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The Laji Shan and Daban Shan which are located along the southern and northern margins of the Xining
Basin in the northeastern Qinghai–Tibetan Plateau, experienced important multi-stage exhumations dur-
ing the Cenozoic. The apatite fission track (AFT) dating of 19 samples along four north–south sections in
the Laji Shan and Daban Shan showed that the AFT ages of the Laji Shan from 88 Ma to 12 Ma and the ages
of the Daban Shan are between 60 and 32 Ma. All these AFT ages are significantly younger than their host
rock formation or sediment deposition ages. Thermal modeling of the AFT data indicated that the Laji
Shan had undergone important exhumation events in the Late Cretaceous, ca. 50–30 Ma, and 17–8 Ma,
whereas the only significant thermal event in the Daban Shan occurred at ca. 50–30 Ma. The exhumation
of the Laji Shan during the Late Cretaceous may result from the Lhasa–Qiangtang collision. During
50–30 Ma, the Central Qilian Block rotated clockwise relative to the South Qilian Block, which led to
the formation of the Xining Basin. The slow uplift of the Laji Shan and Daban Shan in this period was
the isostatic adjustment of the footwalls of normal faults along the two margins of the Xining Basin.
The exhumation of the Laji Shan during 17–8 Ma resulted from compression due to the clockwise
rotation of the South Qilian Block relative to the Central Qilian Block, causing the inversion of the Xining
Basin, a marked change in the sedimentary environments and a rapid increase in sedimentation rates.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The growth of the Qinghai–Tibetan Plateau resulting from the
India–Eurasia Collision is one of the greatest tectonic events during
the Cenozoic (Molnar et al., 1993; Clark and Royden, 2000;
Tapponnier et al., 2001; Yin et al., 2002; Dupont-Nivet et al.,
2007; Wang et al., 2008). Since the 1970s, different models of the
evolution of the Qinghai–Tibetan Plateau have been proposed,
including models advocating the stepwise northeast growth of
the plateau (Tapponnier et al., 2001), continuous northeast growth
(England and Houseman, 1986), growth from the central plateau
synchronously toward the south and north (Wang et al., 2008),
near-synchronous northward growth shortly after the onset of
the collision (Jolivet et al., 2001; Yin et al., 2002; Dupont-Nivet
et al., 2004; Zhang et al., 2010a; Clark et al., 2010; Duvall et al.,
2011), and strong uplift across the main part of the plateau during
the Late Cenozoic due to the uniform lithospheric shortening
(Lease et al., 2012b). In addition, the channel flow in the lower
crust (Royden et al., 2008), and the convective removal of mantle
lithosphere (Molnar et al., 1993; Xiao et al., 2012), which caused
the intensity of the East Asia Monsoon (An et al., 2001) have also
been proposed to explain the deep mechanisms for the plateau
growth. The various models on the formation history of the plateau
have different implications for the plateau-growth mechanisms;
therefore, the initial timing of deformation and its mechanisms
in the northeastern plateau and the its subsequent deformation
are the keys to distinguish models of plateau growth (Molnar
et al., 1993; Clark and Royden, 2000; Tapponnier et al., 2001; Yin
et al., 2002; Ritts et al., 2008; Hough et al., 2011; Wang et al.,
2012; Lease et al., 2012a, 2012b).

Many studies have been carried out on the uplift histories of
mountain ranges around the northeastern plateau (Fig. 1)
(George et al., 2001; Yin et al., 2002; Jolivet et al., 2001; Wang
and Burchfiel, 2004; Yuan et al., 2006; Zheng et al., 2006; Lu
et al., 2012; Liu et al., 2013; Lease et al., 2007, 2011, 2012a;
Wang et al., 2012). Among these studies, some focused on the
mountain ranges around the Xining Basin, various uplift ages were
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obtained by different methods. Clark et al. (2010) used low-tem-
perature thermochronometry to suggest that the western Qinling
Shan, which connects with the Laji Shan, began to uplift at ca.
50 Ma. Horton et al. (2004) argued that the mountain ranges
around the basin did not uplift obviously during that period.
Fang et al. (2005) and Liu et al. (2007)argued that the Laji Shan
experienced strong uplift during the Late Miocene. Based on the
age distribution of igneous zircons collected from the present river
drainage of the Laji Shan, Lease et al. (2007) suggested that the
mountain range uplift occurred at ca. 8 Ma. Song et al. (2003) also
obtained similar results through studies on the paleomagnetism
and sedimentary facies of Cenozoic deposits to the south of the Laji
Shan. Liu et al. (2013) suggested that the uplift of the Laji Shan
occurred at ca. 16 Ma based on the studies of Cenozoic deposits
in the Xunhua and Guide Basins to the south. However, the Laji
Shan first uplifted during ca. 24–22 Ma and underwent accelerated
uplift in ca. 14–8 Ma, as indicated by recent studies on the
paleomagnetism and sedimentary facies of similar deposits in the
Xunhua Basin and the low-temperature thermochronometry of
the Laji Shan (Lease et al., 2011, 2012a). In addition, no data could
constrain the uplift of the Daban Shan to the north. Notably, these
studies have not given consistent data even for the same mountain
range, and the existing studies on the mountain ranges around the
Xining Basin cannot constrain the evolution of the basin. In the
present study, we collected and dated twelve apatite fission track
samples from the Laji Shan and seven samples from the Daban
Shan to constrain the dates of exhumation of the basin-bounding
mountain ranges of the Xining Basin (i.e., the Laji Shan to the south
and the Daban Shan to the north) (Figs. 1 and 2). The mechanisms
of the multi-stage exhumation of these ranges and the evolution of
the Xining Basin will be proposed and the plateau growth
mechanism will be discussed from a regional perspective.
Fig. 1. Topographic map of northeastern Qinghai–Tibetan Plateau with the timings o
references for further information.)
2. Geological setting

The Laji Shan and Daban Shan are situated in the southern and
northern regions, respectively, of the Xining Basin in the northeast-
ern Qinghai–Tibetan Plateau (Figs. 1 and 2). The northeastern pla-
teau is bounded by three major active sinistral strike-slip faults
(i.e., the Haiyuan fault, the eastern Kunlun fault and the Altyn Tagh
fault) and composed of several Cenozoic rhombic basins, such as
the Xining, Qaidam, Gonghe, Qinghai Lake, and Xunhua Basins,
separated by main mountain ranges including the Qilian Shan,
eastern Kunlun Shan, Laji Shan, Riyue Shan and western Qinling
Shan (Figs. 1 and 2).

