J. Mt. Sci. (2018) 15(3): 532-547
https://doi.org/10.1007/s11629-017-4692-5

e-mail: jms@imde.ac.cn

http://jms.imde.ac.cn

Detrital apatite fission track constraints on Cenozoic

tectonic evolution of the northeastern Qinghai-Tibet

Plateau, China: Evidence from Cenozoic strata in Lulehe

section, Northern Qaidam Basin

DU Ding-ding!-2
ZHANG Cheng-jun®2*

MUGHAL Muhammad Saleem?*2:3
muhammadsaleem152@yahoo.com

WANG Xiao-yut2

BLAISE Dembele -2
GAO Jun-ping"2
MA Yuan?’2

LUO Xin-rong*2

* Corresponding author

http://orcid.org/0000-0003-3553-3491; e-mail: duddi15@lzu.edu.cn
http://orcid.org/0000-0001-5030-7527; “e-mail: cjzhang@lzu.edu.cn

http://orcid.org/0000-0002-7141-7300; e-mail:

http://orcid.org/0000-0002-3425-4346; e-mail: wangxiaoyu@lzu.edu.cn
http://orcid.org/0000-0002-6836-2775; e-mail: blaise16@lzu.edu.cn

http://orcid.org/0000-0002-2623-2243; e-mail: 2975227654@qq.com

http://orcid.org/0000-0002-6592-6782; e-mail: e-mail: 709333628 @qq.com

http://orcid.org/0000-0002-1256-6832; e-mail: 286881284@qq.com

1 School of Earth Sciences and Mineral Resources, Lanzhou University, Lanzhou 730000, China;

2 Key Laboratory of Western China’s Mineral Resources of Gansu Province, Lanzhou 730000, China

3 Institute of Geology, University of Azad Jammu and Kashmir, Muzaffarabad 13100, Pakistan

Citation: Du DD, Zhang CJ, Mughal MS, et al. (2018) Detrital apatite fission track constraints on Cenozoic tectonic
evolution of the northeastern Qinghai-Tibet Plateau, China: Evidence from Cenozoic strata in Lulehe section, Northern
Qaidam Basin. Journal of Mountain Science 15(3). https://doi.org/10.1007/s11629-017-4692-5

© Science Press, Institute of Mountain Hazards and Environment, CAS and Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract: The Northern Qaidam Basin is located at
the northeastern part of the Qinghai-Tibetan Plateau.
It contains very thick Cenozoic terrestrial clastic
sediments, which records the formation of the
northern Qaidam Basin due to compressional
deformation during the Indo-Asian collision. In this
paper, we wused detrital apatite fission-track
thermochronology, including 4 sandstones and 2
conglomerates samples from the Lulehe section, to
reveal the Cenozoic evolution of the northern Qaidam
Basin. Fission-track dating indicated the source
region of the Lulehe section has experienced
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important cooling and uplifting in the Late Cretaceous
(at ~85.1 Ma and ~65 Ma) and the Eocene (~52 Ma),
respectively. The AFT age distribution on the section
suggested that the provenance of Lulehe section
sediments were mainly derived from the south Qilian
Shan (Qilian Mountains) and Altun Shan (Altun
Mountains), and two significantly provenance
changes may occur at 43.4-46.1 Ma and ~37.8 Ma,
respectively. The results may have strong constrains
on the Cenozoic deformation and tectonic evolution of
the northern Qaidam Basin and Qinghai-Tibet
Plateau.

Keywords: Northern Qaidam Basin; Apatite Fission-
Track; Tectonic evolution; Provenance analysis



