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Unraveling the growth of northern Tibet is crucial to understanding the geodynamic processes of the India-Eur-
asia collision, evaluating plateau upliftmodels and reconstructing associated paleoclimate history. However, pre-
middleMiocene deformation history of northern Tibet remains poorly understood.Weuse detrital apatite fission
track (detrital AFT) thermochronology ofMesozoic and Cenozoic sedimentary rocks fromnorthern Qaidambasin
to constrain the early growth of northern Tibet. Detrital AFT ages of theMesozoic samples are younger than their
depositional ages, indicating that theMesozoic succession underwent two stages of exhumation after deep burial
during 80–61Ma and 54–47Ma. Detrital AFT ages of the Cenozoic samples are older than their depositional ages
and reveal that their source region experienced two periods of exhumation (peak ages in 86–59 Ma and
54–36 Ma). These results suggest that the northern Tibet successively experienced Late Cretaceous–early
Paleocene and early–middle Eocene deformation. The Late Cretaceous–early Paleocene deformation implies
that the extent of pre-collisional (India-Eurasia) deformation region in the plateau were much larger than previ-
ously known. The static detrital AFT peak ages (54–51Ma) based on lag-time analysis for the Paleogene samples
demonstrate the early Eocene deformation was a rapid and short-lived event, which was a far-field response to
the India-Eurasia collision. Hence,we advocate synchronous deformation throughout the northern plateau at the
collision time. Lag-time analysis results also demonstrate absence of Oligocene to earlyMiocene cooling ages and
post-Eocene decreasing exhumation rates in the Cenozoic source regions. This suggests relatively quiescent tec-
tonic settings in the Qilian Mountains during the Oligocene–early Miocene and agrees that the lateral strike-slip
movement of the Altyn Tagh Fault was accommodated out of the plateau by the end of the early Miocene.

© 2018 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
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1. Introduction

As the world's highest and most extensive plateau (Fig. 1A), Tibet is
an ideal field laboratory for understanding geodynamic processes of
continental collision and interactions between plateau uplift and global
climate (Harrison et al., 1992; Molnar et al., 1993; Ruddiman et al.,
1997). Early models of Tibetan Plateau formation assumed that the
India-Eurasia collision at ca. 55–50 Ma (Najman et al., 2010; Van
Hinsbergen et al., 2012) was the major force of deformation and crustal
thickening, and post-collision convergence between the two plates dou-
bled the thickness of the crust and created much of the current high to-
pography (England andMcKenzie, 1982; England andHouseman, 1986;
Tapponnier et al., 2001). Given that the India plate, as a rigid indenter,
na Research. Published by Elsevier B.
converges with a weaker Eurasian lithosphere since the collision, most
of these models advocated northward and eastward propagating of
strain in the plateau. In this case, deformation and high-relief topogra-
phy were supposed to occur earliest near the plate boundary, whereas
the northern Tibet deformation was young (e.g., England and
Houseman, 1986; Zheng et al., 2000; Tapponnier et al., 2001).

