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ABSTRACT

The northern Tibetan Plateau, north of the Qaidam Basin and south of the 
Hexi Corridor (China), consists of a series of WNW- to NW-trending elongated 
mountain ranges. Deciphering the time-space deformation pattern of these 
ranges is central to understanding the mechanism of plateau formation and 
to the controversial issue of whether Tibet has undergone progressive north-
ward growth or synchronous growth since the India-Eurasia collision. Here, we 
report new constraints on the timing of accelerated uplift of the Tuolai Shan, 
one of the elongated mountain ranges in the northern Tibetan Plateau. New 
apatite fission-track data from an elevation transect in the Tuolai Shan provide 
a definitive tie to rapid cooling that began at 17–15 Ma. We attribute this rapid 
cooling to accelerated exhumation resulting from thrusting in the hanging 
wall of the Haiyuan fault in response to progressive northward growth of the 
plateau. Combining these fission-track data and the published geologic, sedi-
mentological, and thermochronologic data from the northern Qilian Shan and 
Hexi Corridor, we propose a progressively north-northeastward growth model 
for the northernmost part of Tibet, suggesting that deformation in the inner 
Qilian Shan occurred synchronously in the middle Miocene, and subsequently, 
increasingly further north.

INTRODUCTION

The collision between India and Eurasia resulted in widespread deforma-
tion throughout the continental interior of Eurasia, producing the crust-thick-
ened Tibetan Plateau and its deformed surrounding regions (e.g., Molnar and 
Tapponnier, 1975; Tapponnier and Molnar, 1979). Two end-member models 
have been developed to explain the deformation of the Tibetan lithosphere, 
namely the rigid-block model (e.g., Tapponnier et al., 2001) and the continuum 
lithospheric deformation model (e.g., England and Houseman, 1986). When 
and how the plateau grew to its present elevation remain the essential un-
answered questions to understanding the deformation mechanism(s) of the 
Tibetan lithosphere. Several prior works concluded that early, collision-age 

defor ma tion occurred not only in southern Tibet near the India-Eurasia colli-
sion zone, but also in northern Tibet (e.g., Clark et al., 2010; Clark, 2012; Dayem 
et al., 2009), whereas others share the view that crustal thickening resulting 
from India’s northward advance into Eurasia has propagated northward in 
time, first accumulating at the plate boundary and starting in the Miocene to 
Plio-Quaternary in northern Tibet (e.g., Meyer et al., 1998; Tapponnier et al., 
2001; Royden et al., 2008; Molnar and Stock, 2009). Although a growing body 
of evidence for the deformation timing and styles in different parts of Tibet has 
been achieved, further work is needed to understand the mechanism of crustal 
thickening of the plateau.

Northern Tibet, located north of the eastern Kunlun Shan and Qaidam 
Basin and to the south of the Hexi Corridor and Gobi Alashan block (China), 
is dominated by crustal strike slip and overthrusting (Fig. 1). The most im-
pressive geomorphic feature of the northern Tibetan Plateau is a series of 
WNW- or NW-trending ranges, e.g., the Zoulang Nan Shan, Tuolai Shan, Tuolai 
Nan Shan, Shule Nan Shan, Danghe Nan Shan, and Qaidam Shan, which are 
separated by subparallel elongated intermountain basins, e.g., the Changma, 
Qilian, Menyuan, and Hala Lake Basins (Meyer et al., 1998; Tapponnier et al., 
2001). These elongated ranges and intermountain basins are typically bounded 
by growing folds and active thrusts (e.g., Tapponnier et al., 1990; Meyer et al., 
1998; Yuan et al., 2013) that are linked to the accommodation of motion of the 
Altyn Tagh fault through transfer of left-lateral strike-slip motion to oblique 
thrusting (Burchfiel et al., 1989; Meyer et al., 1998). Several studies have been 
conducted to constrain the depositional histories and evolution of these inter-
mountain basins, suggesting both earlier Cenozoic tectonic activity during 
the Eocene–Oligocene (e.g., Dupont-Nivet et al., 2004; Horton et al., 2004; Dai 
et al., 2006) and Miocene crustal shortening in the northern Tibetan Plateau 
(e.g., Fang et al., 2003, 2007; Lease et al., 2012; Wang et al., 2011, 2013, 2016a, 
2016b). Thermochronologic exhumation records in the elongated mountain 
ranges show that uplift occurred both in the early Cenozoic, during the Eocene 
(e.g., Jolivet et al., 2001; Clark et al., 2010; Duvall et al., 2011), and also in the 
late Cenozoic (e.g., George et al., 2001; Zheng et al., 2006, 2010; Lease et al., 
2011). Because these constraints on the timing of initial deformation are incon-
sistent, it remains controversial as to whether the northern Tibetan Plateau 
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grew in a pulsed style, i.e., an Eocene outward expansion of crustal deforma-
tion with emergence of existing high terrain in the Miocene (Clark et al., 2010; 
Lease et al., 2012), or as a series of northward steps sequentially producing 
high topographic regions separated by basins (Meyer et al., 1998; Tapponnier 
et al., 2001).