Introduction

Mostly rocks contain apatite as an accessory
mineral. Fission tracks (FT) in apatite crystals form
at known rates and can be used to calculate fission
track ages (Naeser 1979; Zhang et al. 2009).
Apatite fission track (AFT) lengths are related to
thermal history of the rock and chemical
composition of apatites (Crowley et al. 1991;
Carlson et al. 1999). Therefore, the age and track
length can record some information of tectonic-
thermal evolution for the source rock (Gallagher et
al. 1998; Wendt et al. 2002). Brandon et al. (1998)
argued apatites are partially reset or unreset when
the age is older than the depositional age. In
addition, the youngest age group indicated that the
source region have occurred a rapid cooling event
or volcanic activity in the depositional profile. The
lag time is a key factor to result in the difference
between the youngest component and the
depositional age (Garver et al. 1999; van der Beek
et al. 2006; Rahl et al. 2007). In general, if the lag
time is short, it reflects the source region have
occurred tectonic activity and rapid erosion.
Whereas if the lag time is long, it suggests that the
source region underwent very slow exhumation
when passing through the apatite partial annealing
zone (APAZ: 60~110+10C) (Garver et al. 1999).

The Northern Qaidam Basin (NQB) is located
in the northeastern of the Tibetan Plateau (TP)
(Roger et al. 2010), and the basin is an excellent
approach to understand the uplifting mechanism of
the TP due to continental collision between the
Indian and Asian plates during Cenozoic (Liu et al.
2003). Most studies have concentrated on bedrock
around the mountain (Jolivet et al. 2001; Sobel and
Strecker 2003; Wang et al. 2004; Chen et al. 2006;
Danisik et al. 2010; Anczkiewicz et al. 2013), while
little thermochronologists who worked on
sedimentary rocks in the basin (Emmel et al. 2006;
Lin et al. 2016; Wang et al. 2016).

The thickness of Cenozoic detrital sediments
in the NQB ranges from 4 to 5 km. These sediments
can be used to identify the relationships between
mountain  uplifting, rock denudation and
deposition processes (Wang 1997; Zhang et al.
2001; Yin et al. 2002; Ritts et al. 2004; Sun et al.
2005; Zheng et al. 2010; Zhuang et al. 2011b;
Zhuang 2011; Lin et al. 2016; Wang et al. 2016).
Plentiful studies have been carried out to
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understand tectonic activities and the provenance
changes in the basins, among which the detrital
AFT method is a powerful technique to find out
provenance changes (Emmel et al. 2006; Green et
al. 2006; Foster and Carter 2007; Olivetti et al.
2013; Yang et al. 2014; Zhang et al. 2015; Naylor et
al. 2015; Lin et al. 2016; Oliveira et al. 2016; Wang
et al. 2016). However, some research works were
only limited to sedimentary facies and diagenetic
process analysis (Sun et al. 2012; Chen et al. 2013;
Sun et al. 2015; Chen et al. 2015), and others
provenance analysis were confined to a few basic
methods which are analysis of heavy minerals,
paleocurrent and clastic particles grading in the
NQB (Lin et al. 2014; Li et al. 2014; Li et al. 2015a;
Li et al. 2015b; Liu et al. 2017). Moreover, most
work on high accuracy provenance analysis was
more concentrated in the western Qaidam basin
(Zhou et al. 2012; Cheng et al. 2016). And thus the
Lulehe section work seems to be more desperately
needed.

The detrital AFT dating method has less been
discovered similar study of the key Lulehe section
in the NQB. This paper reported new ages
integrated with previously published
magnetostratigraphic ages (Zhang 2006) to find
out the time of provenance change in the NQB, and
thus to have a better understanding of the tectonic
activity history of the NQB during the Cenozoic, by
getting new evidences of formation and evolution
of the Qinghai-TP. Meanwhile the present study
also provides some rough information about the
provenance direction in the Lulehe area.

1 Geological Setting and Stratigraphy

The study area is situated on the northeast of
the Qaidam Basin, extending from NW to SE
directions (Figure 1A). The area is bordered by
Qilian Shan to the north, Qaidam Basin to the
south and Kunlun Shan to the east. Altyn Tagh
Fault (ATF), Northern Qaidam thrust fault belt
(NQF) and Kunlun Fault (KLF) are forming
borders of the Qaidam Basin (Wang et al. 2003;
Wei et al. 2005; Yin et al. 2008a and b; Lu and
Xiong 2009; Liu et al. 2012; Wang et al. 2017)
(Figure 1B). NQB has some complex internal
structures, including Lenghu fault system,
Eboliang fault system, Jianshan fault system, Yahu
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Figure 1 (A) Sketch map of the Tibet Plateau and adjacent region. (B) The major tectonic features around the

northern Qaidam Basin. (C) Lulehe section map.

fault system and Nanbaxian fault system, and the
fault systems can be further divided into several
smaller fault (Yin et al. 2008a and b; Lu and Xiong
2009), (Figure 1B).

