
Journal of Asian Earth Sciences 111 (2015) 302–311
Contents lists available at ScienceDirect

Journal of Asian Earth Sciences

journal homepage: www.elsevier .com/locate / jseaes
Detrital apatite fission track evidence for provenance change in the Subei
Basin and implications for the tectonic uplift of the Danghe Nan Shan
(NW China) since the mid-Miocene
http://dx.doi.org/10.1016/j.jseaes.2015.07.007
1367-9120/� 2015 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: hanwuji-life@hotmail.com (X. Lin).
Xu Lin a,⇑, Dewen Zheng b, Jimin Sun a,c, Brian F. Windley d, Zhonghua Tian a, Zhijun Gong a, Yingying Jia a

a Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing 100029, China
b State Key Laboratory of Earthquake Dynamics, Instituted of Geology, China Earthquake Administration, Beijing 100029, China
c CAS Center for Excellence in Tibetan Plateau Earth Sciences, China
d Department of Geology, The University of Leicester, Leicester LE1 7RH, UK

a r t i c l e i n f o a b s t r a c t
Article history:
Received 12 February 2015
Received in revised form 17 June 2015
Accepted 7 July 2015
Available online 8 July 2015

Keywords:
Detrital apatite
Fission track
Subei Basin
Danghe Nan Shan
Altyn Tagh fault
The Subei Basin is located at the intersection of the northeastern end of the Altyn Tagh Fault (ATF) and the
western end of the Danghe Nan Shan in the northeastern Tibetan Plateau. The Basin contains (up to)
4000 m-thick Cenozoic terrestrial clastic sediments, which contain information on the uplift of the
Danghe Nan Shan. In order to estimate the detrital apatite thermochronology with fission track dating,
we collected eight sandstone samples from the Tiejianggou section of the Subei Basin, which has an
established depositional age range from 22.8 to 9 Ma. We found that a distinct change in slope of the peak
age and lag time of the detrital apatite fission track occurred at �14 Ma, which we interpret as a prove-
nance change caused by the uplift of the western end of the Danghe Nan Shan. Combined with previous
studies in adjacent areas, this work implies that the initiation of successive episodes of surface uplift in
the northeastern margin of the Tibetan Plateau took place in the mid-Miocene.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Sediments are eroded off nearby mountains, and their detritus
is transported by rivers into a basin; such sediments can be used
to understand the relationships between mountain uplift, rock
denudation and deposition (Ritts et al., 2004; Sun et al., 2005;
Wang, 1997; Zhang et al., 2001; Yin et al., 2002; Zheng et al.,
2010; Zhuang et al., 2011). The Subei and Qaidam Basins, adjacent
to and lying within the northeastern margin of the Tibetan Plateau,
are separated by the Danghe Nan Shan mountain belt (Fig. 1). The
Cenozoic sediments within the basins enable us to re-construct the
uplift history of the Tibetan Plateau (Chen et al., 2002; Fang et al.,
2007; Gilder et al., 2001; Métivier et al., 1998; Ritts et al., 2004;
Sun et al., 2005; Wang, 1997; Wang et al., 2003; van der Woerd
et al., 2001; Zhuang et al., 2011). There are few publications on
the Subei Basin; most studies have concentrated on the Qaidam
Basin farther south (Fig. 2). The Subei Basin contains
>4000 m-thick terrestrial clastic sediments that provide important
information about the uplift of the Danghe Nan Shan (Gilder et al.,
2001; Wang et al., 2003; Ritts et al., 2004; Sun et al., 2005; Li et al.,
2014), the timing of which is much disputed: i.e. 33 Ma (Yin et al.,
2002), 21 Ma (Gilder et al., 2001), 13.7 Ma (Sun et al., 2005), 12 Ma
(Johnstone et al., 2009; Wang et al., 2003), and 4 ± 2 Ma (van der
Woerd et al., 2001). Thus new constraints are required to deter-
mine more accurately the uplift history of the Danghe Nan Shan,
which is situated in the Central Qilian Shan (Fig. 1).