Newdata challenge this idea. First, numerous studiesfind that defor-
mation and considerable crustal thickening had already occurred in the
southern and central Tibetan Plateau prior to the India-Eurasia collision
(e.g., Murphy et al., 1997; Kapp et al., 2005, 2007; Volkmer et al., 2007;
Rohrmann et al., 2012; Ding et al., 2014). Several similarities can be
drawn between the pre-collisional tectonic setting of the Tibetan Pla-
teau and of the modern Altiplano of the Andes (Kapp et al., 2005;
Lippert et al., 2014), where eastward subduction of the Nazca plate
has resulted in thickened South American lithosphere and an associated
high-elevation mountain belt. The modern central Andes may act as an
V. All rights reserved.
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Fig. 1. (A) Location of the Qaidam basin. (B) Major tectonic elements in northern Tibet and previous low-temperature thermochronology (diamond) and detrital thermochronology
(lowercase letters) study sites. Previous detrital thermochronology studies on northern Tibet include the following Cenozoic sedimentary basins: (a) Subei basin (Lin et al., 2015),
(b) Jiuxi basin (W. Wang et al., 2016), (c) Xining-Guide basin (X. Wang et al., 2016), (d) Western Qaidam basin (Wang et al., 2015) and (e) southern Tarim basin (Yin et al., 2002).
Basement thermochronological data are from George et al. (2001), Jolivet et al. (2001), Clark et al. (2010), Zheng et al. (2010), Duvall et al. (2011, 2013), Lease et al. (2011), Lu et al.
(2012), Qi et al. (2016), F. Wang et al. (2016), Liu et al. (2017) and Zhuang et al. (2018). Green, red and yellow diamonds indicate pre-Cenozoic, Paleogene and Neogene cooling ages,
respectively. AHe: apatite (U-Th)/He; AFT: apatite fission track; ZHe: zircon (U-Th)/He; Ar: 40Ar/39Ar of fault gouge. Gray double-headed arrows (1), (2) and (3) represent areas of
North Qilian, Central Qilian and South Qilian-North Qaidam belts, respectively. (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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analogue for the early growth history of the Tibet, where most of the
plateau developed above an oceanic subduction zone in the absence of
a continent-continent collision (e.g., Ding et al., 2014; Lippert et al.,
2014). Thus, the southern margin of the Eurasian plate was inferred as
an Andean-type margin since the Late Cretaceous (Staisch et al., 2016
and figures therein).

Second, although many structures on the north margin initiated
since the middle–late Miocene (e.g., George et al., 2001; Lu and Xiong,
2009; Zheng et al., 2010; Duvall et al., 2013; Chang et al., 2015), recently
published thermochronological data from East Kunlun and West
Qinling orogenic belts (Clark et al., 2010; Duvall et al., 2011; F. Wang
et al., 2016) and basin analysis results (e.g., Dupont-Nivet et al., 2004;
Yin et al., 2008a; Zhuang et al., 2011) suggest that extensive deforma-
tion occurred across the northern Tibet during the Eocene, i.e., shortly
after the India-Eurasia collision. However, Cenozoic deformation and
uplift history of northern Tibet remains controversial. Potential defor-
mation scenarios mainly include (A) synchronous widespread crustal
shortening soon after collision (Clark, 2012), or (B) northward propa-
gating shortening within northern Tibet (Wang et al., 2008; W. Wang
et al., 2016). Furthermore, thermal modeling of (U–Th)/He age-
elevation data show high relief (~1.82 times the relief of the present)
during the middle Eocene (ca. 40 Ma) (F. Wang et al., 2016); however,
paleoaltimetry results indicate that low to moderate elevations
(b2000 m) persisted until the late Eocene and the northern Tibet
achieved most of today's elevation after the middle Miocene (Polissar
et al., 2009; Sun et al., 2015; Miao et al., 2016).

The Qaidambasin is the largest intracontinental basin in Tibetan Pla-
teau (Fig. 1A). The basin contains a remarkably thick (3–16 km)
Mesozoic–Cenozoic sedimentary succession, which potentially pre-
serves substantial information about the tectonic evolution of northern
Tibet (e.g., Ritts and Biffi, 2001; Yin et al., 2002, 2008b; Zhuang et al.,
2011; Guan and Jian, 2013). Much remains to be understood about
what happened within and adjacent to the Qaidam basin along with
early deformation of northern Tibet. Detrital thermochronology allows
studying long-term record of orogenic exhumation and getting thermal
information of previously exposed bedrock. In this study, we present
detrital apatite fission track (detrital AFT) data and interpretations for
Jurassic, Early Cretaceous and Cenozoic sedimentary rocks in the north-
ern Qaidambasin to determine the early exhumation history and defor-
mation of northern Tibet.