The area’ s strata are complete, besides
covering Mesozoic and Cenozoic strata inside the
basin, the strata of the surrounding mountains area
are well exposed from the Proterozoic to
Quaternary. The bedrocks range from the
Proterozoic to Paleozoic, whereas the Mesozoic
rock is not developed (Figure 2). Cenozoic
sedimentary is composed of lacustrine facies clastic
rock and occasional thin layer algal limestone that
is sandwiched between them (Chen and Bowler
1986), (Figure 2).

The NQB contains thick Cenozoic -clastic
sediments (thickness>4 km) that bear plentiful
important information about the relationship
between the basin and the surrounding mountains.
The Cenozoic sediments at the western Qaidam
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Basin from bottom to top, can be subdivided into
the Paleocene-early Eocene Lulehe Formation
(53.47-42.8 Ma), the lower middle Eocene-late
Eocene Xiaganchaigou Formation (42.8-31.5 Ma),
and the upper early Oligocene Xiaganchaigou
Formation (37.5-31.5 Ma) (Fang et al. 2007).
Lithologic composition is given by pebbly
sandstone, sandstone, argillaceous siltstone, silty
mudstone and shale. Several unconformity layers
suggested that there may be multiple tectonic
activities occurred when the sediments deposited
in the basin (Ren et al. 2004; Yin et al. 2008a and
b; Li et al. 2012; Wang et al. 2017), (Figure 2). The
Lenghu and Eboliang fault developed fan delta,
alluvial fan and lake sedimentary system. Mahai-
Nanbaxian area developed braided river delta,
braided river, alluvial fan and lake depositional
system (Yin et al. 2008a and b).

We studied the Lulehe section (Start:
38°08'05.26"'N, 94°41’18.25"’E; End: 38°06'23.99"'N,
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Figure 2 Geological sketch and the profile Lulehe district in the northern Qaidam Basin. a-b black line stands for
Lulehe profile. N:: Shangganchaigou Formation; N!: Xiayoushashan Formation; N.2: Shangyoushashan Formation;
N:3: Shizigou Formation; E:-»: Lulehe Formation; Es: Xiaganchaigou Formation; Q:-»: Lower Pleistocene; Qs-4: Middle

Pleistocene-Holocene.

94°40'38.15”E) in the south margin of the eastern
Saishiteng Shan, which is located in the middle of
the Qaidam Basin (Figures 1C and 2). The study
area is about 30 km to the east of Yuka and about
18 km to the south of Mahai (Figure 2).
Paleocurrent analysis showed that the Qilian and
Altun systems were important sediment source
area since the Cenozoic (Rieser et al. 2005; Yin et
al. 2008a and b; Li et al. 20009; Lin et al. 2014) .

2 Materials and Methods

In the present study, 4 sandstones and 2
conglomerates samples, each one has a weight of
about 2-3 kg, have been collected along Lulehe
section from the Lulehe Formation to
Xiaganchaigou Formation (Figure 3). Samples
were crushed to obtain 0.25~0.05 mm debris, then
processed by shaking standard magnetic heavy
liquid separation techniques. More than 50 apatite
grains were picked for each sample, and then these

grains were mounted in using epoxy resin (Figure
4a). After polishing, the etching of grains was
carried out by using 25% HNO; at 20 °C for 20
seconds (Figure 4b). The AFT dating was
conducted at the Institute of High Energy Physics,
Chinese Academy Of Sciences. All six samples were
dated by the external detector method (Hurford
1983), using low-U mica external detectors which
covered apatite grain mounts and glass dosimeters
(CN5) during the irradiation. The age-calibration (§
calibration) standard was used for apatite with
personal zeta £€=375+16 (Hurford and Green 1982;
Yuan 2007). After doing irradiation, mica detectors
were then etched in 45% HF (hydrofluoric acid) at
20 °C for 40 seconds to show the induced FTs.
After this FT counting and track-length
measurements were carried out with the help of
Zeiss microscope using a magnification of 1000
with dry objectives for apatite. The data is listed in
Table 1; ages of samples were taken with an error
(£10). The annealing temperature of AFT is taken
as ~110°C+10°C, and temperature of the APAZ is
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Table 1 Result of AFT in Lulehe Profile in Northern Qaidam Basin