The peaks of Laji Shan and Daban Shan are both over ca. 4000 m
above sea level, and the average elevation of the Xining Basin
between them is ca. 2100 m. The Laji Shan is approximately
200 km long and 10–30 km wide, which trends nearly east–west
in the central part and changes into a south–north orientation to
the east. Early Paleozoic volcanic rocks, ophiolites and granites out-
crop along the mountain range, which was interpreted as an Early
Paleozoic intra-oceanic arc in the Qilian Ocean (Song et al., 2014).
Quaternary thrusts occur along the two sides of the mountain
range (Yuan et al., 2005). The Daban Shan trends WNW for ca.
200 km with a width of approximately 50 km and is mainly com-
posed of Early Paleozoic marine clastic deposits, volcanic rocks
and ophiolites. The mountain range was interpreted as a part of
the North Qilian Orogenic Belt in the Early Paleozoic (Song et al.,
2013). The southern boundary of the Daban Shan was once a duc-
tile sinistral strike-slip shear zone during 440–380 Ma (Qi et al.,
2004) and within the Cenozoic thrusts occurred along the two
sides of the mountain range (Zhang and Cunningham, 2013).

The Xining Basin between the Laji Shan and the Daban Shan was
formed since 52 Ma with continuous Cenozoic deposits (Dai et al.,
f the rapid cooling events for different mountain ranges. (See above-mentioned



Fig. 2. Geological map of the Xining Basin and its surroundings.

Fig. 3. General stratigraphic column of the Xining Basin, and the Cenozoic stratigraphic correlation among basins in the northeastern Qinghai–Tibetan Plateau with the
geomagnetic polarity timescale (GPTS) of Cande and Kent (1995).
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2006). The Cenozoic strata in the Xining Basin are composed of the
Qijiachuan, Honggou, Mahalagou, Xiajia, Chetougou and Xian-
shuihe Formations from the bottom to the top with no marked sed-
imentary hiatuses in them (Dai et al., 2006; Xiao et al., 2012)
(Fig. 3). The lower three formations comprise a sequence of brown-
ish-red to reddish-tan lacustrine deposits with thick gypsums that
fine upward with coarse sediments along the basin margin. The
upper three formations are composed primarily of pale brown flu-
vial deposits that coarsen upward (Fig. 3).
3. Samples and dating method

To constrain the dates of exhumation of the basin-bounding
mountain ranges of the Xining Basin, we sampled two sections
along the northern slope of the Laji Shan (western and eastern sec-
tions) and two sections along the southern slope of the Daban Shan
(western and eastern sections) (Figs. 2 and 4). The average interval
between samples was 100 m in elevation, measured using a hand-
held Garmin GPS receiver. Note that the elevations recorded by the
Garmin GPS are not precise enough; the elevations of all the sam-
ples were further constrained by using SRT90m DEM data from The
CGIAR consortium for Spatial Information (CGIAR-CSI) (http://
srtm.csi.cgiar.org/SELECTION/inputCoord.asp), which is shown in
Fig. 4. Nineteen samples were collected from the Laji Shan and
Daban Shan. However, few apatites were collected from four sam-
ples (APH-67, APH-72, APH-73 and APH-74); these four samples
were not used in this study. The locations, lithologies, elevations
and sections of the remaining samples are listed in Table 1 and
shown in Figs. 2 and 4.

The ages and track length distributions of the samples were
measured at the State Key Laboratory of Earthquake Dynamics,
Institute of Geology, China Earthquake Administration, China,
using the external detector method. The main test process is as fol-
lows. (1) Apatite was separated using standard magnetic and den-
sity methods and then mounted on glass slides with araldite epoxy.
(2) After grinding and polishing to expose an internal surface, the
Fig. 4. Sample sections of the Laji Shan and Daban Shan. SRT90m DEM data from th
SELECTION/inputCoord.asp) are used to generate the outlines of cross sections using Glo
apatite was etched with 5.5 mol/L HNO3 at 21 �C for 20 s. (3)
Low-U mica was used as the external detector, and the glass stan-
dard CN5 was used for neutron dosimetry. (4) The samples were
irradiated in the 492 reactor at the Chinese Institute of Atomic
Energy. After irradiation, the mica was etched with 40% HF for
20 min at room temperature. (5) The zeta (f) value was calibrated
using the international standard Durango apatite and Fish Canyon
Tuff apatite (Hurford, 1990). The obtained zeta (f; see the note in
Table 2 for further details) values were 352.4 ± 29 and 353.0 ± 10
for the samples from the Laji Shan and Daban Shan, respectively.
The analytical details are presented in Tables 2A and B for the Laji
Shan and Daban Shan, respectively. A chi-squared probability
greater than 5% passed the X2 test, resulting in the pooled apatite
fission-track age being used. A chi-squared probability of no more
than 5% failed the X2 test, resulting in the use of the mean AFT age
in this study. The distributions of the single grain AFT ages for the
measured samples from both mountain ranges are shown in the
radial plots (Fig. 5).
4. Thermal modeling on the AFT data

In order to compare the uplifts of the Laji Shan and Daban Shan
and further constrain the timing of the uplift, the thermal model-
ing on the AFT data of both ranges was conducted.

