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a b s t r a c t

Apatite fission track (AFT) analysis on samples collected from a Paleozoic series is used to constrain
the cooling history of the Bogda Mountain, northwest China. AFT ages range from 136.2 to 85.6 Ma
and are younger than rock depositional ages and the mean confined track lengths (11.0e13.2 mm)
mostly showing unimodal distribution are shorten, indicating significant track-annealing. Thermal
histories modeling based on the distribution of fission-track lengths combined with the regional
geological data show that two rapid cooling phases occurred in the latest Jurassiceearly Cretaceous
and the OligoceneeMiocene. Those new data together with previous published data show that the
AFT ages become younger from the southwest to northeast in the western Bogda Mountain and its
adjacent areas. The fission-track ages of the southwest area are relatively older (>100 Ma), recording
the earlier rapid uplift phase during the late JurassiceCretaceous, while the ages in the north pied-
mont of the Bogda Mountain (namely the northeast part) are younger (<60 Ma), mainly reflecting the
later rapid uplift phase in the OligoceneeMiocene. The trend of younger AFT ages towards the
northeast might be explained by post-Cretaceous large-scale crustal tilting towards the southwest. In
the thrust fault-dominated northern limbs of the Bogda Mountain, AFT ages reveal a discontinuous
pattern with age-jumps across the major fault zones, showing a possible strata tilting across each
thrust faults due to the thrust ramps during the Cenozoic. The two rapid uplift stages might be
related to the accretion and collision in the southern margin of the Asian continent during the late
Jurassic and late Cenozoic, respectively.

� 2015, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.
1. Introduction

The Tian Shan orogenic belt, one part of the Central Asian
Orogenic Belt, is the result of two main tectonic events: complex
arc-accretion, subduction and collision during the Paleozoic
(Carroll et al., 1990, 1995; Allen et al., 1993; Sengör et al., 1993; Han
et al., 2011; Xiao et al., 2012) and intracontinental reactivation and
crustal shortening related to the ongoing IndiaeAsia collision since
g, Peking University, No. 5
ina. Tel.: þ86 10 62757287;

of Geosciences (Beijing)

sity of Geosciences (Beijing) and P
the early Tertiary (Molnar and Tapponnier, 1975; Avouac et al.,
1993; Yin, 2010). The present-day Chinese Tian Shan is one of the
world’s largest mountain ranges and can be divided into eastern
and western segments roughly along the Wu-Ku road (from
Urumqi to Korla, Fig. 1a).

In the eastern segment of the Chinese Tian Shan, the Bogda
Mountain is situated between the Junggar Basin to the north and
the TueHa Basin to the south (Fig. 1a). The tectonic evolution of the
Bogda Mountain since the Cenozoic IndiaeAsia collision has been
dominated by northesouth compression. However, tectonic pro-
cesses prior to the collision remain ambiguous. No agreement has
been reached about the time of inception of the uplift and exhu-
mation of the Bogda Mountain: the end of the Paleozoic (Wang
et al., 2003), the earlyemiddle Jurassic (Hendrix et al., 1992;
Greene et al., 2001), or the late Jurassic (Zhang et al., 2005; Fang
et al., 2007a). Even the processes causing the uplift and
eking University. Production and hosting by Elsevier B.V. All rights reserved.
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Figure 1. (a) Tectonic outline map of the Chinese Tian Shan. NTS e Northern Tian Shan; CTS e Central Tian Shan; STS e Southern Tian Shan (modified from Wang et al., 2007a). (b)
Geological and tectonic sketch map of the Bogda Mountain (modified from Wang et al., 2007a). (c) Geological and tectonic sketch map of the west end of the Bogda Mountain with
samples locations (modified from BGMRXUAR, 1993).
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exhumation of the Bogda Mountain are debated. Previous studies
indicate that the Bogda areas have experienced several periods of
uplift and exhumation since the Mesozoic, mainly including the
latest Jurassic (about 150 Ma), the early Cretaceous (about 100 Ma),
the latest Cretaceous (about 65 Ma), the middle Eocene (about
40 Ma), the early Miocene (about 20 Ma) and the latest Miocene
(about 10 Ma) (Shen et al., 2005, 2008; Zhu et al., 2006; Wang
et al., 2007a, 2008).