Sample
number

LL1
LL2
LL3
LL4
LL5
LL6
Sample
number
LL1
LL2

LL3

LL4

LL5

LL6

Stratum

Lulehe
Formation

Xiaganchaigou
Formation

Stratum

Lulehe
Formation

Xiaganchaigou
Formation

Mineral n

Ap 46
Ap 37
Ap 51
Ap 54
Ap 54
Ap 53
Mineral n

Ap 46
Ap 37
Ap 51
Ap 54
Ap 54
Ap 53

Alt.
(m)

096
306
601
924
1334
1782
Alt.
(m)
096
306

601

924
1334

1782

ps(N s)
(105/cm)
1.676
(668)
3.385
(1609)
1.600
(879)
2.414
(1566)

3.480
(2041)
4.111
(1644)
Pooled
age (Ma)
(+10)

38+2
6213

48+3

47+2

58+3

65+3

pilIND)
(105/cm)
12.699
(5062)
15.682
(7455)
9.849
(5410)
15.347
(9957)
18.109
(10620)
19.136
(7652)
@)
Mean
track
length
(um)
10.4+0.1
(104)
10.7+2.1
(110)
10.6+2.0
(111)

11.2+2.1
(114)

11.2+2.0
(109)

11.6+2.1
(110)

pa(Na) U
(105/cm)  (ppm)
15.309

(163209) ‘43
15.499

(16329) 16.2
15.688

(16329) 76
15.878

(16329) 183
16.067

(163209)  '?
16.256

(16329) 105
Depositional Age range
Age (Ma) (Ma)
5341 25.4-95.0
51.80 23.4-94.6
47.91 25.0-86.9
45.93 18.8-70.2
41.52 22.4-81.5
38.67

36.5-100.8 (N =10.9,

J. Mt. Sci. (2018) 15(3): 532-547

Central

Dar P(xc?) ag": (ﬁa)

0,
(umz=10) (%) (£10)
1.81 97.4 38+2
1.84 (] 55+4
1.01 28.4 48+3
1.82 30.4 46+3
1.91 2.1 56+3
197 37.7 65+3
P1 P2 P3
37.8 (46,
W=100%) proies
25.1(2.5, 52(28.3, 85.1(6.2,

W=6.6%) W=76.6%) W=16.8%)
43.4 (413, 65.3(9.7,
W=81%) W=19%)
45.5 64.6
(N=50.6, (N=3.4,
W=93.8%) W=6.2%)
46.1 63.5
(Nt=25.4, (Nt=28.6, xxx
W=47%) W=53%)

56.9 67

(Nf=42.1, xxx
W=20.5%) W=79.5%)

XXX

Notes: n, number of apatite crystals analyzed per sample; Alt., Altitude; ps, spontaneous track density in analyzed
apatite crystals; pi, induced track density in external detector for analyzed crystals; p4, induced track density in
external detector adjacent to dosimetry glass; Ns, number of spontaneous tracks counted; Ni, number of induced
tracks counted; N4, number of tracks counted in determining p4; U, concentration (ppm); Dyar, the fission-track etch
pit measurements related to track length; P(x2), chi-square probability; N, number of measured confined track
lengths. Biomial peak fitted ages (P1-P3) were processed by BINOMFIT (Brandon 1996) and given 10 (95% confidence

interval).

5

o

-

(a)

Figure 4 Apatite grains of different shape (a); etched tracks in one apatite (b).

537



J. Mt. Sci. (2018) 15(3): 532-547

commonly estimated to be 60°C-110°C+10°C
(Green et al. 1985; Hurford 1986).