Time–temperature paths for each sample were derived through
inverse Monte Carlo modeling using the HeFTy program (version
1.7.5, 2012). In the modeling, an initial mean rack length of
16.3 lm (Donelick et al., 1999) was used. The apatite track anneal-
ing model of Ketcham et al. (2007) was used for the samples in this
study. We used the monotonic-variable path setting to allow for
both cooling and heating histories. The Kolmogorov–Smirnov test
was employed to assess the fit between the modeled and measured
track-length distributions, with merit values of 0.5 and 0.05 for
good and acceptable fits, respectively. Ten thousand paths were
calculated for each sample. In this study, more than 100 (up to
2170) good paths from every sample were obtained (Figs. 6 and
e CGIAR consortium for Spatial Information (CGIAR-CSI) (http://srtm.csi.cgiar.org/
bal Mapper (Ver. 14.1.0).
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Table 1
Location information and lithology for samples from the Laji Shan and Daban Shan for apatite fission track dating in the study.

Number Sample Lithology Coordinate (north latitude/east longitude) Garmin GPS elevation (m) Section

1 APH-63 Ordovician quartz diorites 36�21033.7800/101�26054.4200 3811 Western section of Lajishan
2 APH-64 Ordovician quartz diorites 36�21053.9400/101�26037.6200 3778 Western section of Lajishan
3 APH-65 Ordovician quartz diorites 36�2202.8800/101�2706.1200 3657 Western section of Lajishan
4 APH-66 Mesoproterozoic sandstone 36�2204.0800/101�2806.7200 3503 Western section of Lajishan
5 APH-68 Mesoproterozoic sandstone 36�22032.5800/101�31038.100 3104 Western section of Lajishan
6 APH-69 Cambrian volcanic rock 36�1605.4600/101�5703.7800 3121 Eastern section of Lajishan
7 APH-70 Cambrian volcanic rock 36�16016.9200/101�57053.5200 3209 Eastern section of Lajishan
8 APH-71 Cambrian volcanic rock 36�16036.1800/101�58015.4800 3245 Eastern section of Lajishan
9 APD-62 Silurian sandstone 37�0009.700/102�7028.800 3071 Eastern section of Dabanshan

10 APD-63 Silurian sandstone 37�00013.400/102�9026.600 3277 Eastern section of Dabanshan
11 APD-64 Silurian sandstone 37�00030.600/102�10033.200 3474 Eastern section of Dabanshan
12 APD-65 Silurian sandstone 37�1308.100/101�47010.200 3775 Western section of Dabanshan
13 APD-66 Silurian sandstone 37�12046.100/101�4705.900 3586 Western section of Dabanshan
14 APD-67 Silurian sandstone 37�11010.500/101�46042.000 3285 Western section of Dabanshan
15 APD-68 Mesoproterozoic gneiss 37�09046.000/101�4707.400 3047 Western section of Dabanshan
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7). The uncertainty for all the thermal modeling in the study is ca.
5%. In the modeling, 200 �C was chosen as the time–temperature
history’s maximum temperature and 100 Ma was chosen as the
time–temperature history’s maximum time. Because no parame-
ters, such as chlorine content and Dpar, were available, the
>120 �C portion of the cooling history is unconstrained and not dis-
cussed further. An average annual surface temperature of 0 �C was
assumed, and the present average geothermal gradient of the
region was used (20–35 �C/km, Lei et al., 1999). The range from
60 �C to 110 �C was used for PAZ; Thus, the depths to the top
and base of the PAZ range from �2 to 5 km.
5. Results

5.1. Laji Shan

Among the samples from the Laji Shan, only small amounts of
apatite were obtained from APH-69, APH-71, and APH-68; the
remaining samples reached the requirements for age statistics.
The fission track ages of both sections range from 88 to 12 Ma
(Table 2A). The mean length of the horizontally constrained tracks
for the eight samples ranges from 12.49 to 13.60 lm, and the stan-
dard deviations of the track length are between 1.07 and 1.41 lm.

In the age–elevation diagram, samples APH-63–APH-66 in the
western section are located along a fitted straight line (Fig. 8).
However, finding the location of the inflection point proved diffi-
cult. The standard deviations of track lengths of APH-63–APH-66
increase with elevation from 1.07 for APH-66 to 1.28 for APH-63,
which indicates that these samples once underwent a certain
degree of annealing (Table 2A). This tendency is similar to the ten-
dency for variable track lengths in the partial annealing zone (PAZ;
Gleadow et al., 1986). The slope of this line indicates that the
region that constitutes the present Laji Shan underwent very slow
exhumation from 58.8 to 31.9 Ma with an exhumation rate of ca.
0.01 mm/yr, which is similar to the uplift rate of the same moun-
tain range to the east (Zhang et al., 2013).

The fission track ages of the samples from the eastern section
did not display any marked relationship with sample elevations
for the few apatites obtained. The APH-69 was collected from the
basement of the basin (Figs. 2 and 4), whose AFT age is older than
60 Ma. APH-70 has a P(x2) of zero, indicating that its single grain
ages are scattered (Fig. 5). APH-63 also fails the test due to a
P(x2) of zero (Fig. 5). The standard deviations of the track length
for APH-69 and APH-70 are 1.26 and 1.34 lm, respectively,
implying that a certain degree of annealing occurred in these two
samples. APH-71 exhibits the youngest age at ca. 12 Ma. The nearly
east–west-trending northern thrust of the Laji Shan goes between
APH-70 and APH-69 (Figs. 2 and 4), which is the southern
boundary of the Xining Basin and was active during the Quaternary
(Yuan et al., 2005).

No inflection points have been found in the two sections from
the Laji Shan (Fig. 8A), which may indicate that the base of the fos-
sil PAZ represented by the inflection point is still beneath the
Earth’s surface.
5.2. Daban Shan

From the Daban Shan, all seven samples reached the require-
ments for the age statistics. The samples from the two sections
exhibit fission track ages ranging from 60 to 33 Ma (Table 2B).
The mean length of the horizontally constrained tracks of the seven
samples ranges from 14.07 to 14.67 lm, and the standard devia-
tion of the track length is 0.95–1.32 lm. Compared with the sam-
ples from the Laji Shan, the mean track lengths are longer and
exhibit smaller standard deviations of track length, indicating a rel-
ative simple thermal history.