Apatite fission-track (AFT) analysis can be used to obtain infor-
mation about cooling history and exhumation of rocks. This paper
presents the results that new data yield on the Mesozoic and
Cenozoic thermal history and provides a new interpretation model
of the tectonic evolution of the Bogda Mountain and its adjacent
areas.

2. Geological setting and stratigraphy characteristics

The Bogda Mountain is an eastewest trending and northward
prominent arcuated mountain. It is a box anticline mainly
composed ofmarine volcanic rocks, pyroclastic rocks and carbonate
rocks formed in the middle and upper Carboniferous (Allen et al.,
1993; Li, 2004). There are few syntectonic granites and low-grade
(greenschist facies) metamorphic rocks (Ma et al., 1993). Because
of NeS compression, a series of thrust faults developed in the north



Table 1
Geographic position and lithology of the samples.

Sample Altitude
(m)

Latitude Longitude Lithology and depositional age

X8 1343 43�4205800 87�4800700 Tuffaceous sandstone containing
gravel; C2

X9 1326 43�4202900 87�4703400 Diorite porphyry intrusive in
Carboniferous series

X10 1326 43�4202900 87�4703400 Gray-green sandstone; C3

X11 1269 43�4103800 87�4701600 Gray pebbly coarse sandstone; C2
T27 1277 43�4103700 87�4701500 Gray-green sandstone; C2

T28 1283 43�4102300 87�4602400 Off-white coarse sandstone; C3
X14 1124 43�3901700 87�4102600 Gray pebbly coarse sandstone; C3
X15 1096 43�3900600 87�3904600 Gray coarse sandstone; C3

X16 1076 43�3901800 87�3801100 Gray coarse sandstone; P1
X17 1017 43�4101200 87�3502800 Gray-green fine sandstone; P1
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piedmont of the Bogda Mountain (Fig. 1b). The arc-shaped south-
dipping thrust faults and folded cover strata constitute the transi-
tion zone between the Bogda Mountain and the Junggar Basin (Li
et al., 2004). In the study area, the thrust belt is cut by a trans-
pressional dextral fault along HongyanchieLiushugou lineament
(BGMRXUAR, 1993; Fig. 1c).

Carboniferous and Permian strata, as well as a small amount of
Triassic and Jurassic strata to the north, are well-preserved and
exposed in the west end of the BogdaMountain (BGMRXUAR,1993,
2008). The middle Carboniferous series consist of the Liushugou
Formation and the Qijiagou Formation, which are mainly composed
of andesitic volcanic breccia, agglomerate, tuff, carbonates and
minor sandstone lenses. The upper Carboniferous series consist of
the Shirenzigou Formation and the Tashikula Formation, which are
composed of arkose, siltstone and limestone lenses. The deposi-
tional environments evolved from a shallow marine system in the
middle Carboniferous to a coastal system in the late Carboniferous.

The Permian series can be divided into the Jijicaozi Formation,
the Jingjingzigou Formation, the Yaomoshan Formation and the
Hongyanchi Formation, which are mainly terrigenous clastic strata.
The sediments are composed of gray-green siltstone, dolomitic
limestone, tuff, sandstone, shale, oil shale, and small quantities of
limestone.

The Triassic series, lying conformably on the Permian series,
consist of the Cangfanggou Group and the Xiaoquangou Group. The
sediments are composed of brown-gray-colored mudstones, argil-
laceous siltstones, litharenites, and sandy mudstones. The Can-
gfanggou Group is characterized by typical braided river to deltaic
sandy conglomerates (Wu et al., 2006).

The Jurassic series, showing a maximum thickness over 4000 m,
are widely distributed in the Junggar Basin, Tarim Basin and TueHa
Basin. The sequences can be divided into the lower Jurassic
Badaowan Formation and Sangonghe Formation, the middle
Jurassic Xishanyao Formation and Toutunhe Formation, and the
upper Jurassic Qigu Formation and Kalazha Formation. The lower
and middle Jurassic series are mainly composed of gray-green
sandstones and mudstones rich in coal layers and coal streaks
which can be regarded as the characteristics of lake swamp depo-
sition. The upper Jurassic Qigu Formation is characterized by
brown-purple mudstones, sandstones and thin-bedded tuff
whereas the Kalazha Formation is formed by a typical brown-
reddish thick-bedded conglomerate, indicating a large alluvial fan
deposition environment.