3 Results

The AFT dating results of six samples are
shown in Table 1 and Figure 5. The P (x2) values
can evaluate the dated grains as to whether or not
they belong to a single age population (Gaabraith
and Laslett, 1993). Results from 4 samples (LL1,
LL3, LL4 and LL6) passed the x2 test (>5%), which
is used to measure the variation in the single-grain
ages (Galbraith and Laslett, 1993). The P(x2) values
of two samples (LL2 and LL5) are below 5%. The
pooled ages were reported for those samples which
pass the x2 test, otherwise, the central ages are
adopted (Sobel et al. 2006). Radial plot showed
samples with a large dispersion of single-grain ages
(Figure 5), indicating that samples were mixed with
the different source regions (Green 1981).
Therefore, it is necessary to analyze single-grain
ages for each sample to obtain reliable and
meaningful thermo-tectonic information.

All samples were selected from the Lulehe
section, dated magnetostratigraphically by Zhang
(2006). Thus, the depositional ages were closely
constrained. The depositional ages of samples LL1,
LL2, LL3, LL4, LL5 and LL6 were 53.41, 51.80,
47.91, 45.93, 41.52 and 38.67 Ma, respectively. AFT
central ages, including LL1, LL3, LL4 and LL6,
which were 38 Ma, 48 Ma, 46+3 Ma and 65+3 Ma.
LL2 and LL5 samples pooled ages were 62+3 and
5843 Ma. Single-grain ages of apatite from
distribution of the Lulehe profile (Table 1) showed
that LL1, LL2, LL3 and LL4 single-grain ages with
Lulehe Formation were (25.4-95.0 Ma), (23.4-94.6
Ma), (25.0-86.9 Ma) and (18.8-70.15 Ma),
respectively. And their youngest age groups were
37.8, 25.1, 43.4 and 45.5 Ma. LL5 single-grain ages
with Xiaganchaigou Formation range from 22.4 Ma
to 81.5 Ma. The main thermal events occurred at
(65-72 Ma), (40-64 Ma) and (32-40 Ma). The lag
time was (~4.58 Ma). The minimum age group was
(~46.1 Ma). LL6 single-grain ages were between
36.0 Ma and 100.8 Ma. The thermal events took
place at ~60, ~68, ~75, ~50, >87 Ma and ~35 Ma,
and there was a strong tectonic activity at (44-55
Ma). The lag time was 18.23 Ma. The youngest age
population was (~56.9 Ma).
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Decomposition of the AFT ages can provide
more information. In this paper we used the
software (Binom-Fit), which is provided by
Brandon (2002). It was used to deal with the AFT
dates, and the results are shown in Table 1 and
Figure 5. The decomposed fitted peak ages
presented for P1, P2 and P3. The peak ages show
that P1 ranges from 56.9 Ma to 25.1 Ma for the
Lulehe profile. And The P1 peak age represented
the youngest age population. The P2 is main peak
age, and the age groups are about ~65 Ma. The P3
peak age is less, and only LL2 sample is ~85 Ma.

4 Discussion

4.1 The uplift of the source region at the
Late Cretaceous and the Eocene

When one sample is buried to a depth less
than the PAZ, the source region formation could be
recorded perfectly. Otherwise, the information is
progressively erased (Gleadow et al. 2002; van der
Beek et al. 2006). Apatites are partially reset or
unreset when the AFT age (the central age or the
pooled age) is older than the depositional age
(Brandon et al. 1998). The youngest AFT ages
group could record the uplifting event (Garver et al.
1999; Zheng 2000; van der Beek et al. 2006; Rahl
et al. 2007). 5 samples were not annealed or
slightly partial annealed as indicated by analyzing
LL2, LL3, LL4, LL5 and LL6 due to their AFT ages
were older than or equal to the depositional ages.
And hence, no annealed samples could save
abundance of tectonic information in the source
region. Decomposition of the AFT single-grain ages
can provide more information. The P1 age groups
range from 56.9 Ma to 25.1 Ma. The P2 is main
peak age, and the age groups is about 52.0-67.0 Ma.
The P3 peak age is less, and only LL2 sample is ~85
Ma. As discussed above, the uplift events divided
into the late Cretaceous period (~85 Ma and ~65
Ma) and the Eocene period (~56.9 Ma and 52.0
Ma). The similar uplift events were recorded in the
surrounding mountains (Kunlun Shan, Qilian Shan
and Altun Shan) of the NQB, all of which have
experienced far-field effects of accretion-collision
events at the distant continental margins when the
Indian Plate collided with the Eurasian Plate (Yin
et al. 1998; George et al. 2001; Jolivet et al. 2001;
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Wang et al. 2004; Yuan et al. 2006a; Yuan et al.