2. Geological setting

The Qaidam basin is bounded by three large mountain ranges that
reach elevations of up to 5 km. To the south are the East KunlunMoun-
tains, which separate the Qaidambasin from theHoh Xil basin (Fig. 1A).
The East Kunlun Mountains are dominantly composed of Early Cam-
brian to Early Devonian and Late Permian to Triassic igneous rocks
and Devonian to Early Triassic marine sedimentary rocks (Dai et al.,
2013; Huang et al., 2014), which are considered to be records of succes-
sive subduction-closure of Proto-Tethys and Paleo-Tethys oceans dur-
ing the Paleozoic to early Mesozoic (Li et al., 2013; Cheng et al., 2017).
The East Kunlun subsequently experienced late Mesozoic to Cenozoic
multi-phase deformation and uplift events (Clark et al., 2010; Dai
et al., 2013; Duvall et al., 2013; F. Wang et al., 2016; Fig. 1B).

TheQilianMountains are to the east as a ca. 300 kmwide fold-thrust
belt (Fig. 1A) and from north to south consist of the North Qilian early
Paleozoic complex, the Central Qilian Proterozoic basement and the
South Qilian-North Qaidam metamorphic belt (Gehrels et al., 2003).
This orogen is mainly composed of different types of metamorphic
rocks, volcanic rocks, marine sedimentary strata as well as ophiolite as-
sociations (Gehrels et al., 2003). It is thought to be a suture zone con-
junction of two continents between segments of Rodinia
supercontinent and North China Craton. It preserves a complete history
from continental breakup to ocean basin evolution (so-called Qilian
Ocean), and to the ultimate continental collision during the
Neoproterozoic to late Paleozoic (Song et al., 2013 and references
therein).

To the northwest are Altun Mountains, which are created by an ac-
tive left-lateral strike-slip fault (Altyn Tagh Fault) and separate the
Qaidam basin from the Tarim basin (Fig. 1A). The Altun Mountains
mainly consist of Archean-Proterozoic basement rocks and marine
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sedimentary strata, Paleozoic metamorphic and igneous rocks and Me-
sozoic sedimentary strata (Gehrels et al., 2003). The Cenozoic deforma-
tion of the AltunMountains initiated at ca. 49 Ma (Yin et al., 2002) with
movement on the left-lateral Altyn Tagh Fault and lateral extrusion be-
fore ca. 15 Ma, and crustal thickening and substantial uplift after ca.
15 Ma (Yue and Liou, 1999; Yue et al., 2003; Lu et al., 2016).

The Qaidam basin is situated approximately 2.7–3.0 km above sea
level and covers approximately 120,000 km2 (Fig. 1B). It is well ac-
cepted that the Mesozoic Qaidam basin was a foreland basin (Ritts
and Biffi, 2001; Xia et al., 2001). The Cenozoic Qaidambasinwas created
by the development of a large synclinorium (Bally et al., 1986), which is
closely associated with the continuous convergence between Indian
and Eurasian plates and the uplift of northern Tibet (Tapponnier et al.,
2001; Yin et al., 2008a, 2008b). TheMesozoic and Cenozoic sedimentary
succession of the Qaidam basin was mainly deposited in a fluvial-
lacustrine environment (e.g., Ritts and Biffi, 2001; Zhuang et al., 2011;
Jian et al., 2014). Fig. 2B shows the stratigraphic and age framework of
the sedimentary succession. Lithology and depositional environment
descriptions of each stratigraphic unit are in Jian et al. (2013b).

3. Sampling and analytical methods

Paleocurrent orientation data were collected from the Cenozoic
Yingchaogou (YCG) section and were mainly determined by ripple
foresets and gravel imbrications. Six Jurassic, two Cretaceous and
seven Cenozoic sandstone samples were collected from 4 outcrops
(YCG, Jielvsu (JLS), Lulehe (LLH) and Dameigou (DMG) sections) and 2
Drill holes (Wells X9 and B1) for detrital thermochronology (Fig. 2).
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Fig. 2. (A) Simplified geologic map of the northern Qaidam basin and s
Sample descriptions are in Table 1. These samples were first crushed,
and detrital apatite grains were separated using heavy liquids and stan-
dard magnetic separation techniques and were picked under a
microscope.