The Cretaceous series are not exposed in the study area. In the
neighbor Toutunhe area, they lay unconformably on the Jurassic
series, and are mainly composed of gray-green mudstones and
sandstones interbedded with conglomerates. The Cenozoic series
mainly consist of sandstones, mudstones and conglomerates.

The magmatism of the Bogda area is not active since the late
Permian. There are some outcrops of the Carboniferous basic-mafic
igneous rocks near the Bogda Peak and granite in the eastern
Chaiwopu Basin (Fig. 1b). In our study area, there is only limited
amount of the Variscan granodiorite porphyry and quartz diorite
porphyry intruded in the Carboniferous series.

3. Sampling and analytical method

Ten rock samples ranging in ages from the late Carboniferous to
the early Permian were collected from the Qijiagou field section in
the western piedmont of the Bogda Mountain (Fig. 1c). Nine of the
samples are medium-grained to coarse-grained sandstones, and
the other one is a diorite porphyry. The location information of the
samples, including altitude, latitude and longitude coordinates, was
obtained by the portable GPS. Their altitude is from 1017 to 1343 m
(Table 1).
Fission tracks are damaged zones of the crystal lattice caused by
the spontaneous nuclear fission of 238U at a constant rate. In apatite,
fission tracks form with a constant initial length of about 16.3 mm
(Gleadow and Duddy, 1981; Gleadow et al., 1986a,b). Fission tracks
will anneal, or shorten inevitably, when the host mineral is at an
elevated temperature. Significant annealing of apatite fission tracks
occurs in a temperature interval between w60 and 110 � 10 �C in
geological time scales, the temperature range termed the partial
annealing zone (PAZ) (Gleadow et al., 1986a; Green et al., 1989;
Fitzgerald and Gleadow, 1990). Therefore, the confined track-
length distribution is a sensitive monitor of a thermal history of a
rock sample. AFT analysis can provide detailed information on the
low-temperature thermal history and exhumation of rocks
(Gallagher et al., 1998; Dumitru et al., 2001).

The apatite crystals were separated from bulk rock samples
following the standard procedures used for mineral separation.
This work was conducted by the Chengxin Geology Service Co. Ltd,
Langfang, Hebei Province, China. AFT ages were determined using
the external detector method (Hurford and Green, 1983). The
experimental samples were prepared and analyzed at the Fission
Track Lab of the Key Laboratory of Orogenic Belts and Crustal
Evolution, Ministry of Education in Peking University. The apatite
grains were glued with epoxy on glass slides, grounded and pol-
ished to expose the mineral maximum inner surface, and then
etched in 5 N HNO3 for 20 s at room temperature, in order to reveal
spontaneous fission tracks (Li et al., 2010). Grain mounts and
Corning CN5 glass dosimeters were packed together with low-
uranium muscovite external detectors and irradiated with ther-
mal neutrons at a nuclear reactor of the China Institute of Atomic
Energy, with a nominal neutron flux of 1.0 � 1016 n/cm2. After
irradiation the mica external detectors were etched in 40% HF for
20 min at room temperature to reveal induced fission tracks. The
ages were calculated using the zeta (z) calibration method (Hurford
and Green, 1983) recommended by the Fission Track Working
Group of the International Union of Geological Sciences Subcom-
mission on Geochronology (Hurford, 1990). The zeta value is
384.01 �11.17, obtained from Durango (McDowell et al., 2005) and
Fish Canyon Tuff (Naeser and Cebula,1985) standards. Fission tracks
were counted on a Zeiss microscope, using a magnification of
1000 � under dry objectives. Confined tracks were measured using
the Autoscan system.

4. Results and thermal history modeling

Ten samples were analyzed. AFT data are shown in Table 2. The P
(c2) of all samples is greater than 5%, indicating that the single-
grain ages belong to the same age group (Green, 1981). The sam-
ple mean age is expressed by the pooled age. Because of the small
size of apatite crystals, the analyzed area of each apatite grain is



Table 2
AFT data of the samples from the Bogda Mountain.