Many different techniques have been employed to determine
the provenance change and tectonic activity in sedimentary basins
among which the detrital apatite fission track method has proven
to be the most sensitive to record provenance change (Sobel and
Dumitru, 1997; Rohrman et al., 1996; Garver et al., 1999; Ruiz
et al., 2004; Coutand et al., 2006; van der Beek et al., 2006;
Zheng et al., 2006; Glotzbach et al., 2011; Patel et al., 2014). But
so far, there has been no comparable study of detrital apatite fis-
sion track ages from the key Tiejianggou section of the Subei
Basin. To help resolve the timing problem, the aim of this paper
is to report new systematic detrital apatite fission track ages inte-
grated with previously published magnetostratigraphic ages (Sun
et al., 2005) in order to constrain the time of provenance change
of the Subei Basin, and thus to contribute to our understanding
of the uplift history of the Danghe Nan Shan.
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Fig. 1. The major tectonic features around the Subei Basin after Song et al. (2014). The red circles mark the locations of the Miran River section (Ritts et al., 2008), the Xorkol
Basin (Yue et al., 2003), the Aksay Basin (Ritts et al., 2004), respectively. The red area is scope of the Subei Basin (Sun et al., 2005). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. (A) Apatite fission track data of the northeastern Tibetan Plateau with the dates of rapid cooling in the middle Miocene. Apatite fission track = AFT; apatite (U–Th)/
He = AHe. (a) Danghe Nan Shan (AHe) (Johnstone et al., 2009); (b) Danghe Nan Shan (AFT) (Jolivet et al., 2001); (c) Aksay-Dangjin Pass (AFT) (Wang et al., 2002); (d) North
Qaidam Terrane (AFT) (Wang et al., 2004); (e) Qaidam Shan (AHe) (Zhuang, 2011, PhD thesis); (f) Altun Shan (AFT) (Chen, 2002, PhD thesis); (g) Akatengneng Shan (AFT)
(Wang et al., 2006); (h) North Altun Shan (AFT) (Cowgill, 2001); (i) North Altun Shan (AFT) (Ritts et al., 2008); (j) Altun Shan (AFT) (Sobel et al., 2001); (k) East Kunlun Shan
(western part) (AFT) (Jolivet et al., 2003); (m) East Kunlun Shan (central part) (AHe) (Duvall et al., 2013); (n) North Qilian Shan (AHe) (Zheng et al., 2010); (o) North Qilian
Shan (AFT) (George et al., 2001). The original map is modified from Bovet et al. (2009). (B) Schematic section of Danghe Nan Shan at crustal scale, modified from Meyer et al.
(1998).
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2. Geological setting and stratigraphy

The Altyn Tagh Fault (ATF) is a 1600-km-long, strike-slip fault
extending from the western Kunlun Shan in the southwest to the
North Qilian Shan to the northeast, thus defining the northern mar-
gin of the Tibetan Plateau (Molnar and Tapponnier, 1975;
Tapponnier et al., 2001; Xiao et al., 2009; Zhang et al., 2014)
(Fig. 1). In the east, the ATF splays into several strands, which
merge into a series of thrust faults in the Danghe Nan Shan,
referred to as the north, central and south ATF (Wang, 1997;
Métivier et al., 1998; Rumelhart, 1998, PhD thesis) (Fig. 1). The
north ATF that strikes N70�E is still the active northern boundary
of the Subei Basin (van der Woerd et al., 2001; Li et al., 2006).
The central ATF defines the southern margin of the Subei Basin
and contains an important right-stepping restraining bend
(Wang, 1997; Li et al., 2006). The curved southern ATF partly forms
the northern boundary of the Qaidam Basin (Wang, 1997; van der
Woerd et al., 2001; Li et al., 2006).
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From detailed field mapping, Wang (1997) suggested that the
displacement of the Subei Basin by the ATF was largely in the
mid-Miocene to Recent. The total left-lateral offset on the eastern
ATF is �69–65 km (Wang, 1997; Zhang et al., 2014). Both Global
Positioning System measurements and studies of late Quaternary
faulting are consistent with a slip rate of 10 mm/yr along the cen-
tral ATF, and a systematic decrease in that rate toward the eastern
end of the fault (Zhang et al., 2007; Zheng et al., 2013). A
‘‘two-stage’’ model was proposed by Yue and Liou (1999): the first
stage of movement of the ATF system may have begun around
Oligocene time; the second stage of displacement of this part of
the ATF was partly responsible for crustal thickening and rapid
uplift along the northeastern margin of the Tibetan Plateau at
16–13 Ma. Yin et al. (2002) proposed a ‘‘continuum’’ model for dis-
placement of the ATF; its continuous motion eventually closed the
outlets of westward flowing drainage into the Qaidam Basin, and
caused large amounts of sediment to be trapped in the basin dur-
ing the Oligocene–Miocene. Sedimentology studies of the Qaidam
Basin suggest that the inception of substantial slip on the ATF took
place in Oligocene time (Zhuang et al., 2011).