The samples from the two Daban Shan sections exhibit a similar
age–elevation relationship (Fig. 8B). Two samples from the eastern
section (APD-63 and APD-64) exhibit a good fit to a straight line.
The slope of this line indicates that the region of the present Daban
Shan experienced faster exhumation during 52.9–38.4 Ma with an
exhumation rate of ca. 0.035 mm/yr, compared with the exhuma-
tion of the Laji Shan (ca. 0.01 mm/yr) during the same period. Sam-
ple APD-62 failed the test with a P(x2) of zero (Fig. 5).

No marked age–elevation relationship has been obtained
among the samples from the western section. Similar to the Laji
Shan, no inflection points have been found in the two sections from
the Daban Shan (Fig. 8B). A fitted straight line through two of these
samples (APD-66 and APD-67) is nearly parallel to the fitted line of
the eastern section. All these samples (APD-66, APD-67, APD-62,
APD-63, and APD-64) were collected from Silurian sandstones,
implying that these samples were from the same block (Fig. 8B).
The ages of the samples collected from the mountain pass (APD-
65) and from the foothill region (APD-68) in the western section
are anomalous (Figs. 5 and 8B). APD-65 has a comparatively young
fission track age of 32.9 Ma. The central thrust of the Daban Shan is
between APD-65 and APD-66 (Fig. 4), indicating this thrust may
have been active at ca. 30 Ma. APD-68, which was collected at
the foot of the Daban Shan (Fig. 4), provided an age of ca. 60 Ma.
The southern thrust of the Daban Shan occurs between APD-68
and the other samples from the western section (Figs. 2 and 4)
and was active during the Late Cenozoic (Zhang and
Cunningham, 2013), and the gneiss from which APD-68 was col-
lected is the basement of the Xining Basin, which may not have
experienced any marked exhumation since the Late Cretaceous.
These two faults may control the age distributions of the samples



Table 2
Apatite fission-track data from samples of the Laji Shan (A), and the Daban Shan (B).

Sample
no.

Altitude
(m)

Nc qd(Nd)
(�106 cm�2)

qs(Ns)
(�105 cm�2)

qi(Ni)
(�106 cm�2)

U concentration
(ppm)

P(x2)% r Fission track age
(Ma ± 1r)

Mean track length (lm ± 1r)
(Nj)

Standard deviation
(lm)

A. Laji Shan (Apatite-ZetaSRM612 = 352.4 ± 29)
APH-63 3811 25 0.826 (2064) 9.825 (1513) 2.022 (3114) 30.6 0.0 0.859 70.6 ± 7.2 13.50 ± 0.13 (86) 1.28
APH-64 3778 23 0.817 (2043) 9.521 (1033) 2.321 (2518) 35.5 6.8 0.868 58.8 ± 5.5 13.14 ± 0.14 (81) 1.28
APH-65 3657 23 0.808 (2021) 3.758 (575) 1.163 (1779) 18.0 6.4 0.533 45.9 ± 4.5 13.16 ± 0.12 (80) 1.12
APH-66 3503 18 0.800 (1999) 2.045 (227) 0.902 (1001) 14.1 72.1 0.916 31.9 ± 3.6 12.49 ± 0.14 (62) 1.07
APH-68 3104 7 0.791 (1977) 0.700 (35) 0.598 (299) 9.4 74.3 0.365 16.3 ± 3.2 13.13 ± 0.23 (35) 1.41
APH-69 3121 5 0.782 (1955) 24.73 (371) 3.813 (572) 61.0 14.5 0.956 88.8 ± 9.6 13.60 ± 0.15 (70) 1.26
APH-70 3209 20 0.773 (1933) 7.625 (1098) 1.365 (1966) 22.1 0.0 0.888 77.2 ± 8.1 13.27 ± 0.14 (92) 1.34
APH-71 3245 8 0.765 (1912) 0.532 (25) 0.592 (278) 9.7 89.6 0.546 12.1 ± 2.7 12.56 ± 0.25 (24) 1.14

B. Daban Shan (Apatite-ZetaCN5 = 353.0 ± 10)
APD-62 3071 21 0.729 (1824) 2.468 (269) 1.133 (1235) 19.4 0 0.404 38.4 ± 6.1 14.07 ± 0.15 (64) 1.24
APD-63 3277 24 0.717 (1794) 3.860 (469) 1.028 (1249) 17.9 24.2 0.774 47.3 ± 3.1 14.67 ± 0.10 (105) 1.05
APD-64 3474 26 0.705 (1765) 1.019 (214) 0.239 (501) 4.2 9.1 0.312 52.9 ± 4.7 14.24 ± 0.13 (60) 0.95
APD-65 3775 24 0.694 (1736) 2.249 (389) 0.835 (1445) 15.0 5.9 0.826 32.9 ± 2.2 14.59 ± 0.14 (75) 1.20
APD-66 3586 26 0.682 (1706) 0.212 (400) 0.519 (979) 9.5 84.8 0.809 49.0 ± 3.4 14.34 ± 0.15 (85) 1.32
APD-67 3285 27 0.670 (1677) 2.252 (367) 0.722 (1177) 13.5 26.0 0.598 36.8 ± 2.6 14.38 ± 0.12 (100) 1.16
APD-68 3047 27 0.658 (1647) 1.873 (472) 0.361 (910) 6.9 98.7 0.933 60.0 ± 4.1 14.38 ± 0.09 (100) 0.95