Sample N rd (105/cm2) Nd rs (105/cm2) Ns ri(105/cm2) Ni P (%) Pooled (Ma) (�1s) L (mm) St. D N Dpar (mm) N

X8 12 12.604 7960 2.477 32 5.138 64 99.7 119.9 26.2 13.0 1.3 2 2.16 32
X9 23 12.473 7960 2.917 59 5.241 106 100.0 131.9 21.9 11.5 1.3 6 2.39 54
X10 17 12.209 7960 3.451 38 5.773 60 100.0 136.2 28.6 11.0 2.8 13 2.99 41
X11 6 12.341 7960 2.815 10 5.511 21 98.5 119.9 43.1 11.1 3.1 3 4.09 10
T27 15 11.484 7653 3.449 35 6.08 63 100.0 121.3 25.9 11.2 2.3 22 2.04 26
T28 22 11.611 7653 5.378 121 9.467 213 100.0 125.4 14.8 11.1 2.4 23 1.69 50
X14 21 11.666 6854 5.018 167 10.787 359 92.6 103.4 10.2 12.3 1.9 86 2.7 54
X15 24 11.549 6854 4.935 155 9.934 312 100.0 109.2 11.3 13.2 1.5 85 2.85 92
X16 23 11.433 6854 3.545 108 9.026 275 99.8 85.6 10.1 11.9 2.3 20 2.45 60
X17 22 11.316 6854 4.712 118 9.606 249 87.1 102.2 11.9 12.4 1.6 88 2.27 95

Ne the number of grains; rde the density of induced fission track (�105/cm2) that would be obtained in each sample if its U concentration was equal to the U concentration of
the CN5 glass dosimeter; Nd e numbers in parentheses are total numbers of tracks counted; rs e the spontaneous track density (�105/cm2); Ns e the spontaneous track
number; ri e the induced track density (�105/cm2); Ni e the induced track number; P (%) e the probability of c2; L e the average length of confined tracks; zCN5¼384.01 �
11.17.
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small, resulting in few counted spontaneous tracks (Ns). The ages
range from 136.2 to 85.6 Ma, and the track lengths range from 11.0
to 13.2 mm, with standard deviations between 1.3 and 3.1 mm
(Table 2 and Fig. 2).

4.1. Fission track results

AFT single-grain ages are far younger than the late Caboniferous
to early Permian sample stratigraphic ages (radial plot, Fig. 2)
indicating that the apatites were reset at least once after being
deposited. The confined track lengths are shorter than the fission-
track initial length (16.3 mm), showing unimodal distribution. The
characteristics of fission-track lengths indicate that the apatite of
samples in the west end of the Bogda Mountain had experienced a
significant annealing. The shortened track lengths suggest that the
samples spent quite a long time in the PAZ after reset. Relatively old
fission-track ages indicate that the samples entered in the PAZ
relatively early, as demonstrated by subsequent results of thermal
history modeling. The AFT ages show a positive correlationwith the
altitude, whereas, on the contrary, the AFT lengths show a negative
correlation (Fig. 3a). The pattern of the AFT data on the two sides of
the HongyanchieLiushugou fault is slightly different (Fig. 3a): AFT
ages are generally younger (109.2e85.6 Ma), and the lengths are
longer (average about 12.5 mm) on the hanging wall; on the foot-
wall, the AFT ages are older (136.2e119.9 Ma), and the lengths are
shorter (mainly about 11 mm). Taking into account the altitude
differences, such age differences may be just because samples at
higher altitudes cooled earlier.