To the south of the Subei Basin, the Danghe Nan Shan stretches
for 300 km within the Central Qilian Shan, with the highest peak
5500 m above sea level (Fig. 1). A series of parallel thrust–fold belts
occupy the northern and southern slopes of the Danghe Nan Shan,
respectively (GBGMR, 1989) (Fig. 2(B)). This fault-thrust system
started in the Tertiary and cuts Quaternary river terrace along
the northern piedmont in the western end of the Danghe Nan
Shan (Li, 2001, PhD thesis; Wang et al., 2003; Song, 2006,
Fig. 3. Detailed geological map of the Subei Basin modified from GBGMR (1989) and Rit
Xishuigou section. Balanced cross-section showing sample locations and relationships w
positions of fission-track samples with labels from AKS1 to AKS8.
PhD thesis). The sedimentary strata along these fold-and-thrust
faults and belts are important archives for the uplift history of
the Danghe Nan Shan (van der Woerd et al., 2001; Yin et al.,
2002; Wang et al., 2003).

We studied the main Tiejianggou section in the Subei Basin that
is about 30 km to the west of Subei County (Fig. 3). The Tertiary
sediments at Tiejianggou can be subdivided into the Huoshaogou,
Paoniuquan and Tiejianggou Formations (GBGMR, 1989; Wang
et al., 2003). The lithology of the 800 m-thick Huoshaogou
Formation (estimated depositional age of 43 Ma) is dominated by
fluvial gray sandstones, channelized conglomerates and red mud-
stones, which overlie unconformably a high-grade basement
(GBGMR, 1989; Song, 2006, PhD thesis). The Paoniuquan
Formation is composed of reddish sandstones, siltstones, silty
mudstones and breccias interbedded with thick conglomerates,
which is separated from the Huoshaogou Formation by a reverse
fault (F000) (Wang et al., 2003; Song, 2006, PhD thesis). Above, it
is in fault (F0) contact with the Tiejianggou Formation (Wang
et al., 2003) (Fig. 3).

The deposition of the Tiejianggou Formation (39�290N, 94�410E)
lasted from the early Miocene to early late Miocene (Wang et al.,
2003; Sun et al., 2005). Structurally, it forms an asymmetric syncline
with its southern limb mostly eroded (Wang et al., 2003). In this
study, the Tiejianggou Formation is divisible into three main parts
according to lithologic variations. The lowest part consists of thick
packages of 659 m-thick, reddish fine-grained mudstones ranging
from 22.8 Ma to 18.8 Ma, which mostly formed in a lacustrine envi-
ronment (Wang et al., 2003; Sun et al., 2005) (Fig. 4(A)). The
ts et al. (2004). ATF = Altyn Tagh fault. AA0 is the Tiejianggou section. BB0 marks the
ith local structures modified from Song (2006, PhD thesis). The black stars mark the



Fig. 4. Field photos of sedimentary lithofacies in the late Cenozoic Subei Basin. (A) Fine-grained reddish mudstone in the lowest part of the Tiejianggou Formation. (B)
Reddish or brownish mudstone with interbedded gray thin sandstone in the middle of the Tiejianggou Formation. (C) Matrix-supported conglomerate in the uppermost
Tiejianggou Formation. (D) Syncline developed in the upper section of the Tiejianggou Formation. (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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908 m-thick middle part is dominated by 18.8–13.7 Ma, reddish or
brownish, fine-grained mudstones or siltstones and interbedded
gray sandstones deposited in low-energy fluvial systems (Wang
et al., 2003; Sun et al., 2005) (Fig. 4(B)). The uppermost,
1619 m-thick, stratigraphic succession comprises conglomerates
and thin siltstone intercalations, whose depositional age ranges
from 13.7 Ma to 9 Ma (Fig. 4(C)). Most of the conglomerates, whose
pebbles are sub-rounded to rounded and poorly sorted, reach a max-
imum thickness of 1–2 m, and their largest gravel sizes are up to
30 cm. Paleochannel flow indicators in the conglomerates are pre-
dominantly northward, suggesting foreland streams proximal to
the front range of the Danghe Nan Shan (Wang et al., 2003).
3. Materials and methods