Apatite fission track analyses were carried out at the State Key Lab-
oratory of Earthquake Dynamics, China Earthquake Administration. All
samples were dated by the external detector method (Gleadow and
Duddy, 1981). Apatite grains were etched in 5.5 M nitric acid at 21 °C
for 20 s. Apatite samples, the low-U mica external detectors and CN5
grass dosimeter were packaged together and were subsequently irradi-
ated at China Institute of Atomic Energy, Beijing. The mica external de-
tectors were etched with 21 °C in 40% hydrofluoric acid for 40 min.
Fission track analyses were performed on a Zeiss Axioplan 2 micro-
scope, by using dry objectives with magnification of 1000. Fission
track ages were calculated by the zeta calibration method (Hurford
and Green, 1983). The results are given in Table 1.

4. Results

Detrital AFT ages of the fifteen samples are between 80.5 ± 3.9 and
46.5± 2.3Ma (Figs. 3–5; Table 1). The detrital AFT ages of all theMeso-
zoic samples pass X2 test (i.e. P (X2) N 5%), implying that all single-
crystal ages represent a single population of ages for each sample. The
Early Jurassic Sample DMG-13 shows a detrital AFT age of 61.6 ±
3.3 Ma, the Middle Jurassic Samples JLS-07 and LLH-04 have detrital
AFT ages of 68.5 ± 3.9 Ma and 69.1 ± 3.3 Ma, respectively, while the
Late Jurassic Samples DMG-31, JLS-11 and LLH-08 have relatively
broad ages, i.e., 80.5 ± 3.9 Ma, 78.1 ± 4.4 Ma and 46.5 ± 2.3 Ma,
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Table 1
Sample descriptions and detrital apatite fission track analysis data.

Sample Location Depositional
epoch

Formation Nc ρd (Nd) ρs (Ns) ρi (Ni) U
(ppm)

P
(X2)
%

AFT agea

(Ma ± 1σ)
Mean length
(μm ± 1σ)

Std. dev.
(μm)

DMG-13 37°36′55″N, 96°1′18″E Early Jurassic Xiaomeigou
Fm.

30 0.926 (2315) 5.109 (820) 1.349 (2165) 18.2 36.6 61.6 ± 3.3 14.09 ± 0.09 0.87

JLS-07 38°24′19″N, 94°17′21″E Middle
Jurassic

Dameigou
Fm.

30 0.805 (2013) 4.456 (753) 0.919 (1553) 14.3 20.3 68.5 ± 3.9 14.22 ± 0.11 1.1

LLH-04 38°10′54″N, 94°38′29″E Middle
Jurassic

Dameigou
Fm.

30 0.896 (2239) 9.183 (1483) 2.090 (3376) 29.2 21.6 69.1 ± 3.3 14.23 ± 0.09 0.91

JLS-11 38°24′16″N, 94°17′9″E Late Jurassic Hongshuigou
Fm.

30 0.790 (1976) 3.599 (835) 0.639 (1482) 10.1 83.7 78.1 ± 4.4 14.05 ± 0.10 0.96

LLH-08 38°10′9″N, 94°38′44″E Late Jurassic Hongshuigou
Fm.

30 0.881 (2202) 7.589 (1089) 2.528 (3628) 35.9 60.4 46.5 ± 2.3 14.00 ± 0.10 1.07

DMG-31 37°31′35″N, 96°0′22″E Late Jurassic Hongshuigou
Fm.

28 0.911 (2277) 7.748 (1352) 1.539 (2685) 21.1 86.6 80.5 ± 3.9 14.38 ± 0.09 0.96

LLH-16 38°9′40″N, 94°38′30″E Early
Cretaceous

Quanyagou
Fm.

30 0.866 (2164) 4.705 (687) 1.421 (2075) 20.5 65.9 50.4 ± 2.9 14.09 ± 0.12 1.21

LLH-20 38°9′39″N, 94°38′29″E Early
Cretaceous

Quanyagou
Fm.