4.2. Thermal history modeling

An AFT age may represent a complex history of past thermal
events. Except the case of rapid cooling from temperatures higher
than the PAZ in which the AFT age correspond to the time of
cooling, usually the AFT age has not a simple geological meaning
(Zhang and Wang, 2004). AFT ages and the length distribution can
be combined together using various modeling procedures in order
to investigate the possible thermal histories of the rock sample
(Jolivet et al., 2001). Because AFTs are immediately annealed at
temperature higher than 110 � 10 �C and annealed very slowly at
temperatures lower than 60 �C (“immediately” and “slowly” refer
to geologically significant rates of the order of the Ma), track length
modeling can describe the Tet evolution of the sample between 110
and 60 �C (Corrigan, 1991; Jolivet et al., 2010). In this work, thermal
history modeling was done using the HeFTy software (Ketcham,
2005) with the annealing model of Ketcham et al. (2007) that
takes into account the Dpar and the angle with C-axis parameters.
Only samples with at least 50 track-length measurements were
modeled.
An inverse modeling procedure was performed with the
following constraints: (1) the starting time was constrained by the
deposition ages of the rock samples and assuming that the surface
temperature of the Junggar Basin in the Paleozoic was of about
15 �C (Pan et al., 1997); (2) the end of the time-temperature paths
was set at 7.5 �C according to the present-day annual average
temperature (Li et al., 2012). The geothermal gradient of the
Junggar Basinwas 43.3e50 �C/km in the Carboniferous and reduced
to about 30 �C/km in the Mesozoic, and the geothermal gradient of
present now is 22.8 �C/km (Qiu et al., 2002). The magmatism has
not been active since late Permian in the study area. Therefore, the
increase of paleotemperature was primarily due to the sediments
burial, while the decrease of it was caused by the uplift and
exhumation.

Thermal modeling of the AFT data was performed only on
samples where enough track lengths could be measured. Results of
thermal modeling for three samples (X14, X15 and X17) show that
they all experienced two remarkably rapid cooling phases: latest
Jurassic (about 150 Ma) and Miocene (about 20 Ma)(Fig. 4). From
the thermal modeling, it results that samples were heated at
temperature higher than the bottom of the PAZ and were
completely reset in the latest Jurassic. This is in agreement with the
sedimentary record showing a thickness of about 5e7 km from late
Paleozoic to late Jurassic. From 100 to 20 Ma, the thermal modeling
shows a slow cooling process leaving the samples for a long time
within the partial annealing zone. The increase of cooling rates
since 20 Ma indicates a rapid exhumation at the west end of the
Bogda Mountain since Miocene.

5. Discussion

5.1. The earlier cooling phase

The first cooling phase shown in thermal modeling indicates a
rapid exhumation event in latest Jurassic, and it finds a confirma-
tion in some geological evidences. The thick lacustrine coal-bearing
strata of the earlyemiddle Jurassic on both sides of the Bogda
Mountain and the loweremiddle Jurassic strata in the Bogda
Mountain all indicate that the BogdaMountainwas still flooded as a
depositional area accepting sediments, which is also in agreement
with the paleocurrent and deposition diffusion style of the ear-
lyemiddle Jurassic directed towards the Bogda Mountain (Fang
et al., 2006; Wang et al., 2007b). The upper Jurassic succession,
divided into the Qigu Formation and the Kalazha Formation, is a
coarsening-upward sequence from the brown-purple mudstones
and sandstones in the bottom to the brown-reddish thick-bedded
conglomerate in the top. The Cretaceous strata are not exposed in
this study area, whereas the Cretaceous series cover the Jurassic
series unconformably in the adjacent regions (BGMRXUAR, 1993,



Figure 2. Radial plots of AFT single grain ages and track length histograms for samples at the west end of the Bogda Mountain (all ages are pooled ages).
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2008). Stratigraphy and the seismic profiles CWP-588 and NS01 on
both sides of the Bogda Mountain indicate that the angular un-
conformity between the pre-Cretaceous and Cretaceous strata is
the first regional unconformity since the late Paleozoic (Zhang et al.,
Figure 3. Relationship between elevation andfission track data of the BogdaMountain. (a) Plot
slip fault. (b) Plot of AFT ages versus the altitude in the Bogda Mountain and its adjacent area
2005). In the southern margin of the Junggar Basin, Wang and Gao
(2012) and Wang et al. (2012) studied the JurassiceCretaceous
biostratigraphy and obtained a SHRIMP U-Pb zircon age of
164.6 � 1.4 Ma (MSWD¼ 1.3) for tuff from so-called upper series of
of AFTages and confined track lengths versus the altitude on the two sides of the oblique-
s (age data are from Shen et al., 2005; Guo et al., 2006; Zhu et al., 2006 and this study).