2006b; Qi et al. 2016). The grains in the basin were
sourced from nearby mountains (Sobel and
Strecker 2003). The Altun Mountains had been
proved on AFT records of the tectonic uplift at
(~50 Ma), (~52.9 Ma), (61-24 Ma) and (69.5+2.9
Ma) (Wang et al. 2002; Yin et al. 2002; Chen et al.

2006; Liu 2007; Liu et al. 2012; Lu et al. 2013;

Chen et al. 2014); The Kunlun Mountains recorded
those AFT ages at (~52.9 Ma), (54-47 Ma), (~67 Ma)
and (108-61 Ma) (Bai et al. 2003; Yuan et al. 2006b;
Bai et al. 2008; Wang 2010; Chen et al. 2011);

Others had been also found in the Qilian
Mountains at (49+5 Ma), (60+5 Ma) and (74+10
Ma) (Wang 2010; Wan et al. 2011; Jiang 2011).

Jolivet et al. (2001) described the tectonics of the
northern edge of the TP by using FT constraints,

and the ages were (48+t4 Ma), (53+7 Ma) and
(96.3-53.8 Ma). As discussed above, it indicates

that the main events can be recorded at the late

Cretaceous period (~85 Ma and ~65 Ma) and the

Eocene period (56.9 Ma and 52.0 Ma) in the NQB.

Thus, the basin recorded the late Cretaceous

and the Eocene events for the surrounding

mountains of the NQB, all of which have

experienced far-field effects of accretion-

collision events at the distant continental

margins when the Indian Plate collided with the

Eurasian Plate.

4.2 The provenance changed at Eocene
(~37.8 Ma) and (43.4-46.1 Ma)

Apatites are reset when the AFT age is less
than the depositional age (Brandon et al. 1998).
LL1 had experienced complete annealing,
suggesting that it recorded the strong tectonic
activity inside the basin at the Eocene (~37.8 Ma).
Similar records were also found with single-grain
ages for other samples at (32-40 Ma) in the source
region (Figure 5), especially the contents of single-
grains are high in the Lulehe profile. Most Eocene
deformations were discovered in the Altun
Mountains (Jolivet et al. 2001; Wan et al. 2001;
Wang et al. 2002). There were also many similar
uplift events at Qilian Mountains during the
Eocene (Jolivet et al. 2001; Jiang 2011). The
sedimentation rate in the Qaidam Basin increased
significantly from 0.017 mm/Ma to more than 0.07
mm/Ma after 36.6 Ma due to variation in the rate
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of slip along the ATF and northeastward-extension
of this region (Metivier et al. 1996). Mock et al.
(1999) studied on an intense uplifting event at ~30
Ma on the east Kunlun area. Wang et al. (2004)
dated the unroofing event of the NQB during the
Oligocene-Miocene, and exhibited that this age
documented the Cenozoic initial deformation of the
NQB. As discussed above, the basin deformation
event occurred during the Eocene, which took place
almost simultaneously with those in the Altyn
Mountains, Kunlun Mountains and Qilian
Mountains. Thus, the uplift of North Qaidam range
changed the provenance direction at the Eocene
(~37.8 Ma).