29 0.850 (2126) 4.655 (810) 1.286 (2237) 18.9 12 54.1 ± 2.9 13.91 ± 0.11 1.07

YCG-03 38°30′N, 93°55′44″E Middle
Eocene

Xia
Ganchaigou
Fm.

30 0.775 (1938) 3.773 (949) 1.003 (2522) 16.2 92.2 51.3 ± 2.7 14.42 ± 0.11 1.15

YCG-09 38°29′30″N, 93°55′30″E Late Eocene Xia
Ganchaigou
Fm.

29 0.760 (1900) 2.946 (960) 0.731 (2383) 12 53.8 53.8 ± 2.8 13.38 ± 0.11 1.1

YCG-20 38°28′40″N, 93°55′21″E Late
Oligocene

Shang
Ganchaigou
Fm.

28 0.745 (1862) 5.035 (866) 1.221 (2100) 20.5 80.1 54.0 ± 2.9 14.25 ± 0.12 1.21

YCG-30 38°28′08″N, 93°55′13″E Middle
Miocene

Xia
Youshashan
Fm.

30 0.730 (1825) 4.845 (889) 0.912 (1673) 15.6 90.5 68.1 ± 3.8 14.41 ± 0.09 0.95

YCG-38 38°27′33″N, 93°55′2″E Middle
Miocene

Shang
Youshashan
Fm.

30 0.715 (1787) 4.339 (1076) 1.038 (2575) 18.2 0.9 55.8 ± 3.3 14.16 ± 0.11 1.1

B1-05b 37°46′2″N, 94°22′15″E Middle
Miocene

Shang
Youshashan
Fm.

30 0.956 (2390) 5.392 (895) 1.776 (2948) 23.2 0 57.5 ± 4.4 14.14 ± 0.10 0.97

X9-18b 37°56′18″N, 94°11′45″E Middle
Miocene

Xia
Youshashan
Fm.

28 0.820 (2051) 3.708 (634) 1.223 (2091) 18.6 0.5 47.3 ± 3.3 14.48 ± 0.11 1.16

Nc: number of apatite crystals analyzed; ρd: induced fission-track density calculated from muscovite external detectors used with SRM612 dosimeter; ρs: spontaneous fission-
track density on the internal surfaces of apatite crystals analyzed; ρi: induced fission-track density on the muscovite external detector for crystals analyzed; Nd, Ns and Ni:
total number of fission tracks counted in ρd, ρs and ρi, respectively; P(X2): chi-squared probability that all single-crystal ages represent a single population of ages where degrees
of freedom = Nc − 1; Apatite-ZetaCN5 = 353.0 ± 10.

a Pooled AFT ages were used for samples with P (X2) N5%, and mean AFT ages were used for samples with P (X2) ≤5%.
b Borehole samples. The depths of Samples B1-05 and X9-18 are 1236 m and 814 m, respectively.
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respectively (Fig. 3; Table 1). The two Early Cretaceous Samples LLH-16
and LLH-20 yield detrital AFT ages of 50.4 ± 2.9 Ma and 54.1 ± 2.9 Ma
(Fig. 3; Table 1). The Cenozoic Samples YCG-03, YCG-09, YCG-20 and
YCG-30 have detrital AFT ages at 51.3 ± 2.7 Ma, 53.8 ± 2.8 Ma, 54.0
± 2.9 Ma and 68.1 ± 3.8 Ma, respectively, and these ages also pass X2

test (Table 1). However, detrital AFT ages of the samples YCG-38, B1-
05 and X9-18 (i.e. 55.8 ± 3.3 Ma, 57.5 ± 4.4 Ma and 47.3 ± 3.3 Ma, re-
spectively) fail X2 test (i.e. P (X2) ≤ 5%), implying the presence of multi-
ple age populations for each sample. Raw data of apatite fission track
analysis are given in Tables A1–A2 (in the Supplementary data).