Figure 4. Temperature-time paths of thermal modeling and the length patterns for representative samples of the Bogda Mountain. GOF e Goodness of fit (0e1), a description of
how well a statistical model fits a set of observations.
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Jurassic Qigu Formation. They further speculated that this age
corresponds broadly to the unconformity between the Jurassic and
the Cretaceous and, together with the absence of the whole upper
Jurassic, suggest that there was a strong tectonic movement in the
late Jurassic. This tectonic uplift was confirmed by the analysis of
detrital zircon geochronology in the southern margin of Junggar
Basin (Li and Peng, 2013; Yang et al., 2013). An extensive record of
the early Cretaceous rapid cooling was reported from the Tian Shan
to the Tarim Basin (Guo et al., 2002; Zhang et al., 2007; Xiang et al.,
2013).

The cooling rate was lower during the late Cretaceous. The
decreased exhumation rate may be caused by absence of relevant
tectonics. In other words, the study region shifted from a tectonic
exhumation regime to an erosional regime. The upper Cretaceous
to Paleogene series of the adjacent areas are characterized by fine
sedimentary particles, like reddish siltstones, sandymudstones and
mudstones, which also indicate a lower deposition rate
(BGMRXUAR,1993, 2008; Li and Peng, 2013). This is consistent with
that a peneplain formed with the erosional phase after the Creta-
ceous uplift (Zhang and Wu, 1985; Ma et al., 1993).

5.2. The later cooling phase

Geological records have confirmed that the later rapid cooling
phase was caused by tectonic uplift in the Miocene. The growth
strata included in the Miocene sedimentary strata of the Toutunhe
area indicate tectonic uplift since the Miocene (Guo et al., 2006).
The growth strata were also suggested by the seismic profiles in the
southern margin of the Junggar Basin (Fang et al., 2007b). In the
southern margin of the Junggar Basin, the Oligocene series mainly
consist of mottled mudstones interbedded with sandstones, which
are characteristic of lacustrine environments (Fang et al., 2006;
Charreau et al., 2008). The Miocene series are mainly composed
of brown-reddish sandy conglomerates and pelitic sandstones
deposited in an alluvial plain environment (Guo et al., 2011; Yang
et al., 2013). The coarsening-upward of the clastic sediments and
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the evolution direction of the depositional system both suggest a
surface uplift event during the Oligoceneeearly Miocene.

This rapid uplift event has been reported throughout the Tian
Shan region (Dumitru et al., 2001; Guo et al., 2006; Zhang et al.,
2007). AFT data indicate that the Mesozoic strata exposed on the
northern flank of the Chinese Tian Shan underwent w4e5 km of
late Cenozoic unroofing, beginning at about 24 Ma (Hendrix et al.,
1994). In the northern margin of the Tarim Basin, south Tian
Shan, the AFT analysis for the granites and rhyolites suggested that
there was a rapid uplift between 25 and 17 Ma and the uplift rate
reached 138.8e198.8 m/Myr (Yang et al., 2003). According to the
sedimentary stratigraphic sequences and the sandstones debris of
the late MesozoiceCenozoic, Liu et al. (2004) agreed with the rapid
uplift in the early Miocene (about 24 Ma) in the eastern Tian Shan.
Similarly, data from the west Tian Shan also showed the rapid
cooling process since Cenozoic (Sobel and Dumitru, 1997; Chen
et al., 2006, 2008). The widespread tectonic uplift may be associ-
ated with the collision of the Indian plate since the late Cenozoic at
the southern margin of the Asian continent (Tapponnier and
Molnar, 1979; Jolivet et al., 2010).