In this study, eight sandstone samples, each weighing �2–3 kg,
were collected through the continuous 3160-m-thick Tiejianggou
section with an average sample spacing of 400 m (sampling loca-
tions are in Fig. 3). About 50 apatite grains were dated each detrital
samples, the grains being recovered using standard magnetic and
heavy liquid separation techniques, mounted in epoxy, polished
and etched in 5.5 HNO3 at 20 �C for 20 s. The apatite fission track
dating was conducted at the State Key Laboratory of Earthquake
Dynamics, Instituted of Geology, China Earthquake
Administration in Beijing. All samples were dated by the external
detector method (Hurford and Green, 1983), using low-U mica
external detectors that covered apatite grain mounts and glass
dosimeters (CN5) during the irradiation. The age-calibration (f cal-
ibration) standard was Durango apatite (31.4 ± 0.5 Ma) with per-
sonal zeta n = 350 ± 10. After irradiation, mica detectors were
etched in 40% HF at 20 �C for 40 min to reveal the induced fission
tracks. Fission tracks measurements were counted on a Zeiss
microscope using a magnification of 1000 with dry objectives for
apatite.

We performed a P (v2) test, evaluating the dated grains as to
whether or not they belong to a single age population (Galbraith
and Laslett, 1993). If the P (v2) probability is less than 5%, it seems
that counted grains represent a mixed age population with real age
differences between single grains (Galbraith and Laslett, 1993).
Then, each set of grain-age distribution was treated using the
BINOMFIT program (Brandon, 1992, 1996) incorporated into the
binomial peak-fit method (Galbraith, 1988; Galbraith and Green,
1990) to detect significant populations or peaks (Brandon, 1992,
1996). These ages were then plotted against the stratigraphic age
to determine any temporal trends (Ruiz et al., 2004).

In detrital thermochronology, a key concept is the lag time,
defined as the difference between the depositional and the young-
est component ages (Garver et al., 1999; Rahl et al., 2007; van der
Beek et al., 2006). A short lag time reflects tectonic activity and
rapid erosion in the source region, whereas a long time suggests
that the source region underwent very slow exhumation when
passing through the partial annealing zone (PAZ: 60–110 ± 10 �C)
(Garver et al., 1999; Ruiz et al., 2004; Rahl et al., 2007). The lag
times are in line from the lower to upper section indicating static
stating (Garver et al., 1999).
4. Results

All of the apatite samples were collected from the same section,
which was dated magnetostratigraphically by Sun et al. (2005)
(Fig. 5). Therefore, the depositional ages of the apatite samples
are tightly constrained. The depositional ages of samples AKS1,
AKS2, AKS3, AKS4, AKS5, AKS6, AKS7, and AKS8 (for relative posi-
tions see Fig. 3) are 9.7, 10.6, 12, 13.7, 16.5, 18.3, 20.2 and
22.5 Ma, respectively (Fig. 5). The decomposed fitted peak ages
are presented in Fig. 6; the decomposed age populations are
ranked as P1 to P3 corresponding to the D1 to D3 curves, respec-
tively (Fig. 6), and they are characterized on the basis of their
upward variations in both lag times and peak ages.