Wemodeled the time-temperature histories of thoseMesozoic sam-
ples using a Monte-Carlo inversion algorithm of HeFTy (Ketcham,
2005). In addition to the AFT data, the ranges of possible thermal histo-
ries are constrained by sample depositional ages and a wide tempera-
ture window of burial temperatures (Fig. 3G). The good fit models of
the Jurassic Samples DMG-13, DMG-31, JLS-07, JLS-11 and LLH-04 sug-
gest that the onset of a cooling from ~120 °Cwas as early as the Late Cre-
taceous (N70Ma), while the thermal models of the Late Jurassic Sample
LLH-08 and Early Cretaceous Samples LLH-16 and LLH-20 indicate that
~120 °C cooling probably started at the early Paleogene.

Paleocurrent orientation data were collected from 4 locations on the
Cenozoic YCG section (Fig. 4). The Xia Ganchaigou and Shang
Ganchaigou Formations have overwhelmingly southwest-directed
paleoflow (Fig. 4), while west-directed paleoflow orientations prevail
during the Xia Youshashan Formation deposition time. The Shang
Youshashan Formation has southwest- and west- directed paleoflow
(Fig. 4).

5. Discussion

5.1. Temporal variations of Cenozoic sedimentary provenance for northern
Qaidam basin

Fig. 6 shows the comparison between detrital AFT ages and deposi-
tional ages of the analyzed samples. The results indicate that the detrital
AFT ages of themiddle Eocene to late Oligocene samples (YCG-03, YCG-
09 and YCG-20) range from 54Ma to 51 Ma, while the detrital AFT ages
of the Miocene samples (YCG-30, YCG-38, X9-18 and B1-05) from
68 Ma to 35 Ma (Fig. 6). Therefore, the detrital AFT ages of all the Ceno-
zoic samples are older than their depositional ages (Fig. 6). The mea-
sured track-lengths show narrow length distributions (Figs. 4–5) and
the track-length averages range from 13.38 ± 0.11 μm to 14.48 ±
0.11 μm (Table 1). Hence, we interpret that all the Cenozoic samples
are unannealed, and the detrital apatite grains preserve cooling history
of their parent-rocks. Table 2 displays Binomial (Brandon, 2002) peak-
fitting results of the detrital AFT age data of the analyzed Cenozoic sam-
ples. All the ages fall into 2 age populations, i.e. Population 1 (P1, Eo-
cene) and Population 2 (P2, Late Cretaceous to Paleocene) in Table 2.
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The published data of clast composition, heavy mineral, mineral
chemistry, detrital mica 40Ar/39Ar age, detrital zircon U-Pb age and
paleoflow direction, indicate that the North Qaidam and South Qilian
terranes are major sources for the Cenozoic sedimentary rocks (Rieser
et al., 2006; Zhuang et al., 2011; Jian et al., 2013a, 2013b). Therefore,
the Cenozoic detrital AFT analysis results (Table 2; Figs. 4–5) reveal
that the southern part of Qilian Mountains probably underwent wide-
spread cooling (~120 °C–60 °C) during the Late Cretaceous to early Eo-
cene. However, previous bedrock low-temperature thermochronology
studies across the Qilian Mountains demonstrate extensive Neogene
(20–10 Ma) exhumation and subordinate Early Cretaceous and late
Paleogene exhumation (Fig. 1B). This means that the pre-Miocene ex-
humation in Qilian Mountains was likely underestimated. We infer
that plenty of rocks had ever been exhumed during the Late Cretaceous
to early Eocene in the southern part of Qilian Mountains and were sub-
sequently eroded, and the materials were transported to the northern
Qaidam basin.