5.3. Conceptual model of evolution

The distribution of AFT ages in the Bogda Mountain and its
adjacent areas shows that ages become younger from the south-
west to northeast (Fig. 5a), but the study area can be roughly
divided into two parts by the Urumqi city. In the southwest part,
the fission track ages are older, most of them aremore than 100Ma,
while in the northeast area, scilicet on the north piedmont of the
Bogda Mountain, the ages are younger, mainly less than 60 Ma. The
older ages in the Toutunhe area to the southwest likely record the
Figure 5. The characteristics of AFT ages in the Bogda Mountain and its adjacent areas. (a) Th
et al., 2006; Zhu et al., 2006; Wang et al., 2007a and this study). (b) Simplified conceptual m
stratigraphy and the main thrust faults. All sedimentary stratigraphy and structures are ign
earlier uplift phase during the late Jurassiceearly Cretaceous. The
younger ages in the Fukang area to the northeast mainly
reflect the later uplift phase in the OligoceneeMiocene. The AFT
ageeelevation plot based on all available data for the study region
suggests that no obvious linear correlation exists between age and
elevation (Fig. 3b). The distribution of AFT ages from the southwest
to the northeast might be related to a post-Cretaceous large-scale
crustal tilting towards the southwest.

In the north piedmont of the Bogda Mountain, there are several
major thrust faults with similar occurrences (Fig. 1b) and a series of
small faults (Li et al., 2004). The best constraint for the time of
thrusting is given by the AFT ages on the hangingwall of each
thrust. Along the cross section (Fig. 5b), it is quite clear that ages
close to the fault (on the hangingwall side) are all between about 25
and 30 Ma, whereas, on the footwall, they are much older. This
means that age of thrusting was at least at 25e30 Ma or a few
million years younger. This is consistent with the geological
observation in the field. Mesozoic strata northward thrust over the
Cenozoic strata and form drag folds in the leading edge of fold-
thrust belt, which indicates the strong thrust activity in the Ceno-
zoic (Chen et al., 2012). Creation of structural high due to thrusting
in Cenozoic may have enhanced rock exhumation in the northeast
part (the Fukang area) bring to exposure younger AFT ages.

A cross-section across the west end of the Bogda Mountain
shows a simplified conceptual model of the AFT age stratigraphy
(Fig. 5b). All sedimentary stratigraphy and geological structures are
ignored except the main thrust faults. The north piedmont of the
Bogda Mountain is divided into several blocks by the main thrust
faults (Fig. 1b). The AFT ages on each block gradually become
younger northward. It implies that the AFT age stratigraphy was
tilted owing to the thrust faults. The youngest age (about 10 Ma) on
e distribution of AFT ages in the study region (the ages are from Shen et al., 2005; Guo
odel across the west end of the Bogda Mountain. The section displays only the AFT age
ored. Dashed line represents the buried thrust fault.
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the northernmost block suggest the latest possible tectonic activity
occurred during the late Miocene. The AFT ages in the cross-section
likely become younger from south to north, whichmight imply that
the thrusting with the related uplift and exhumation expanded
northward (Wang et al., 2007a). This is consistent with the wide-
spread tectonic uplift in northwest China associated with the
IndianeAsian collision since the late Cenozoic.
6. Conclusions

Single-grain AFT ages from sample from western Bogda Moun-
tains region are much younger than their depositional ages and the
mean confined track lengths (11.0e13.2 mm) are shorter than the
initial track length (16.3 mm), which indicate the reset of the AFT
system and a subsequent slow cooling through the PAZ.

The timeetemperature histories modeling based on the distri-
bution of fission track lengths show that the Bogda Mountain has
experienced two rapid uplift and exhumation phases: the latest
Jurassiceearly Cretaceous and the OligoceneeMiocene. The two
rapid uplift stages might be associated with the accretion of the
Lhasa Block in the late Jurassic and the collision of the Indian plate
since the late Cenozoic at the southern margin of the Asian conti-
nent, respectively.

In the western Bogda Mountain and its adjacent areas, the AFT
ages become younger from the southwest to northeast. The AFT
ages of the southwest area aremuch older (>100Ma), reflecting the
earlier rapid uplift phase during the late JurassiceCretaceous, while
the ages in the north margin of the Bogda Mountain (namely the
northeast part) are younger (<60 Ma), mainly recording the later
rapid uplift phase in the Cenozoic. The trend of younger AFT ages
towards the northeast may be explained by post-Cretaceous large-
scale crustal tilting towards the southwest. In the fault-dominated
northern limbs of the Bogda Mountain, AFT ages on each block
gradually become younger northward, showing a possible strata
tilting across each thrust faults due to the thrust ramps during the
Cenozoic.
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