To date, most thermochronologic data relevant to range uplift in northern 
Tibet were collected in the eastern Qilian Shan and the western Qinling range 
(e.g., Zheng et al., 2006; Clark et al., 2010; Duvall et al., 2011; Lease et al., 2011). 
In the inner and western Qilian Shan, these data indicate that the exhumation 
response to Cenozoic thrust and reverse faulting was insufficient to yield com-
pletely reset ages (George et al., 2001; Jolivet et al., 2001). The Qilian Shan is 
large, extending between the Qaidam Basin to the south and the Hexi Corridor 
to the north, entailing a width of ~300 km and length of >1000 km. It is entirely 
possible that it may have undergone initial deformation diachronously, and 
could also have experienced deformation styles during the Cenozoic that differ 
from those observed in the eastern Qilian Shan. Hence, more work on defor-
mation timing and patterns in different parts of the Qilian Shan is required to 
understand the uplift and expansion mechanism of the Tibetan Plateau. In this 
paper, we present detailed apatite fission-track data from sites in the northern 
Qilian Shan showing that rapid cooling began between 17 and 15 Ma. Combin-
ing our apatite fission-track data with data from published studies of tectonic 
deformation in the northern Qilian Shan and Hexi Corridor, we discuss the 
deformation pattern in the northernmost part of the Tibetan Plateau.

GEOLOGICAL SETTING

The WNW-trending Qilian Basin is a narrow intermontain basin with length 
of ~100 km and a width of <5 km. To the north, it is bounded by the Zoulang 
Nan Shan, which is mainly composed of metamorphic Paleozoic rocks that 
were thrusted in a northeastern direction over the Cenozoic sedimentary rocks 
in the Hexi Corridor (Gansu Geological Bureau, 1989). To the south the ba-
sin is bounded by the eastern Tuolai Shan, which is composed of folded late 
Paleozoic to early Mesozoic sediments and Precambrian metamorphic rocks 
(QBGMR, 1968). Rock units exposed in the Qilian Basin are dominated by Cre-
taceous conglomerate or sandstone and Quaternary alluvium, with sparse 
Neogene sandstone exposed (QBGMR, 1968). Using magnetostratigraphic and 
detrital fission-track data from the Qilian Basin, Liu et al. (2016) inferred that the 
conglomerate was deposited 14.3–10 Ma, which may suggest an increase in 
tectonic activity of the northern Qilian Shan at that time.

The ~1000-km-long Haiyuan strike-slip fault accommodates the eastward 
movement of Tibet relative to the Gobi Alashan block to the north (Fig. 1). 
Beginning east of Hala Lake, the 110°-striking Haiyuan fault can be traced east-
ward until its eastern termination near the Liupan Shan (Meyer et al., 1998; 
Yuan et al., 2013). Previous studies of the fault focused either on the slip rate 
(e.g., Lasserre et al., 1999, 2002; Li et al., 2009) or on the paleoseismology (e.g., 
Liu-Zeng et al., 2015; Ren et al., 2016) of the segments to the east of Leng-
longling, which are characterized largely by left-lateral strike slip. Little work 
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has focused on the western segments of the Haiyuan fault in the deep Qilian 
Shan because of remoteness and poorly preserved fault scarps in bedrock 
( Duvall et al., 2013). High-resolution satellite images and field investigations 
suggest that the Haiyuan fault extends across the Tuolai Shan south of Qilian 
town, and clear fault scarps and displaced left-lateral streams are preserved 
along the fault trace (Allen et al., 2017; Yuan D.Y., personal commun., 2017). 
Along the northern range front of the Tuolai Shan near the Qilian Basin, a 
thrust fault, the southern Qilian Basin fault, juxtaposes Precambrian meta-
morphic rocks over Cretaceous conglomerate or sandstone (QBGMR, 1968) 
(Fig. 2), although no evidence for late Quaternary activity along this fault has 
been found along the range front.

Because the Cenozoic sediments are distributed sparsely and thinly in the 
Qilian Basin, it is not easy to constrain the Cenozoic depositional history and 
evolution of the basin. Hence studying the uplift history of the mountain nearby 

is required in order to understand both the Cenozoic deformation around the 
Qilian Basin and its role in the deformation pattern of the northern margin of 
the Tibetan Plateau.