Nc = number of apatite crystals analyzed.
qd = induced fission-track density calculated from muscovite external detectors used with SRM612 dosimeter.
Nd = total number of fission tracks counted in qd.
qs = spontaneous fission-track density on the internal surfaces of apatite crystals analyzed.
Ns = total number of fission tracks counted in qs.
qi = induced fission-track density on the muscovite external detector for crystals analyzed.
Ni = total number of fission tracks counted in qi.
P(x2) = chi-squared probability that all single-crystal ages represent a single population of ages where degrees of freedom = Nc – 1 (Galbraith, 1981).
r = correlation coefficient between Ns and Ni.
Nj = number of horizontally confined fission-track lengths measured.
A chi-squared probability >5% passed the X2 test, and the pooled apatite fission-track age is used for interpretation; a chi-squared probability 65% fail the X2 test, and the mean apatite fission-track age is used for interpretation.
Apatite fission track ages were obtained using the external detector method (Gleadow and Duddy, 1981) and calculated by the zeta calibration method (Hurford and Green, 1983). Age-calibration standard is Durango apatite
(31.4 ± 0.5 Ma).
The National Bureau of Standards trace element glass SRM612 was used as a dosimeter to measure the neutron fluencies during irradiation.
Spontaneous fission tracks in apatite were etched in 5.5 N HNO3 at 20 �C for 20 s.
Induced fission tracks in the low-U muscovite external detectors that covered apatite grain mounts and glass dosimeters during the irradiation were later etched in 40%HF at 20 �C for 20 min.
Fission tracks and track-length measurements were counted on a OLYMPUS microscope, using a magnification of 1000 under oil immersion objectives for apatite.
All analyses were performed by J.L. Wan. Who had a personal weighted mean zeta shown in the table while using the above methods and standards.
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Fig. 5. Radial plots for samples from the Laji Shan (upper) and Daban Shan (lower).
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in the western section (Fig. 2). However, other factors, such as the
chemical composition of the apatite, cannot be excluded.
5.3. Thermal modeling

All samples in this study were modeled by using the apatite
track annealing model of Ketcham et al. (2007) (Figs. 6 and 7),
except for APD-62, from which no good-fitting path could be
obtained. For this sample, the annealing model of Laslett et al.
(1987) was used instead. The weighted mean cooling paths of all
the samples except APD-62 are selected and are displayed together
in Fig. 9.

The modeling indicates that the Laji Shan experienced a more
complicated uplift history (Fig. 9). The weighted mean cooling
paths of APH-63, APH-70, and APH-69 demonstrate that the rocks
from which they were collected were exhumed rapidly through the
PAZ during the Late Cretaceous (ca. 84–55 Ma) and experienced
more gradual exhumation since then for most of the Cenozoic
(Fig. 9A). Among these three samples, APH-63 failed the X2 test,
indicating that it was not fully reset.

APH-65 and APH-66 from the Laji Shan and APD-63, APD-65,
APD-66, and APD-67 from the Daban Shan rapidly passed through
the PAZ. Whereas the samples from the Daban Shan were nearly
brought to the surface, the samples from the Laji Shan experienced
long and stable exhumation after passing through the PAZ (Fig. 9).
After ca. 30 Ma, the Daban Shan was more stable, and no marked
thermal events were shown by the temperature–time parts
(Fig. 9B). However, the Laji Shan continued to experience a late
thermal event during ca. 17–8 Ma after passing through the PAZ
in earlier periods, as shown by the modeling paths of APH-66,
APH-68, and APH-71 (Fig. 9A).

As mentioned above that APH-69 and APD-68 were all collected
in the basement of the Xining Basin (Figs. 2 and 4). The thermal
modeling of APD-68 and APH-69 indicates the only occurrence of
a thermal event in the Late Cretaceous (ca. 84–55 Ma; Fig. 9),
which suggests that the Xining Basin has not experienced marked
thermal events during the Cenozoic.
6. Discussion

6.1. Exhumation timing of the Laji Shan and Daban Shan

The uplift of the Daban Shan and Laji Shan in the northeastern
Qinghai–Tibetan Plateau controlled the evolution of the Xining



Fig. 6. HeFTy-based thermal history models of samples from the Laji Shan. GOF: goodness of fit. Green paths: acceptable fits (GOF > 0.05); purple regions: good-fits
(GOF > 0.5). PAZ: partial annealing zone. MTL: mean confined track length. SD: standard deviation. N: number of measured confined track lengths. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Basin. However, no studies have obtained a consistent timing for
the uplift of these mountain ranges. Lease et al. (2007) suggested
that the uplift of the Laji Shan occurred at ca. 8 Ma. Liu et al.
(2013) argued that the Laji Shan uplifted after ca. 16 Ma. Lease
et al. (2011, 2012a) argued that the Laji Shan uplift is constrained
to 24–22 Ma. Our results indicated that the uplift of Laji Shan may
have happened earlier, at least in the Early Cenozoic (Table 2A,
Fig. 5).

The thermal modeling in this study shows that obvious thermal
event during ca. 50–30 Ma occurred in the two mountain ranges
(Fig. 9). Several possible factors may be responsible for the thermal
event that occurred ca. 50–30 Ma. During this period, the India–
Eurasia Collision occurred (Najman et al., 2010), the large-scale
uplift of the Gandese and Qiangtang regions occurred due to the
compression (Rohrmann et al., 2012; Xu et al., 2013; Ding et al.,
2014), the western Qinling Fault in the northeastern Qinghai–
Tibetan Plateau was active at ca. 50 Ma due to the India–Eurasia
Collision (Clark et al., 2010; Duvall et al., 2011), and the South
Qilian Shan was thrust over the Qaidam Basin at ca. 49 Ma (Yin
et al., 2002). Furthermore, the Central Qilian Block (where the
Xining Basin is located) underwent clockwise rotation of 24�
(Dupont-Nivet et al., 2004, 2008) during the same period. Some
recent studies have also detected the occurrence of an important
tectonic event in the northeastern Qinghai–Tibetan Plateau at ca.
30 Ma, as suggested by the formation of the Linxia foreland basin
(Fang et al., 2003) (Fig. 3), the Ningxia foreland basin (Fig. 3)
(Wang et al., 2011a,b; Zhang et al., 2010a,b), the early uplift of
the Longmen Shan (Wang et al., 2012), the crustal thickening in
the Qilian Shan (Zhuang et al., 2011; Ritts et al., 2004), and the
uplift of the northern part of the Qaidam Basin (Wang et al.,
2001). It is worth noting that similarly slow exhumation (0.009–
0.02 mm/yr) of the basement of Guide–Xunhua Basin (Zhang
et al., 2013) and the Ela Shan (Lu et al., 2012) to the south of the
Laji Shan also occurred in this period.