The stratigraphically lower samples, AKS8, AKS7, AKS6 and
AKS5, show that the P1 range spanned from 47.5 ± 8.1/9.7 to
26.9 ± 6.9/9.3 Ma and the lag time varied from 20.1 to 11.1 Ma,
respectively. The upper samples from AKS4, AKS3, AKS2, to AKS1
indicate that the P1 range lasted from 38.8 ± 8.6/11.1 to



Fig. 5. Stratigraphic column and fission track sampling of the Tiejianggou section along the Subei Basin. The observed magnetic polarities are based on the results of Sun et al.
(2005). Radial plots (Galbraith, 1990) and age probability densities (Brandon, 1992) of all samples are given. Within the radial plots, thin black lines mark the decomposed
peak ages from the analyzed samples; short blue lines indicate the depositional age (N, number of analysis samples). D is age dispersion (Galbraith and Laslett, 1993). Bars
within probability density plots are histograms (Brandon, 1996); the blue thin lines indicate the peak ages within one sample. (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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25 ± 8/11.8 Ma and the lag time ranged from 17.1 to 12.2 Ma. It is
clear that the D1 curve has a distinct break in slope at �14 Ma,
which divides the whole line into two main parts characterized
by a ‘forward-moving peak,’ respectively (Fig. 6). The younging
upwards section D1 path suggests that most apatites in this section
did not undergo recycling (Sobel et al., 2006). Although a break in
slope alone does not constrain the timing of an event, it is widely
accepted as an indication that provenance change event has
occurred (Garver et al., 1999; Ruiz et al., 2004; Glotzbach et al.,
2011).

The samples, AKS8 and AKS5, with the second youngest peak
ages (P2) ranged from 67.2 ± 10.9/13 Ma to 40.7 ± 10.9/14.8 Ma,
and the samples, AKS4 and AKS1, spanned from
64.2 ± 16.2/21.6 Ma to 59.3 ± 17.3/25.5 Ma, respectively. The D2
curves also have a distinct break in slope at �14 Ma. But the P3
age populations are not present in the upper samples, so the break
in slope of the D3 curve does not exist.
5. Discussion

5.1. The detrital apatite fission track indicates that the change in
provenance of the Subei Basin was at �14 Ma

When a sample is buried deep in a sedimentary basin and
reaches temperatures corresponding to the apatite fission track
PAZ, the information it contains concerning source area exhuma-
tion is progressively erased (Gleadow et al., 2002; van der Beek
et al., 2006). On the other hand, when a sample has been buried
to a depth less than the PAZ, its decomposed peak age is older than
the respective depositional age and it increases down-section, indi-
cating it is un-reset and can be interpreted in terms of its lag time
(van der Beek et al., 2006). Systematic variations in lag time distri-
butions are interpreted as relating to different stages in the evolu-
tion of an orogen and can be interpreted through a lag time plot
(apatite youngest component fission track age plotted against
stratigraphic age) (Garver et al., 1999; Ruiz et al., 2004; Braun
et al., 2006; Carrapa et al., 2006; van der Beek et al., 2006; Rahl
et al., 2007; Beamud et al., 2011). Therefore, when a link is found
between the exhumation of a mountain and the lag time, it can
be used to trace the provenance change of a sedimentary basin
(Carter, 1999; Gleadow et al., 2002).All our detrital age populations
are older than the depositional ages (Fig. 6), indicating that the
analyzed samples were not subjected to total or significant anneal-
ing after deposition. If the decomposed peak ages increase system-
atically down-section, they indicate that no significant partial
annealing, whereas partially annealed samples would show the
opposite pattern due to burial-induced re-heating has occurred
(Carrapa et al., 2006; Sobel et al., 2006; van der Beek et al.,
2006). Although the total sedimentary thickness of the
Tiejianggou Formation is �3000 m, the strata within the Subei
Basin probably tilted substantially before reaching maximum



Fig. 6. Lag time plot for the Tiejianggou section (right). The peak age populations are joined together per rank, generating the D1, D2, and D3 curves. Track-length histograms
for dated samples are given with mean track length, standard deviation and the number of measured tracks (left).
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temperatures caused by the propagation of the fold–thrust belt
along the northern piedmont at the western end of the Danghe
Nan Shan (Yin et al., 2002; Wang et al., 2003). Therefore, our ana-
lyzed samples have not undergone post-depositional burial.