APATITE FISSION-TRACK SAMPLING AND RESULTS

Sampling Strategy and Data Measurement Procedures

Apatite fission-track (AFT) data provide information on the cooling path of 
thermochronology samples through the partial annealed zone (PAZ) at tem-
peratures ranging from 60 to 110 ± 10 °C, corresponding to a depth of ~2–5 km 
(Laslett et al., 1987). Rapid-cooling events determined from AFT data are typi-
cally interpreted as the result of uplift and exhumation of rocks in response to 

¹

0 10km

Q1-3

Q1-3

Q1-3

Q1-3

Q1-3

Q1-3

Neogene
Cretaceous
Jurassic
Triassic
Permian
Carboniferous
Devonian

Metamorphic

Ordovician
Cambrian

Granite

Precambrian

Ac�ve fault

Rock

Qilian

HeHeHeH ihihiheeeHei
he

BaBaBaababaaoohoheee
a

DoDoDo
ngngng

cacaca
ogoo

ouoo
gu

lly

Niuxin
Shan

S

O

O

J

J

T
C

C

C
C

C

N

N

N

O

O

O

D

T

T

P

C

D

D

D

K

K

K

K

K
K

K

KK

K

P

P

P

P

P

P
T

T

T
K

AnЄ

AnЄ

AnЄ

AnЄ

AnЄ

AnЄ

AnЄ

Є

Є

Є

Є
Є

Є

Є

Є

Є

Є

Inferred fault
River

Haiyuan

Q4

Q1-3

Holocene
Pleistocene

SilurianS

southern Qilian Basin fault

Q4

Q4

100°5′ E 100°15′ E
38

°0
0′

 N
38

°1
0′

 N

DCG13-02

DCG13-03
DCG13-04

DCG13-05

DCG13-01
DCG13-06

DCG13-07
DCG13-08
DCG13-09
DCG13-10

P

P’

DCG13-10

DCG13-09

DCG13-07

DCG13-06

DCG13-01

DCG13-05
DCG13-04

DCG13-03

DCG13-02

4.0

3.5

2.5

3.0

5 10 15 20

O
P T K

K
Є

AnЄ

Granite

P P’N

Q

El
ev

a�
on

 (k
m

)

Distance (km)0

A

B

Figure 2. Geological map of the Qilian 
Basin and its adjacent mountains (A) and 
geological cross section along profile 
P-P′ (B). Geological map is modified from 
 QBGMR (1968). Red lines are major faults 
in the region: southern Qilian Basin fault 
and Haiyuan fault. Black dots are the loca-
tions of apatite fission-track samples.

Downloaded from http://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/15/2/423/4663892/423.pdf
by guest
on 23 April 2024

http://geosphere.gsapubs.org


Research Paper

426Yu et al. | Mid-Miocene uplift of the northern Qilian ShanGEOSPHERE | Volume 15 | Number 2

dip-slip faulting (e.g., Green, 1988; Hendrix et al., 1994; Zheng et al., 2006) or to 
changes in erosion rates due to climatic variability (e.g., Molnar, 2003; Reiners 
et al., 2002). AFT thermochronology has been successfully used to date the 
onset of rapid cooling related to erosional exhumation in hanging-wall rocks 
(e.g., Hendrix et al., 1994; Zheng et al., 2006).

In order to delineate a cooling history of the Tuolai Shan, located to the 
south of the Qilian Basin, ten samples were collected for AFT dating along a 
tributary of Babaohe River, the Dongcaogou gully, situated southwest of  Qilian 
town (Fig. 2A). Ten samples collected at ~100–200 m elevation intervals, cover-
ing a range of elevations from 2800 to 4100 m across the mountain. The units 
sampled are Cretaceous, Permian, Triassic, and Ordovician sandstones, Cam-
brian and Precambrian metamorphic rocks, and early Paleozoic granite (Fig. 
2B). Four samples (DCG13-02, DCG13-03, DCG13-04, DCG13-05) were collected 
from the footwall of the southern Qilian Basin fault; sample DCG13-01 is from 
Precambrian bedrock between the southern Qilian Basin fault and the Haiyuan 
fault; and the other five samples (DCG13-06, DCG13-07, DCG13-08, DCG13-09, 
DCG13-10) were collected from folded Paleozoic bedrock south of the Haiyuan 
fault (Fig. 2).

More than 200 apatite crystals were picked for AFT dating except for sam-
ple DCG13-08. The AFT ages and track-length distribution were measured at 
the State Key Laboratory of Earthquake Dynamics, China Earthquake Admin-
istration, using the external detector method (Hurford and Green, 1983). A de-
tailed description of the dating procedures can be found in Liu et al. (2013). The 

zeta (ζ) value was calibrated to be 353 ± 10 using the Durango apatite and Fish 
Canyon Tuff international age standards. Samples were irradiated at the 492 
Reactor, China Institute of Atomic Energy, and CN5 glass was irradiated at the 
same time to constrain the thermal-neutron flux received by the samples (Pang 
et al., 2013). To constrain the annealing kinetics of apatite, Dpar (diameter of etch 
figures parallel to the crystallographic c-axis) measurements were taken for all 
the grains for dating and track-length analysis (Donelick et al., 1999).