In our modeling, no significant exhumation of the Laji Shan
during 24–22 Ma has been found (Fig. 9). However, rapid exhuma-
tion occurred during ca. 17–8 Ma. We thought that the event at
24–22 Ma (Xiao et al., 2012) may be related to the beginning of
the East Asia Monsoon as argued by Guo et al. (2002) and Clift
et al. (2008), although the monsoon was caused directly by the
uplift of the Qinghai–Tibetan Plateau; however, no obvious
deformation event in this period occurred in the northeastern
and eastern margins of the plateau as shown by different studies
(Fig. 1) and also argued by Yuan et al. (2013). Furthermore, the



Fig. 7. HeFTy-based thermal history models of samples from the Daban Shan. GOF: goodness of fit. Green paths: acceptable fits (GOF > 0.05); purple regions: good-fits
(GOF > 0.5). PAZ: partial annealing zone. MTL: mean confined track length. SD: standard deviation. N: number of measured confined track lengths. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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strong tectonic event during this period has been reported in the
Himalayan region and interior of the plateau (Clift et al., 2008,
and references therein). We argue that no important tectonic event
occurred around the Xining Basin during 24–22 Ma.

The event during 17–8 Ma may correspond to the Laji Shan
exhumation, which has been dated to ca. 16 Ma (Liu et al., 2013)
and 13–8 Ma (Lease et al., 2007). The 17–8 Ma event is well
reported from many regions of the Qinghai–Tibetan Plateau, par-
ticularly from the eastern Kunlun Shan (ca. 20–8 Ma) (Yuan
et al., 2006; Duvall et al., 2013); Liupan Shan, Laji Shan and Jishi
Shan (13–7 Ma) (Zheng et al., 2006; Lu et al., 2012; Lease et al.,
2007, 2011, 2012a); Gonghenan Shan (10–7 Ma) (Craddock et al.,
2011); Ela Shan (12–6 Ma) (Yuan et al., 2011, 2013); Qilian Shan
(ca. 20–9 Ma) (George et al., 2001; Zheng et al., 2010; Wang
et al., 2011a,b); and Longmen Shan (15–10 Ma) (Deng et al.,
2013; Wang et al., 2012) (Fig. 1). Although there is little difference
in the time ranges among the different regions, they are all in the
same period from a regional perspective (ca. 15 Ma, Yuan et al.,
2013). In addition, all these regions, which have a similar late
Cenozoic uplift history, are all located in the northeastern plateau.
Rapid cooling of the southeastern plateau also happened in this
period (ca. 13–9 Ma) (Clark et al., 2005).

Samples (APD-68 and APH-69) of the Xining Basin suggest the
occurrence of a thermal event in the Late Cretaceous (ca. 84–
55 Ma; Fig. 9). We do not know the exact cause of this event.
However, an important thermal event occurred during this period
in many regions of the Qinghai–Tibetan Plateau. For example, crus-
tal shortening of ca. 50% in the North Lhasa Block, the uplift of the
block due to the Lhasa–Qiangtang collision (Murphy et al., 1997;
Kapp et al., 2005; Volkmer et al., 2007; Haider et al., 2013), and
the formation of compressive basins in the interior of the Qing-
hai–Tibetan Plateau (Horton et al., 2002). Furthermore, the angular
unconformity between the Cenozoic and underlying Cretaceous
strata in the study region (BGMRQP, 1985) may be a result of this
event.

In summary, this study’s thermal modeling of AFT dating sug-
gests that the main rapid exhumation events of the Laji Shan
occurred in the Late Cretaceous, ca. 50–30, and 17–8 Ma, whereas
the only significant thermal event in the Daban Shan occurred at
ca. 50–30 Ma.

6.2. Mechanisms of the two-stage exhumation of Laji Shan and Daban
Shan

The exhumation mechanisms of the two mountain ranges can-
not be explained only by low-temperature thermochronometry
data. Because the evolution of the many basins in the northeastern
plateau, including the Xining Basin, has close relationships with
the uplift of the two mountain ranges, the characteristics of these
basins could shed light on the mechanisms of the mountain ranges’
uplift. To date, there are various opinions regarding the formation
of the Xining Basin. Most authors have argued that the Xining Basin



Fig. 8. Fission track age–elevation plots of samples from the Laji Shan (A) and
Daban Shan (B) (see Fig. 2 for sample locations).

Fig. 9. Modeled thermal histories for samples from the Laji Shan (A) and Daban
Shan (B).
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was a part of a foreland basin associated with the eastern Kunlun
Shan or western Qinling Shan (Fang et al., 2005; Liu et al., 2007,
2013; Clark et al., 2010). However, Horton et al. (2004) suggested
that the Xining Basin formed as a result of thermal subsidence
related to Cretaceous extension.