Apatites are partially reset or unreset when the
AFT age is older than the depositional age
(Brandon et al. 1998). LL4, LL5 and LL6 samples
AFT ages were older than the depositional ages,
suggesting that samples were partial reset or unrest.
The youngest age population (43.4-46.1 Ma)
affirmed that a fast exhumation and cooling event
occurred in the source region. In addition, the lag
time got short from the top to the bottom in the
Lulehe profile, affirming that the exhumation
changed fast in the source region at the Palaecene-
Eocene (Garver et al. 1999; Zheng 2000; van der
Beek et al. 2006; Rahl et al. 2007). And the lag
time turned negative from LL1 to LL4 in the Lulehe
profile, indicating the provenance changed rapidly
due to the deformation of the North Qaidam range
at the Palaecene-Eocene significantly. Gao et al.
(2009) argued that the north Qaidam thrust belt
activity was strong at (~48 Ma). And there was also
a strong tectonic activity at (~44 Ma),
corresponding to angular unconformity between
the Lulehe Formation and Xiaganchaigou
Formation (Ren et al. 2004; Yin et al. 2008a; Li et
al. 2012; Wang et al. 2017). Norton (1995) studied
on plate motions in the Pacific: the 43 Ma non-
event. As discussed above, there were a strong
tectonic activity at (43.4-46.1 Ma) due to deep
burial either related to deposition of a thick
Cenozoic sequence or thrusting of a thick hanging-
wall section from above at the Eocene (Jolivet et al.
2001; Yin et al. 2008a). Moreover, as shown in the
Figure 6, the youngest age groups of LL2 and LL5
are inconsistent with others samples. The
difference was related to the Hidden Faults activity.
It indicates that the Xiaganchaigou Formation and
Lulehe Formation were rapidly uplifted to the



surface from ancient APAZ in the late Oligocene.

Therefore, the age population revealed the
movement information of the north Qaidam thrust
belt at the Eocene. At that time, the basin took
place angular unconformity between the Lulehe
Formation and Xiaganchaigou Formation due to
the early Mesozoic strata tilted and suffered
denudation to the thrust fault of the NQB (Jolivet
et al. 2001; Yin et al. 2008a).

60
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Figure 6 Relationship between the minimum AFT age
and the depositional age within Lulehe Profile.

4.3 Provenance analysis

St ratigraphic distribution and lithofacies
analysis from the late Paleozoic to the early
Mesozoic shows that the area’s water retreated
from north, west and those around uplifted to the
mountains, by which Qaidam Basin was formed
(Yin et al. 2008a). Afterwards, it started to form
Lake Facies and Lake-river Facies in the Cenozoic.

A considerable amount of various dating
works have been done in this region. Altyn
Mountains suggested that AFT records of the
tectonic uplift event occurred at (5-10 Ma), (7-9
Ma), (9.8-7.2 Ma), (18.1-14.7 Ma), (22-15 Ma), (31-
21Ma), (42-11.1 Ma), (~52.9 Ma), (61-24 Ma) and
(69.5+2.9 Ma) (Wang et al. 2002; Chen et al. 2006;

Liu 2007; Wan et al. 2011; Lu et al. 2013; Chen et al.