Results

Dating results from the nine samples analyzed are listed in Table 1. They 
show central annealing ages ranging from 15.2 ± 0.8 to 53.8 ± 2.7 Ma. Con-
fined mean track lengths are between 10.8 ± 1.35 and 13.3 ± 1.8 μm except for 
sample DCG13-01. Mean Dpar values are between 1.61 ± 0.2 and 2.33 ± 0.31 μm. 
Chi-squared (χ2) tests were performed for all the samples, and all but three rel-
atively older samples (DCG13-02, DCG13-04, DCG13-05) passed the tests (P[χ2] 
≥ 5%) (Fig. 3; Table 1).

The four lowest-elevation samples (DCG13-02, DCG13-03, DCG13-04, 
DCG13-05) have older annealing ages ranging from 42.4  ± 2.4 to 53.8  ± 
2.7 Ma, which are significantly younger than the depositional and magmatic 
ages of the rocks (Cretaceous sandstone and early Paleozoic granite) (Figs. 
2 and 3). Mean track lengths of these four samples range from 10.8 ± 1.35 to 
11.5 ± 1.84 μm. Sample DCG13-01, collected between the Haiyuan fault and the 

TABLE 1. DONGCAOGOU FISSION-TRACK AGE DATA

Sample
ID

Latitude
(°E)

Longitude
(°N)

Elevation
(m)

Nc ρd(Nd)
(×106 cm–2)

ρs(Ns)
(×106 cm–2)

ρi(Ni)
(×106 cm–2)

U
(ppm)

P(χ2)
%

Age ± 1σ
(Ma)

ML ± 1σ (µm)
(Nj)

SDML

(µm)
Dpar

(µm)
SDDpar
(µm)

DCG13-01 100.231 38.065 3661 18 0.8688
(2172)

0.1237
(149)

0.7602
(916)

9.81 12 25.7 ± 2.7 NA NA 1.88 0.25

DCG13-02 100.208 38.173 2814 30 0.876
(2190)

0.3182
(41)

1.1773
(2742)

15.14 1 42.4 ± 2.4 11.5 ± 0.4
(18)

1.84 1.92 0.45

DCG13-03 100.191 38.125 3122 30 0.8833
(2208)

0.8727
(2324)

2.8607
(7618)

37.37 24 47.4 ± 1.2 11.3 ± 0.1
(111)

1.39 2.03 0.31

DCG13-04 100.195 38.114 3222 30 0.8906
(2227)

0.5841
(1313)

2.1379
(4806)

28.04 0 42.4 ± 1.9 11.4 ± 0.1
(67)

1.19 2.33 0.31

DCG13-05 100.194 38.088 3300 30 0.8979
(2245)

0.4507
(1226)

1.2971
(3528)

16.67 0 53.8 ± 2.7 10.8 ± 0.2
(54)

1.35 1.97 0.23

DCG13-06 100.224 38.063 3470 17 0.9051
(2263)

0.1503
(174)

1.3653
(1581)

17.53 84 17.6 ± 1.4 13 ± 0.4
(10)

1.31 1.61 0.20

DCG13-07 100.226 38.048 3661 30 0.9124
(2281)

0.2289
(590)

2.2387
(5769)

29.33 10 16.1 ± 0.9 13.3 ± 0.4
(17)

1.80 1.90 0.28

DCG13-09 100.229 38.041 3724 30 0.9197
(2300)

0.1753
(418)

1.8704
(4459)

23.55 99 15.2 ± 0.8 13.2 ± 0.7
(6)

1.71 1.96 0.44

DCG13-10 100.231 38.028 3883 30 0.927
(2318)

0.1482
(237)

0.7398
(1183)

9.57 10 34.1 ± 2.9 12.1 ± 0.6
(7)

1.59 2.19 0.41

Notes: Nc—number of apatite crystals analyzed; ρd—induced fission-track density calculated on muscovite external detectors used with CN5 dosimeter; Nd—total number of fission tracks counted to determine ρd; 
ρs—spontaneous fission-track density on the internal surfaces of apatite crystals analyzed; Ns—total number of fission tracks counted to determine ρs; ρI—induced fission-track density on the muscovite external 
detector for crystals analyzed; Ni—total number of fission tracks counted to determine ρi; P(χ2)—chi-squared probability that all single-crystal ages represent a single population of ages where degrees of freedom = 
Nc-1 (Galbraith, 1981); ML—mean confined track length; SDML—standard deviation for ML; Nj—number of horizontally confined fission-track lengths measured; Dpar—diameter of etch figures parallel to the 
crystallographic c-axis; SDDpar—standard deviation for Dpar; U—K*U(glass)*(ρi/ρd), in which K is from Jonckheere (2003); Apatite-ζCN5 = 353.0 ± 10.
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southern Qilian Basin fault, has an age of 25.7 ± 2.7 Ma, but was unfortunately 
without confined tracks measured in any grain (Fig. 3); therefore, we cannot 
determine the thermal history of this sample. To the south of the Haiyuan fault, 
three samples (DCG13-06, DCG13-07, DCG13-09) collected from late Paleozoic 
bedrock have mean fission-track ages ranging from 15.2 ± 0.8 to 17.6 ± 1.4 Ma 
(Figs. 2 and 3). Mean confined fission-track lengths are ≥13 μm. These three 
samples passed χ2 tests and radial plots show that grain ages are tightly clus-
tered. Further to the south, the highest-elevation sample (DCG13-10) has an 
annealing age of 34.1 ± 2.9 Ma, younger than its depositional age (Permian), 
whereas its mean fission-track length of 12.1 ± 1.59 μm is shorter than that of 
the other three samples south of the Haiyuan fault (Fig. 3).