For the foreland basin model, a number of factors remain unre-
solved. 1. In the region to the north of the eastern Kunlun Shan,
confirmed Paleogene deposits are present only in the Xining Basin
(Fig. 3) (Xining Group; Dai et al., 2006; Zhang et al., 2010a,b;
BGMRQP, 1985). The oldest known sediments in the Guide and
Xunhua Basins to the south are the Late Oligocene–Neogene Guide
Group (Fig. 3) (Pares et al., 2003; Zhang et al., 2010a,b; Lease et al.,
2012a; Zhang et al., 2013). There are two possibilities that can be
used to explain the absence of the Paleogene strata in the basins
to the south of the Laji Shan: (1) no Paleogene sedimentation
because of prolonged uplift, (2) the erosion of the Paleogene strata
caused by tectonic uplift since the latest Oligocene. However, the
Cretaceous deposits were preserved on top of the Laji Shan and
western Qinling Shan (Hough et al., 2011), and continuous deposi-
tion occurred since the beginning of the Miocene in the basins on
the two sides of the Laji Shan (Zhang et al., 2010a,b; Dai et al.,
2006; our unpublished data). In addition, most recent studies all
indicated that no obvious tectonic event occurred across the wide-
spread region to the north of the eastern Kunlun Shan during the
latest Oligocene (Fig. 1). Lu et al. (2012) also argued that the
regions to the south of the Laji Shan underwent protracted uplift
from the Cretaceous to the Early Tertiary. If a foreland basin was
formed in that time, the Early–Middle Paleogene deposits should
be distributed in the Guide and Xunhua Basins. 2. The lowest Ceno-
zoic deposits in the Xining Basin are much coarser along the Laji
Shan, suggesting that the southern margin of the Xining Basin
was located along the present Laji Shan. During that period, the
eastern Kunlun Shan was ca. 250 km to the south; it could not have
been the provenance of the coarse-grained sediments in the Xining
Basin. Zhang et al. (2010a,b) also suggested that the mountain
ranges around the Xining Basin, but not the eastern Kunlun Shan
to the south, were the main provenances. 3. Previous studies
argued that the Xining Basin was once a part of the Qaidam fore-
land basin that developed during the Early Cenozoic (Fang et al.,
2005; Clark et al., 2010). However, (1) the timings of basin devel-
opment are different, as the Xining Basin formed at ca. 52–50 Ma
(Dai et al., 2006) and the Qaidam Basin formed during 65–50 Ma
(Yin et al., 2008b); (2) the basin mechanisms are different: the Xin-
ing Basin developed due to the extension and pulling-apart caused
by the clockwise rotation of the Central Qilian Block related to the
South Qilian Block, and many growth normal faults have recently
been found (Dupont-Nivet et al., 2004, and our unpublished data)
dating to the Early Cenozoic; and the basin became a compressive
one since the Miocene because of the basinward thrusting of the
Laji Shan and the Daban Shan, but the Qaidam Basin developed
due to thrusting that had been occurring since the beginning of
the basin (Yin et al., 2008a, 2008b); (3) some recent studies have
shown that the region between the present Xining Basin and Qai-
dam Basin (i.e., Ela Shan, Guide Basin and Xunhua Basin) under-
went prolonged uplift during the Paleogene; the Ela Shan was
once a structural highland shedding clasts into the Qaidam Basin
to the west and the Xining Basin to the east, and no sediments of
that period are distributed there (Craddock et al., 2011; Lu et al.,
2012); in addition, the Chaka and Gonghe Basins located between
the Xining Basin and Qaidam Basin developed only since ca. 11–
10 Ma (Craddock et al., 2011; Zhang et al., 2012); (4) the sedimen-
tary environments are different: the Qaidam Basin was dominated
by fluvial environments during the Paleogene and by a lacustrine
environment during the Neogene (Yin et al., 2008b); however,
the Xining Basin was in a lacustrine environment during the Paleo-
gene and in a fluvial one during the Neogene (Zhang et al., 2010a,b;
our unpublished data).

There are several issues that also cannot be explained by the
thermal subsidence model associated with Cretaceous extension.
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(1) Cenozoic deposits overlie Cretaceous strata in most basins,
including the Xining Basin in the northeastern plateau, unconform-
ably or disconformably (BGMRQP, 1985; Zhang et al., 2010a,b). In
these basins, except the Xining Basin, the Cenozoic strata were
deposited at 29 Ma at the earliest, including in the Xunhua Basin
(Zhang et al., 2010a,b; Lease et al., 2012a), southern Ningxia
(Wang et al., 2011a,b), and Linxia (Fang et al., 2003) (Fig. 3). The
sedimentary hiatus in many basins could have reached up to ca.
30 Myr. (2) The AFT ages and thermal modeling of the Laji Shan
indicate that the mountain range experienced rapid exhumation
in the Late Cretaceous but slow exhumation for most of the Ceno-
zoic (Fig. 9). This event in the Late Cretaceous may have been the
main cause of the angular unconformity between the Cenozoic
and Cretaceous deposits.

Some Cenozoic basins exist in the Hexi Corridor (Zhuang et al.,
2011) and are separated from the Xining Basin by the Qilian Shan.
The Xining Basin formed to the south of the Qilian Shan at ca.
52 Ma, but no basins formed in the Hexi Corridor during the Early
Cenozoic (Bovet et al., 2009). Moreover, the Menyuan Basin to the
north of the Daban Shan formed in the Oligocene (possible) to Mio-
cene (Wang et al., 2007; Figs. 2 and 3). If the Qilian Shan (particu-
larly the northern Qilian Shan) was uplifted due to northward
thrusting in the Early Cenozoic, basins should have formed in the
Hexi Corridor. However, this was not the case. If the early Xining
Basin was a stretched rather than compressed basin, the nonsym-
metrical development of the basins and their fills across the Qilian
Shan could be easily explained. Similar conditions could be applied
to explain the nonsymmetrical development of the basins and their
fills across the uplifted Laji Shan. In addition, many early Cenozoic
growth normal faults have recently been found in the Xining Basin
(our unpublished data).