Fission track lengths provide information on the proportion of
the cooling history that the sample has experienced within the
PAZ, and hence on how quickly the apatite passed through the
PAZ (Gleadow et al., 1983, 1986; Carrapa et al., 2006). In this study,
the lag times are all longer than 11 Ma and the long mean track
lengths range between 12.73 lm and 12.0 lm, and the presence
of narrow length distributions, coupled with the lack of known
regional tectonic activity with these analyzed ages, suggests that
the grains were sourced from an exhumed PAZ from nearby moun-
tains (Sobel et al., 2006). The bedrock apatite fission track dates
from the western end of the Danghe Nan Shan suggest rapid
exhumation in the middle to late Miocene (Zhuang et al., 2009).
Hence, it is reasonable that the exhumation took place close to
14 Ma in the middle Miocene, and subsequently an exhumed PAZ
was denuded. Bedrocks with apatite fission track ages focused on
the middle to late Miocene are still found at a height of 4500–
4000 m in the modern Danghe Nan Shan (Zhuang et al., 2009).

Both the D1 and D2 curves display breaks in slope characterized
by a ‘forward-moving peak,’ and the lag time and peak age of the
upper sample (sample AKS4) are not shorter than the lower (sam-
ple AKS5), but they are significantly longer (Fig. 6) (Table 1).
Although an increase in lag times can be linked to a decrease in
exhumation rate, increasing absolute ages require a shift in sedi-
ment provenance, because progressive unroofing will necessarily
produce younger ages up-section (Garver et al., 1999; Ruiz et al.,
2004; van der Beek et al., 2006; Rahl et al., 2007; Glotzbach
et al., 2011). Therefore, our detrital apatite fission track analyses
show that the provenance was significantly changed at �14 Ma
in the Tiejianggou Formation within the Subei Basin.

5.2. The uplift of the western end of Danghe Nan Shan gave rise to the
provenance change in the mid-Miocene

Comparison of the clastic compositions from different field
studies (Wang, 1997) demonstrates that the lower parts of the
Subei Basin are similar to the rock compositions in the central
Qilian Shan, but different from those of the Qaidam and Tarim
Basins. Based on paleocurrent directions and clastic compositions
Ritts et al. (2004) concluded that there were no major changes in
source terrane in the Subei Basin, and that the main sediments
were derived from the central Qilian Shan since the late
Oligocene. In contrast, detrital zircon U–Pb ages, paleocurrent
directions and clastic compositions demonstrate that sediments
from the Xishuigou section in the lower part of the Subei Basin
(Paoniuquan Formation) have originated from the eastern
Danghe Nan Shan since the early Oligocene (Li et al., 2014). The
paleocurrent directions of the lower strata from the Tiejianggou
section has been varied from southeast to southwest (Ritts et al.,
2004). The thick sequence of earliest Oligocene to early Miocene,
fine-grained sediments in the lower part of the Subei Basin indi-
cates a low-relief terrain, distal transportation, and no sign of
intense tectonic activity at the western end of the Danghe Nan
Shan during this time (Wang et al., 2003; Sun et al., 2005). These
relations suggest that during this period the Subei Basin received



Table 1
Apatite fission track data from the Tiejianggou section.

Sample N Depth
(m)

qd(Nd)
(�106 cm�2)

qs(Ns)
(�105 cm�2)

qi(Ni)
(�106 cm�2)

U
concentration
(ppm)

P (v2)
(%)

Dispersion
(%)

Fission track age
(Ma ± 1r)

Mean track length
(lm ± 1r) (Nj)

P1 P2 P3

AKS1 50 450 1.040 (2606) 2.266 (784) 1.202
(4160)

14.4 0.0 37.48 35.5 ± 4.0 12.50 ± 0.13 (77) 25.0 ± 11.8 59.3 ± 17.3/25.5 xxx
66.6% 33.4%

AKS2 45 800 1.030 (2577) 2.157 (729) 1.238
(4185)

15.0 1.7 17.7 31.5 ± 3.3 12.18 ± 0.12 (70) 27.7 ± 3/6.5 42.4 ± 9.2/11.8 xxx
73.5% 26.5%

AKS3 45 1200 1.020 (2549) 2.751 (995) 1.363
(4812)

16.7 0.0 30.91 36.5 ± 3.8 12.53 ± 0.13 (76) 29.3 ± 1/11.2 53.1 ± 14.8/20.6 xxx
70.6% 29.4%