DISCUSSION

Constraint on the Onset of Deformation

Relatively older fission-track ages and shorter confined track lengths of the 
four lowest samples suggest that they experienced a long residence time in 
the PAZ. However, to the south of these four samples, sample DCG13-01 has 
higher elevation and much younger fission-track age, indicative of a more sig-
nificant annealing. The differential annealing between sample DCG13-01 and 
the four lowest samples is apparently controlled by the southern Qilian Basin 
fault (Fig. 2). To the south of the Haiyuan fault, the three samples (DCG13-06, 
DCG13-07, DCG13-09) have tightly clustered middle Miocene ages (15.2 ± 0.8 
to 17.6 ± 1.4 Ma) and relatively longer confined fission-track lengths (≥13 μm), 
suggesting that these three samples have been strongly annealed and that 
their fission-track ages have been reset. Compared to these three samples, the 
southernmost sample DCG13-10 has a relatively older fission-track age (34.1 ± 
2.9 Ma) and a shorter confined fission-track length (12.1 ± 1.59 μm). It suggests 
that sample DCG13-10 has experienced a moderate degree of annealing.

The break in slope on AFT age-elevation and length-elevation plots is 
commonly interpreted to indicate the onset of rapid cooling due to denuda-
tion (Gallagher et al., 1998). The samples below the break have a consistently 
younger age and long mean fission-track length, suggesting that these sam-
ples rapidly passed though the PAZ, whereas the samples above the break, 
with older ages and shorter tracks, reflect a relatively long residence time in 
the PAZ and were partially annealed (Gleadow et al., 1986; Green et al., 1989). 
In the absence of thermal modeling, the relationship between fission-track 
ages of partially annealed samples and the timing of exhumation is unclear. 
On the AFT age-elevation and length-elevation plots of the samples from the 
Dongcaogou transect (Fig. 4), four samples (DCG13-02, DCG13-03, DCG13-04, 
DCG13-05) collected from the footwall of the southern Qilian Basin fault have 
relatively older fission-track ages that suggest a rough increase in age with 
increasing elevation. We interpret these samples as having undergone slow 
cooling within a Mesozoic to early Cenozoic PAZ (PAZ 1). However, four sam-
ples (DCG13-06, DCG13-07, DCG13-09, DCG13-10) collected from the hanging- 
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ML = 13.2 ± 0.7 µm
SD = 1.71 µm
N = 6
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ML = 12.1 ± 0.6 µm
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Age = 25.7 ± 2.7 Ma (1σ)
Dispersion = 24%
P(χ²) = 12%, Nc = 18

DCG13-02, Sandstone
Age = 42.4 ± 2.4 Ma (1σ)
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P(χ²) = 1%, Nc = 30

DCG13-03, Granite 
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DCG13-05, Gneiss 
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DCG13-07, Sandstone 
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Dispersion = 16%
P(χ²) = 10%, Nc = 30

DCG13-09, Sandstone 
Age = 15.2 ± 0.8 Ma (1σ)
Dispersion = 0%
P(χ²) = 99%, Nc = 30

DCG13-10, Sandstone 
Age = 34.1 ± 2.9 Ma (1σ)
Dispersion = 23%
P(χ²) = 10%, Nc = 30

DCG13-04, Granite 
Age = 42.4 ± 1.9 Ma (1σ)
Dispersion = 17%
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Figure 3. Radial plots of fission-track 
ages and track-length histograms for 
the studied apatite samples. σ is the 
standard error and t is the single grain 
age. t/σ is the relative error. P(χ2)—chi-
squared probability is the probability 
of obtaining χ2 value for Nc-1 degrees 
of freedom (where Nc is number of apa-
tite crystals analyzed) (Galbraith, 1981); 
ML—mean confined track length; SD—
standard deviation for ML. The track-
length histogram of sample DCG13-01 
is absent as few confined tracks were 
observed in the apatite crystals. Radial 
plots and histograms were constructed 
using RadialPlotter (Galbraith, 1990; Ver-
meesch, 2009).
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wall rocks of the Haiyuan fault have younger ages and show a sharp break 
in slope on AFT age-elevation and length-elevation plots (Fig. 4). Combining 
the different degrees of annealing and the small elevation separation (~160 m) 
between the samples DCG13-09 and DCG13-10, we infer that this break marks 
the base of an exhumed Miocene PAZ (PAZ 2) and defines the onset of a rapid 
cooling that occurred at ca. 17–15 Ma (Figs. 3 and 4).

