1999; D. Liu, Li, et al., 2017; Y. Wang et al., 2018), eastern Kunlun Shan
(Clark et al., 2010; Mock et al., 1999; F. Wang, Shi, et al., 2017), and northern margin of the Qaidam
Basin (He et al., 2018; Jolivet et al., 2001), and estimation on the sediments preserved in the Qaidam
Basin and materials eroded in the surrounding drainage area (Cheng et al., 2018). However, recent
published magnetostratigraphy and mammalian biostratigraphy refine the onset of basin fill in the
Qaidam Basin to ~25.5 Ma and reveal that the detritus shed from the southern Qilian Shan occurred at
~12 Ma, suggesting that the deformation in the southern Qilian Shan is significantly later than previously
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estimated (W. Wang, Zheng, Zhang, et al., 2017). It is consistent with thermochronological data along the
mountain ranges in the southern margin of the Qilian Shan, which has undergone a phase of accelerated
exhumation since the early-middle Miocene (Pang et al., 2019; Zhuang et al., 2018). It is also supported by
provenance analyses for the Qaidam Basin, which indicate that early Cenozoic sediments in the northern
Qaidam Basin were shed from the Kunlun Shan rather than the southern Qilian Shan, and provenance
change occurred during early-middle Miocene (Bush et al., 2016; W. Wang, Zheng, Zhang, et al., 2017).
While Lu et al. (2018) suggest that Bush et al. (2016) may misidentify the underlying Cretaceous
Quanyagou formation as the lower part of the Lulehe formation such that produce improper conclusions,
they concluded that the Lulehe formation is characterized by proximal alluvial fan deposits that originated
from the northern Qaidam Basin and the southern Qilian Shan based on evidence of sedimentology, facies
analysis, and seismic reflection profiles (e.g., F. Cheng et al., 2019; Lu et al., 2018; Yin et al., 2008). Cheng
et al. (2018) suggest that if both the traditional (~50 Ma) and younger (~25.5 Ma) age models are correct,
the Qaidam Basin may experience diachronous basin-fill process and the lithostratigraphic units throughout
the basin are time transgressive. The debates on the age and provenance of the Lulehe formation highlight
the need for further effort to determine the depositional age of the strata in the Qaidam Basin and more
robust thermochronological data to reveal the exhumation histories of the southern Qilian Shan and
eastern Kunlun Shan. Some other evidence for the early Cenozoic deformation derive from single-sample
modeling of low-temperature thermochornological data (e.g., Jolivet et al., 2001; D. Liu, Li, et al., 2017;
Mock et al., 1999; Qi et al., 2016; J. Zhang et al., 2017). However, thermal history modeling, especially for
single sample, may just provide one possible but not unique cooling history to produce the age and length
distribution due to variation on reproducibility of fission track length data, data entry, model setup,
and modeling software approach (Ketcham et al., 2009, 2018). It strongly highlights the importance of
collecting thermochronological samples systematically, such as along elevation profiles or based on tectonic
deformation patterns.

Compared with the widespread middle Miocene deformation across the entire Qilian Shan, the early
Cenozoic deformation is just reported south of the Qaidam Basin (e.g., Clark et al., 2010; Jolivet et al.,
1999, 2001; D. Liu, Li, et al., 2017; Mock et al., 1999; F. Wang, Shi, et al., 2017; Y. Wang et al., 2018; Yin
et al., 2002), the northern Qaidam Basin (e.g., F. Cheng et al., 2019; He et al., 2018; Jolivet et al., 2001; Lu
et al., 2018; Yin et al., 2008; Zhuang et al., 2011), and parts of the Qilian Shan, such as the Xining-Lanzhou
Basin (Dupont-Nivet et al., 2004; Dai et al., 2006; J. Zhang et al., 2015; Wang, Zhang, Liu, et al., 2016), western
Qinling (Clark et al., 2010; Duvall et al., 2011), and the central-northern Qilian Shan (e.g., Qi et al., 2016; He
etal., 2017; Figure 9b). The Paleocene-Eocene and widespread middle Miocene deformation suggest that the
crustal shortening has extended into the northern Tibetan Plateau to reactive preexisting weaknesses shortly
after the India-Eurasia collision, followed by a phase of extensive crustal shortening across the Qilian Shan
since the middle Miocene. The present tectonic configuration and topography in the Qilian Shan were likely
established since the middle Miocene. Furthermore, as the Paleocene-Eocene deformation and relatively
high paleoelevation have been widely observed in the southern and central Tibetan Plateau, such as the
Lhasa, Qiangtang, and Hoh Xil (Horton et al., 2002; C. Wang et al., 2014), the eastern Kunlun Shan may
act as the northern frontier of the high-topographic plateau before the middle Miocene and the preexisting
weaknesses to the north of the Kunlun Shan, such as the northern Qaidam Basin and western Qinling,
may have been reactivated during the period. Then a phase of distributed crustal shortening extended to
the farther north into the Qilian Shan. This model is consistent with the two phase of deformation model
for the Altyn Tagh fault, which suggests that the southwestern section of the Altyn Tagh fault was initiated
during the Oligocene (>30 Ma) and the fault propagated to its eastern section during the middle Miocene
(Wang, Zhang, Pang, et al., 2016). It is also supported by our new thermochronological data combined with
published depositional results in the Subei Basin (Lin et al., 2015; Sun et al., 2005; X. Wang et al., 2003), which
suggest that the Altyn Tagh fault in the Subei Basin has experienced accelerated deformation since the
middle Miocene.

6. Conclusions

The new AFT and AHe data from the western Danghenan Shan in north Tibet provide new temporal
constraints on the deformation of the southwestern portion of the Qilian Shan and the Altyn Tagh fault
system. The age-elevation relationships and AFT/AHe lag times indicate an average exhumation rate of
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0.1-0.3 km/Ma from ~16 to 9 Ma for the western Danghenan Shan. The AFT/AHe ages and thermal history
modeling indicate that accelerated exhumation initiated in the middle Miocene, more likely ~15 Ma.
Regional geology suggests that the exhumation was mainly controlled by the thrust fault along the southern
range front of the western Danghenan Shan, which is a branch of the Altyn Tagh fault. Thus, we conclude
that the left-slip motion along the Altyn Tagh fault has been transferred to crustal shortening in the Qilian
Shan since at least the middle Miocene.
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