AKS4 48 1580 1.010 (2520) 3.569
(1406)

1.432
(5641)

17.7 0.0 25.26 43.6 ± 4.3 12.71 ± 0.14 (77) 38.8 ± 6/11.1 64.2 ± 16.2/21.6 xxx
81.6% 18.4%

AKS5 51 1980 0.960 (2491) 2.979
(1263)

1.508
(6392)

19.6 0.0 27.86 32.7 ± 3.3 12.73 ± 0.12 (84) 26.9 ± 9/9.3 40.7 ± 10.9/14.8 61.5 ± 16.9/23.2
65.3% 27.8% 6.8%

AKS6 45 2400 0.985 (2463) 3.985
(1594)

1.282
(5130)

16.3 0.0 25.48 56.5 ± 5.6 12.19 ± 0.12 (94) 33.4 ± 1/9.1 48.5 ± 9.4/11.6 69.2 ± 12.6/15.4
12.4% 41.1% 36.5%

AKS7 46 2800 0.973 (2434) 4.591
(1832)

1.244
(4963)

16.0 0.0 21.44 63.6 ± 6.1 12.09 ± 0.12 (98) 31.5 ± 2/11.1 59.1 ± 12.4/15.7 80.9 ± 17.7/22.7
4.8% 64.6% 30.6%

AKS8 46 3100 0.962 (2405) 4.481
(1761)

1.272
(5000)

16.5 0.3 14.98 60.3 ± 5.3 12.00 ± 0.11 (105) 47.5 ± 1/9.7 67.2 ± 10.9/13 xxx
39.1% 60.9%

N = number of apatite crystals analyzed; qd = induced fission-track density calculated from muscovite external detectors used with SRM612 (apatite zeta SRM612 n = 50 ± 10) 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 fi ion-track density on the muscovite external detector for
crystals analyzed; Ni = total number of fission tracks counted in qi; P (v2) = chi-squared probability that all single-crystal ages represent a single population of ages wher egrees of freedom = Nc – 1; Nj = number of horizontally
confined fission-track lengths measured. Binomial peak fitted ages (P1–P3) were processed by BINOMFIT (Brandon, 1996) and given 1r (95% confidence interval).
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Fig. 7. Lithostratigraphic correlations between five sedimentary sections along the ATF, including the Miran River locality (Ritts et al., 2008), the Xorkol Basin (Yue et al.,
2003), the Aksay Basin (Ritts et al., 2004), the Xishuigou section (Wang et al., 2003), and the Tiejianggou section (Sun et al., 2005) from left to right. Lithology legends are the
same as in Fig. 5.
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multiple sedimentary sources from the central Qilian Shan and/or
the eastern Danghe Nan Shan.

During the middle Miocene there were many contemporaneous
changes: the deformation style changed from dominant strike-slip
on the ATF to thrust faulting and thus crustal shortening (Wang,
1997; Yue et al., 2001; Yin et al., 2002; Darby et al., 2005; Zheng
et al., 2010; Zhuang et al., 2011; Zhang et al., 2014), this tectonic
change was synchronous with changes in the sedimentary particle
size from fine-grained mudstones to coarse conglomerates, and
with a shift from distal to proximal depositional systems (Lu
et al., 2014; Ritts et al., 2004, 2008; Sun et al., 2005; Wang et al.,
2003), and the sediment provenance from newly-initiated thrust
belts (Yin et al., 2002; Wang et al., 2003; Sun et al., 2005; Ritts
et al., 2009). An abrupt increase in erosion rate in the hanging wall
of a thrust or reverse fault may be related to fault activity and
enhanced erosion at that time (Zheng et al., 2010). The fast infilling
of the Subei Basin since the middle Miocene has mainly been
attributed to tectonic, rather than climatic factors (Gilder et al.,
2001; Yin et al., 2002; Wang et al., 2003; Sun et al., 2005). The east-
ern Danghe Nan Shan and the central Qilian Shan were probably
the primary provenance of sediment to the Subei Basin before
�14 Ma.