Exhumation and Cooling Due to Uplift of the Northern Qilian Shan

Apatite fission-track results from the Dongcaogou elevation transect 
show definitive accelerated cooling at 17–15 Ma. The three youngest samples 
(DCG13-06, DCG13-07, DCG13-09) of rocks exposed by exhumation appear to 
be local to the upthrown block of the Haiyuan fault rather than to be distrib-
uted on both sides. We attribute the rapid cooling to an increase in erosion 
rate following the initiation of the northward thrusting of the Haiyuan fault. 
Although it lacks measured confined tracks, sample DCG13-01, lying between 
the Haiyuan fault and the southern Qilian Basin fault, has a much younger age 
of 25.7 ± 2.7 Ma than the samples to the north. A single AFT age with no track 
length measurement does not provide any robust information about the cool-
ing history, whereas sample DCG13-01, having passed the χ2 test, may suggest 
that its annealing age has been totally reset. If this is true, the southern Qilian 
Basin fault may have initiated earlier than the Haiyuan fault, which is consis-
tent with observation of the activity of these two faults at present (Yuan D.Y., 
personal commun., 2017).

Two scenarios have been proposed to explain the timing of rapid uplift 
between 17–15 Ma along the Haiyuan fault. In scenario 1, the uplift is taken 
to constrain the timing of left-lateral slip along the western segment of the 
 Haiyuan fault, which coincides very well with the results of thermochronology 
in the Dulan-Chaka highland to the south of the Tuolai Shan (Duvall et al., 2013). 
In the secondary scenario, the timing of 17–15 Ma is regarded as the time of 
initial northward thrust faulting along the Tuolai Shan, but not the initiation 
of left-lateral strike slip along the Haiyuan fault (e.g., Lease et al., 2011). Here, 
we prefer the second scenario for several reasons: (1) The Haiyuan fault is of 
limited extent, occupying only the ~100-km-long easternmost segment of the 
WNW-trending Tuolai Shan, which extends ~300–400 km in length from the 
eastern end of the Qilian Basin to the Changma Basin and is ~10–20 km wide 
(Fig. 1). In map view, the Tuolai Shan is just one of the WNW- to NW-trending 
elongated parallel mountain ranges in the northern eastern Tibetan Plateau, 
and these ranges are all bounded by active thrusts (Tapponnier et al., 1990; 
Meyer et al., 1998). (2) The Haiyuan fault extends across the Tuolai Shan to 
the south of Qilian town, cutting the Paleozoic to Mesozoic bedrock, although 
the total lateral strike slip is estimated to be only ~10 km (QBGMR, 1968;  Allen 
et  al., 2017). (3) Given rapid cooling ages observed in the Liupan Shan, a 
north-trending mountain range at the eastern end of the Haiyuan fault, Zheng 
et al. (2006) suggested that the onset of left-lateral strike slip on the Haiyuan 
fault was not earlier than 7.3–8.2 Ma. (4) Finally, the estimate placing the onset 
of left-lateral slip along the western segment of the Haiyuan fault at 17–12 Ma 
actually derives from rapid exhumation observed in the Dulan-Chaka high-
land (Duvall et al., 2013), which is located >100 km south of the Haiyuan fault. 
Combined with our data, these points suggest that the inner Qilian Shan ex-
perienced rapid exhumation in the mid-Miocene, and there is no evidence for 
left-lateral strike slip actually along the Haiyuan fault at that time.

Therefore, we infer that the rapid cooling of the Tuolai Shan in the  middle 
Miocene was driven by an earlier phase of thrust – not left lateral strike-slip – 
activity on the Haiyuan fault, (termed here the ancestral Haiyuan thrust fault) 
along the Tuolai Shan range front. Then, induced by continued northward 
growth of the Tibetan Plateau, confined by the rigid Gobi Alashan block to the 
north (Dayem et al., 2009; Lease et al., 2011; Clark, 2012), the Miocene  Haiyuan 
thrust connected with other faults in the northeastern plateau and finally 
formed the ~1000-km-long, active, left-lateral strike-slip Haiyuan fault in a later 
phase during the middle to late Miocene (Zhang et al., 1991; Zheng et al., 2006; 
Wang et al., 2013). This two-stage slip model of the Haiyuan fault zone coincides 
with the middle Miocene change in the kinematic style of plateau growth, from 
NNE-SSW contraction that mimicked the plate convergence direction to the in-
clusion of new structures accommodating east-west motion (Lease et al., 2011).