Recent paleomagnetic studies have shown that the Central Qil-
ian Block (where the Xining Basin is located) rotated clockwise by
ca. 24� between ca. 49 and 29 Ma (Dupont-Nivet et al., 2004, 2008).
Zhuang et al. (2011) and Yin et al. (2002) argued that the north-
eastern indentation of the Qaidam Basin led to thrusting in the
northern portion of the Qaidam Basin in ca. 49 Ma, which may have
been the main cause of the clockwise rotation of the Central Qilian
Fig. 10. Block model of the two-stage evolutio
Block. However, the Guide Basin to the south did not rotate with
the Central Qilian Block (Yan et al., 2006); this would result in
the development of the westward-opening Xining Basin. These
data indicate that the early Xining Basin was an extensional basin,
and the decreased sedimentation rates and desiccation of the sal-
ine lake in the Xining Basin during 40–25 Ma (Dai et al., 2006)
may indicate that thermal subsidence occurred during this period,
following the early rifted period. Since ca. 20 Ma, the Central Qilian
Block did not experience any obvious rotation (Dupont-Nivet et al.,
2004, 2008). However, the South Qilian Block rotated clockwise by
ca. 25� during this time (17–11 Ma; Yan et al., 2006). The region
(i.e., the Laji Shan) between the Central and South Qilian Blocks
experienced compression, and the Laji Shan was rapidly uplifted
in response to this compression, as recently demonstrated by Liu
et al.’s (2013) sedimentation studies in the basins to the south of
the Laji Shan. Moreover, the Xining Basin changed from a lacus-
trine environment to a fluvially dominated environment in this
period with a rapid increase in the sedimentary rate (Dai et al.,
2006).

Based on the above discussion, a model of a westward-opening
basin caused by variable rotation between blocks could provide a
better explanation of the above discrepancies. In extensional
basins, thick coarse-grained clasts are typically deposited along
the basin margin, and no or few similar sediments occur elsewhere
(i.e., on the hanging walls). These conditions correspond to the lack
of Early Cenozoic sediments to the south of the Laji Shan and to the
north of the northern Qilian Shan. We argue that the Xining Basin
was an extensional basin during the Early Cenozoic (Fig. 10A) and
was inverted to form a compressive intermontane basin in the Late
Cenozoic (Fig. 10B).

In addition, our unpublished sedimentary data and detrital zir-
con age dating showed that the Triassic flysch sediments in the Qil-
ian Shan, western Qinling Shan and Laji Shan were the primary
sources of the sediments in the Xining Basin during the Paleogene,
and the Laji Shan became the main source of the sediments during
the Neogene. The change in the main provenances also reflected
the different uplift histories of the two marginal mountain ranges
during the Cenozoic.
n of the Xining Basin during the Cenozoic.
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6.3. Models of plateau growth

As mentioned in the introduction, there are several competing
views regarding the plateau’s development. For the models of
northward growth (including stepwise northeast growth and con-
tinuous northeast growth) and that of growth from the central pla-
teau synchronously toward two sides, our APT data indicated
different processes and showed that the mountain ranges in the
northeastern plateau had experienced slow uplift and that the Xin-
ing Basin began to develop shortly after the India–Eurasia Collision
due to the intracontinental deformation caused by the collision. In
addition, more resent carbon and oxygen isotope studies and low-
temperature thermochronological data argued that the southern
plateau had already obtained high elevation (ca. 5000 m) during
the India–Eurasia Collision (Xu et al., 2013; Ding et al., 2014;
Haider et al., 2013).

As for the channel flow model, which caused the extension in
the interior of the plateau and crustal thickening in the
surrounding areas (Clark and Royden, 2000; Royden et al., 2008),
we are uncertain whether the channel flow occurred in the study
region just based on the AFT data of the Laji Shan and Daban Shan,
but recent surface structural geology studies (Yin et al., 2008b;
Lease et al., 2012b), magnetotelluric data (Xiao et al., 2013), and
shear wave splitting results (Li et al., 2011) all indicated that no
channel flow happened in the northeastern plateau. In addition,
no high topographic relief between the Qinghai–Tibetan
Plateau and the surrounding regions (i.e., the Ordos Plateau)
developed in the study region, which is needed in the channel flow
model.

To the contrary, the AFT data of the study region support near-
synchronous northward growth shortly after the onset of the colli-
sion (Yin et al., 2002, 2008a, 2008b; Dupont-Nivet et al., 2004;
Zhang et al., 2010a,b; Clark et al., 2010; Duvall et al., 2011).
Although our data do not support the northward growth of the pla-
teau, we do agree that the horizontal compression from the plate
boundary was the key factor that caused the intracontinental
deformation, as suggested in the models of northward growth
(England and Houseman, 1986; Tapponnier et al., 2001), and the
plateau growth process (bathtub infilling) suggested by
Tapponnier et al. (2001) in the northeastern plateau during the
Late Cenozoic. However, the effects from the deep crust and/or
mantle, such as the thickening of the crust and the removal of
mantle lithosphere, cannot be excluded.
7. Conclusions

The Laji Shan and Daban Shan in the northeastern Qinghai–
Tibetan Plateau experienced important multi-stage exhumation
during the Cenozoic. The Laji Shan had undergone important exhu-
mation events in the Late Cretaceous, ca. 50–30 Ma, and 17–8 Ma,
whereas the only significant thermal event in the Daban Shan
occurred at ca. 50–30 Ma. The exhumation of the Laji Shan during
the Late Cretaceous may have resulted from the Lhasa–Qiangtang
collision. During 50–30 Ma, the Central Qilian Block rotated
clockwise relative to the South Qilian Block because of the
India–Eurasia collision, which led to the slow uplift of the Laji Shan
and Daban Shan. The exhumation of the Laji Shan during 17–8 Ma
resulting from the clockwise rotation of the South Qilian Block
relative to the Central Qilian Block caused the inversion of the
Xining Basin. The Cenozoic Xining Basin was not the foreland basin
of the eastern Kunlun Shan or the western Qinlin Shan. The
deformation of the northeastern Qinghai–Tibetan Plateau
happened shortly after the India–Eurasia collision, as shown by
the different rotations between the blocks and basin formations
within them.
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