On the one hand, the western end of the Danghe Nan Shan had
already been uplifted by �14 Ma, demonstrated by our new detri-
tal AFT results and by the accumulation of the proximal conglom-
erates and high sedimentation rates (Sun et al., 2005), suggesting
that the provenance of the Subei Basin had changed. However,
the detrital apatite fission track ages from the upper part of the
section still show much older age-peaks. Hence, the topographic
change might not have completely prevented the source of sedi-
ments from the central Qilian Shan and the eastern end of the
Danghe Nan Shan; a new source was just added from the western
end of the Danghe Nan Shan.
On the other hand, the slip motion of the ATF cannot be linked
to the provenance change of the Subei Basin, because there is no
evidence to demonstrate sediment derivation from the opposite
wall of that fault (Wang, 1997; Ritts et al., 2004). But the propaga-
tion of the ATF toward the northeastern margin of the Tibetan
Plateau was likely transferred to mountain building along the
active folds and thrusts south of the ATF, as in and bordering the
Danghe Nan Shan, Central Qilian Shan and North Qilian Shan since
the middle to late Miocene (Burchfiel et al., 1989; Métivier et al.,
1998; Meyer et al., 1998; Zhang et al., 2007; Zheng et al., 2010)
(Fig. 1). The uplift of the western end of the Danghe Nan Shan is
geometrically and kinematically linked with movements in the
thrust–fold belt along its southern and northern piedmonts driven
by the northeastward motion of the ATF (Meyer et al., 1998; van
der Woerd et al., 2001; Yin et al., 2002; Wang et al., 2003; Ritts
et al., 2004) (Fig. 2(B)). As a result, the Subei Basin became a
thrust–fold belt at the western end of the Danghe Nan Shan.
Therefore, a new source area for the Subei Basin can be attributed
to the uplift of the western end of the Danghe Nan Shan at �14 Ma.

Additionally, fast accumulation of conglomerates took place in
adjacent basins including the Miran River locality (Ritts et al.,
2008), the Xorkol Basin (Yue et al., 2003), the Aksay Basin (Ritts
et al., 2004), and the Danghe drainage basin (Wang et al., 2003)
(all localities marked on Fig. 1) after the middle Miocene (Fig. 7).
Apatite fission track and (U–Th)/He ages and magnetostratigraphy
from the Janggalsay section show that the rapid uplift of the Altun
Shan took place at �17–15 Ma (Cowgill, 2001; Ritts et al., 2008; Lu
et al., 2014; Li et al., 2015) (Fig. 2(h)). Bedrock and detrital apatite
fission track and (U–Th)/He thermochronologic data have provided
new constraints on the deformation history of northern Qaidam
Basin focused in the middle Miocene (Wang et al., 2004; Zhuang
et al., 2009) (Fig. 2A-(d)–(e)). The apatite fission track and
(U–Th)/He data suggest that crustal shortening in the North
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Qilian Shan fold–thrust belt started at 20–10 Ma (George et al.,
2001; Zheng et al., 2010) (Fig. 2A-(o) and (n)). Therefore, the middle
Miocene tectonic uplift at �14 Ma was a common phenomenon in
the northern Tibetan Plateau and provides a definitive means of
correlation (Fig. 7).
6. Conclusions

The systematic analysis of detrital apatite fission track data
from the Tiejianggou Formation allows us to make the following
conclusions:

The longer lag time, with long mean track lengths and narrow
length distributions, coupled with the lack of known tectonism of
the analytical age suggests that the grains were sourced from an
exhumed PAZ from the western end of the Dangle Nan Shan. The
presence of distinct breaks in slope of the peak ages and lag times
of the apatite fission track from the Tiejianggou Formation at
�14 Ma demonstrates that the change in provenance, related to
the uplift of the western end of the Danghe Nan Shan, was in the
middle Miocene.

The uplift of the western Danghe Nan Shan was closely linked
with movements in the thrust–fold belt along its southern and
northern piedmonts driven by the northeastward transfer of the
ATF. We emphasize a relationship between the activity of the
thrust systems at the western end of the Danghe Nan Shan and
the Cenozoic sedimentation in the Subei Basin. Tectonic forces
were the primary control of the provenance change in the Subei
Basin. This work implies that the initiation of successive growths
of the Tibetan Plateau extended to its northeastern edge in the
middle Miocene.
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