The 17–15 Ma timing of faulting found in this study agrees well with the 
increase in cooling rate and deposition throughout middle Miocene found in 
the Qilian Shan, Qaidam Basin, and Hexi Corridor (Fig. 5A). Evidence for the 
regional character of this change in tectonics includes: (1) the onset of motion 
on the western Haiyuan fault at 17–12 Ma from thermochronology results of 
three individual elevation transects (Duvall et al., 2013); (2) accelerated cooling 
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between ca. 20 and 10 Ma in the northern Qilian Shan revealed by AFT and 
(U-Th)/He thermo chronology (George et al., 2001; Zhuang et al., 2018); (3) ac-
celerated growth of the eastern Laji Shan at ca. 22 Ma, as indicated by apatite 
(U-Th)/He and AFT cooling ages (Lease et al., 2011); (4) emergence of the Jishi 
Shan between ca. 16 and 11 Ma, shown by stable isotope and thermochronologic 
evidence (Garzione et al., 2005; Hough et al., 2011; Lease et al., 2011); (5) rapid 
cooling of the northern margin of the Qilian Shan at ca. 10 Ma, indicated by apa-
tite (U-Th)/He cooling ages (Zheng et al., 2010; Zhuang et al., 2018); (6) a greatly 
reduced slip rate in the early mid-Miocene along the Altyn Tagh fault (Yue and 
Liou, 1999); (7) initiation of deposition or provenance change in the Hexi Corridor 
in the middle Miocene (Bovet et al., 2009; Wang et al., 2016a, 2016b); (8) initia-
tion of Tertiary sedimentation in the Qilian Basin at ca. 14.3 Ma (Liu et al., 2016); 
(9) rapid exhumation and increasing deposition rates at ca. 15 Ma in the south-
ern Qilian Shan and northern Qaidam Basin (Fang et al., 2007; Wang et al., 2017; 
Zhuang et al., 2018); and (10) growth strata starting to develop at ca. 15–10 Ma in 
the western Qaidam Basin (Chang et al., 2015; Cheng et al., 2015; Li et al., 2017; 
Liu et al., 2017). These temporally proximate processes indicate that the Qilian 
Shan experienced synchronous deformation in the middle Miocene.

Northward Growth of the Northern Margin of the Qilian Shan

Synthesis of new AFT data from this study with published constraints on 
the timing of initial deformation within the northern Qilian Shan and Hexi Cor-
ridor allows us to explore the late Cenozoic deformation pattern of the region. 

We propose a north-northeastward progressive deformation pattern for the 
northernmost part of the Qilian Shan and Hexi Corridor from the Miocene to 
the Quaternary (Fig. 5B).

Northern Tibet, bounded by the Kunlun, Altyn Tagh, and Haiyuan fault 
systems, has been regarded as the Plio-Quaternary Tibet (Tapponnier et al., 
2001). Northern Tibet consists of several parallel mountain ranges that are 
separated by subparallel intermontain basins (Fig. 1). In the last decade, many 
studies have examined the onset of rapid uplift of these mountain ranges 
and the depositional histories of the intermontain basins, allowing us to build 
a defor ma tion sequence for northern Tibet (Fig. 5). Prior to the Miocene, 
northern Tibet appears to have undergone contractional deformation and 
surface uplift ca. 45–50 Ma, beginning roughly near the onset of India-Eur-
asia collision (e.g., Jolivet et  al., 2001; Yin et  al., 2002, 2008; Horton et  al., 
2004; Dupont-Nivet et al., 2004; Clark et al., 2010; Duvall et al., 2011). Evidence 
for deformation since the Miocene is distributed across northern Tibet (e.g., 
George et al., 2001; Fang et al., 2003; Palumbo et al., 2009; Zheng et al., 2006, 
2010; Lease et al., 2011, 2012; Yuan et al., 2013; Wang et al., 2011, 2016a, 2016b; 
Zhuang et al., 2018).