2014). Some studies that focused on the Kunlun
Mountains indicated that AFT ages were at (5.1-0.9
Ma), (6.3-10 Ma), (15.8+1.1 Ma), (22-16.5 Ma),
(26.6-17.8 Ma), (~52.9 Ma), (54-47 Ma), (~67 Ma),
(108-61 Ma) and (120-100 Ma) (Bai et al. 2003;
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Yuan et al. 2006b; Bai et al. 2008; Wang 2010;
Chen et al. 2011); others had also worked on AFT
thermochronology in the Qilian Mountains
proposed that the uplifting events were at (13+2
Ma), (26.6-17.8 Ma), (32.5-16.2 Ma), (32+4 Ma),
(49+5 Ma), (6045 Ma), (74+10 Ma), (88+11 Ma),
(89+9 Ma), (93+7 Ma), (93+10 Ma), (96+8 Ma),
(96.3-53.8 Ma), (98+8 Ma), (103+13 Ma), (108-61
Ma), (112421 Ma), (114+8 Ma), (11449 Ma) and
(124+11 Ma) (Wan et al. 2011; Jiang 2011; Qi et al.
2016). Jolivet et al. (2001) had described tectonics
of the northern edge of the TP by using FT
constraints, and the ages were at (10+1 Ma), (172
Ma), (18+1 Ma), (19+2 Ma), (21+2 Ma), (30+4 Ma),
(32.5-16.2 Ma), (48+4 Ma), (53+7 Ma), (96.3-53.8
Ma), (105+5 Ma), (12717 Ma), (134+5 Ma),
(134+10 Ma), (13848 Ma) and (147+10 Ma),
respectively. AFT statistic results showed in the
Altun, East Kunlun and Qilian Mountains were all
found in the surrounding area of the Qaidam Basin
(Figure 7), the study area recorded the uplift event
in the Late Cretaceous (~65 Ma, ~68 Ma, ~73 Ma,
~75 Ma, ~81.5 Ma, ~86.9 Ma, ~87 Ma, ~94.6 Ma,
~95.0 Ma and ~100.8 Ma) and (65-70.2 Ma), the
Eocene (~53 Ma) and (43.4-46.1 Ma), and it
revealed that the sediments were mainly derived
from the north mountains (Green spot in Figure 7).
The grains in the basin were sourced from nearby
mountains or highlands (Sobel and Strecker 2003).
Yin et al. (2008a and b) reported the north and
south parts of the Qaidam basin were primarily
controlled by the north Qaidam thrust belt, and the
Lulehe section provenance was mainly derived
from the north mountains or highlands in
surrounding area of the NQB by paleocurrent
analysis in the Cenozoic. Lu et al. (2014) suggested
foreland uplift provenance was mainly derived
from sediment within the north Qaidam thrust belt
during (34-8.5 Ma) in the Dahonggou section
(Figure 8). Considering the single-grain ages of the
source region, sediments were mainly derived from
the south Qilian Shan and Altun Shan. Based on
analysis of heavy minerals, paleocurrent and clastic
particles grading, the south Qilian and ATF
orogenic belts are the main provenance for the
NQB (Rieser et al. 2005; Li et al. 2009; Fu et al.
2013; Lin et al. 2014; Li et al. 2014; Li et al. 2015;
Peng et al. 2015). The conclusion was consistent
with the analysis result obtained by the previous
scholars. Thus, these piedmont faults (ATF and
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north Qaidam thrust belt) not only control the
development of Qaidam Basin, but also the result
in the uplifting-denudation for strike-slip and
reverse movement around the mountain. It also
provided abundance of provenance for the basin
deposits (Huang et al. 1989; Zhuang et al. 2011b).

As discussed above, based on the new dating
evidences, the development of the NQB can be
reconstructed approximately in Figure 9. Present
configuration of the NQB shown as Figure 9A. The
Dasaibei, Xiaosaibei, and Qaidam Shan thrusts
zone started to develop, and were associated with
deposition of the Lulehe Formation during the
Paleocene and early Eocene (Figure 9B). Sediments
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Foreland basin Fold thrust belt

\
St DN
70,111&[@;17\
Bedrock Thrust fault

Figure 8 The sketch map of tectono-sedimentation
regime in the Northern Qaidam Basin (modified from
Lu et al. 2014).
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Figure 9 Tectonic evolution of the North Qaidam thrust system and depositional history of the Northern Qaidam
Basin. (A) Present tectonic configuration of the North Qaidam thrust belt. (B) The Paleocene-early Eocene tectonic
configuration of North Qaidam. (C) The Middle to late Eocene tectonic configuration of North Qaidam. (D) The Early
Oligocene tectonic configuration of North Qaidam (Yin et al. 2008a).

were mainly derived from the south Qilian and

Altun Shan. The Sainan and the western Luliang
Shan thrusts were initiated, and were associated

with deposition of the lower Xiaganchaigou
Formation in the middle to late Eocene, (Figure
9C). Foreland uplift provenance was mainly
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derived from sediment within the north Qaidam
thrust belt. The Eastern Luliang and Xitie Shan
thrusts developing the upper Xiaganchaigou
Formation was deposited in the early Oligocene
(Yin et al. 2008a and b), (Figure 9D). Foreland
uplift provenance was mainly derived from
sediment within the north Qaidam thrust belt and
south Qilian Shan.

5 Conclusions

The following conclusions are drawn on the
basis of the present study:
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