Focusing on the timing of initial deformation in the northern margin of the 
Qilian Shan and Hexi Corridor, we find that a progressive northward growth 
model since the early to middle Miocene is suitable (Fig. 5B). Lease et al. (2011) 
reported an accelerated growth of the WNW-trending Laji Shan that began 
at ca. 22 Ma, constrained by AFT thermochronology. The Dulan-Chaka high-
land to the south of the Tuolai Shan is supposed to have rapidly uplifted by 
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Figure 5. (A) Timing of initial deformation across northern 
Tibet. Early to middle Miocene deformation timings are in 
blue. Initiation ages were derived from: 1—Yin et al. (2002); 
2—Ritts et al. (2008); 3—Yue and Liou (1999); 4—Liu et al. 
(2017); 5—Chang et al. (2015); 6—Li et al. (2017); 7—Cheng 
et al. (2015); 8—Wang et al. (2003); 9—Sun et al. (2005); 10—
Lin et al. (2015); 11—Bovet et al. (2009); 12—George et al. 
(2001); 13—Song et al. (2001); 14—Chen et al. (2006); 15—
Wang et al. (2016a); 16—Wang et al. (2016b); 17—Zhao et al. 
(2001); 18—Zheng et  al. (2010); 19—Zhuang et  al. (2018); 
20—Zheng et al. (2013); 21—Liu et al. (2011); 22—Palumbo 
et al. (2009); 23—Wang et al. (2018); 24—Duvall et al. (2013); 
25—Zheng et  al. (2006); 26—Wang et  al. (2011); 27—Fang 
et  al. (2003); 28—Garzione et  al. (2005); 29—Hough et  al. 
(2011); 30—Lease et al. (2011); 31—Clark et al. (2010); 32—
Duvall et  al. (2011); 33—Lease et  al. (2012); 34—Yan et  al. 
(2006); 35—Dupont-Nivet et  al. (2004); 36—Horton et  al. 
(2004); 37—Dai et  al. (2006); 38—Fang et  al. (2007); 39—
Wang et al. (2017). (B) Schematic diagram showing a model 
of progressively northward growth in the northern margin 
of the Qilian Shan and Hexi Corridor. The four labeled ages 
from 17–15 to ca. 2 Ma refer to the timing of initial defor-
mation in the Tuolai Shan (this study), Zoulang Nan Shan 
(Zheng et  al., 2010; Zhuang et  al., 2018), Yumu Shan (Pa-
lumbo et al., 2009; Liu et al., 2011; Wang et al., 2018), and 
Heli Shan (Zheng et al., 2013), respectively. K—Cretaceous 
sediments; N—Neogene sediments; Q—Quaternary alluvial 
and fluvial deposits.
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ca. 17–12 Ma (Duvall et al., 2011). Our AFT data from the Tuolai Shan suggest 
rapid cooling at 17–15 Ma, which we interpret to represent the onset of north-
ward thrust faulting along the Haiyuan fault. For the region further to the north, 
Zheng et al. (2010) suggested that rapid cooling of the northern margin of the 
Qilian Shan that started at ca. 10 Ma, as determined by (U-Th)/He thermochro-
nology, resulted from northward thrusting of the northern Qilian fault. Growth 
of the Yumu Shan, a high mountain north of the Qilian Shan, is thought to have 
started ~4 m.y. ago (Palumbo et al., 2009; Liu et al., 2011; Wang et al., 2018). 
Similarly, magnetostratigraphic analysis results suggest that the Wenshu Shan 
and Laojunmiao anticline, two other relatively low topographic ramp anticlines 
in the western Hexi Corridor, started to uplift at ca. 4.5–3 Ma (Zhao et al., 2001; 
Song et al., 2001; Fang et al., 2005; Chen et al., 2006; Zheng et al., 2017). To the 
north of the Hexi Corridor, a series of low-relief north-dipping thrust ramps 
lying parallel to the Qilian Shan range front are thought to have been active 
since the Quaternary (Zheng et al., 2013).

Therefore, we suggest that the northernmost Qilian Shan has grown 
north-northeastward toward the foreland since the Miocene to create a series 
of parallel WNW-striking ramp anticlines and associated NNE–striking thrust 
faults. Foreland basins formed along the range fronts as the mountains up-
lifted, which then evolved into piggyback basins when the ranges to the north 
of these basins began to uplift, and finally became the subparallel elongated 
intermountain basins. As seen today, the Hexi Corridor, as the foreland basin 
of the northern Qilian Shan at the present time, is evolving into a piggyback 
basin as the ranges to the north are uplifting. Widespread middle Miocene 
deformation, as indicated by accelerated erosion and deposition not only in 
the northern Qilian Shan, but also in the southern Qilian Shan (Zhuang et al., 
2018), northern Qaidam Basin (Fang et al., 2007; Wang et al., 2017), and west-
ern Qaidam Basin (e.g., Chang et al., 2015; Cheng et al., 2015; Li et al., 2017; Liu 
et al., 2017), may therefore be inconsistent with a simple model of northward 
growth for northern Tibet. Widespread middle Miocene deformation across 
northern Tibet is consistent with the predicted timing of initial rapid outward 
growth driven by removal of mantle lithosphere from beneath Tibet (England 
and Houseman, 1989; Molnar and Stock, 2009).

CONCLUSIONS

This work provides new constraints on the onset of rapid cooling in north-
ern Tibet by AFT thermochronometry in samples collected from the Tuolai 
Shan, one of the WNW- to NW-trending elongated mountain ranges in the Qil-
ian Shan. The break in slope on AFT age-elevation and length-elevation plots 
provides a definitive tie to an initial deformation that occurred at 17–15 Ma. 
We interpret this rapid cooling to indicate that northward thrusting occurred 
on an ancestral Haiyuan fault along the Tuolai Shan range front. Correlating 
accelerated thrust activity with initial deformation in the north Qilian Shan and 
Hexi Corridor, we propose a north-northeastward progressive growth model 
for the northernmost part of the Tibetan Plateau.
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