Assuming sedimentary rocks in a basin are directly derived from a
single adjacent source, the sedimentary rocks at the bottom of a strati-
graphic succession document relatively early exhumation of parent-
rocks and thus have older cooling ages, while sedimentary rocks at the
top have relatively younger cooling ages (Bernet et al., 2009). However,
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detrital apatite grains from the Paleogene samples (YCG-03, YCG-09
and YCG-20) of the YCG section only have younger P1 fission track
ages,whereas the relatively older P2fission track ages can be largely de-
tected in apatite grains from the Miocene samples (YCG-30 and YCG-
38) (Fig. 4). This kind of detrital thermochronological pattern could be
attributed to different source regions, i.e., an early source with younger
cooling ages contributed detritus first and then other source regions
with older cooling ages were involved in. This can be explained as fol-
lows. First, the paleocurrent data (Fig. 4) indicate dominantly
southwest-directed paleoflow during the middle Eocene–Oligocene,
while west-directed paleoflow orientations prevailed during the early
Miocene and west- and southwest- directed paleoflow prevailed since
the middle Miocene. Second, previous conglomerate clast composition,
sandstone petrography and heavy mineral-based provenance analysis
results suggest seemingly increasing contribution of metamorphic
rocks to the depositional area since the early–middle Miocene
(Zhuang et al., 2011; Jian et al., 2013a). The occurrence of two fission
track age populations in the middle Miocene sedimentary rocks (Sam-
ples YCG-38, X9-18 andB1-05) revealsmultiple source regionswith dif-
ferent cooling histories contributing sediments at the same time.

5.2. Two stages of Late Cretaceous to early Eocene exhumation in northern
Tibet

The detrital AFT ages of the Jurassic and Early Cretaceous samples
range from 81Ma to 46 Ma (Table 1), and are younger than their depo-
sitional ages (Fig. 6). This reveals that theseMesozoic sedimentary rocks
were deeply (N6 km) buried andwere subsequently exhumed, andhave
distinct deformation history from Cenozoic sedimentary rocks. The
deep burial is also suggested by significant compaction and pressure-
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solution diagenesis of the Mesozoic sandstones (Jian et al., 2013b) and
the thermalmaturity (Ro=1.0%) of the coal-bearing Lower andMiddle
Jurassic rocks (Ritts et al., 1999). Therefore, the detrital AFT analysis re-
sults in this study suggest that both the Mesozoic sedimentary succes-
sion in northern Qaidam basin and the southern part of Qilian
Mountains experienced exhumation during the Late Cretaceous to
early Eocene. Numerous Late Cretaceous to early Eocene cooling ages
have also been reported by previous detrital thermochronological stud-
ies on Cenozoic sedimentary rocks from western Qaidam basin (Wang
et al., 2015), southern Tarim basin (Yin et al., 2002), Subei basin (Lin
et al., 2015), Jiuxi basin (W.Wang et al., 2016) and Guide-Xining basins
(X. Wang et al., 2016) and thermochronological studies on the exposed
bedrock and faults of the East Kunlun and Qinling Mountains (Fig. 1B).
Thus, the Late Cretaceous to early Eocene exhumation was a regional
rather than a local event in northern Tibet.

In general, upper sedimentary rocks present older cooling ages than
lower sedimentary rocks in an exhumation event for deep-buried
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sedimentary strata. The Upper Jurassic Samples JLS-11 and DMG-31
have relatively consistent detrital AFT ages, i.e., 78.1 ± 4.4 Ma and
80.5 ± 3.9 Ma, respectively. These ages are older than the detrital AFT
ages of the Middle and Lower Jurassic Samples JLS-07 (68.5 ± 3.9 Ma)
and DMG-13 (61.6 ± 3.3 Ma) from the two sections, implying that
these Jurassic samples experienced one-stage of exhumation during
ca. 80–61 Ma. However, the Upper Jurassic and Lower Cretaceous Sam-
ples LLH-08, LLH-16 and LLH-20 from the LLH section (Fig. 3) have
younger detrital AFT ages (46.5 ± 2.3 Ma, 50.4 ± 2.9 Ma and 54.1 ±
2.9 Ma, respectively) than the Middle Jurassic Sample LLH-04 (69.1 ±
3.3 Ma), revealing that the Mesozoic LLH section probably experienced
two stages of exhumation events. The two-stage exhumation is also
reflected by the HeFTy thermal models (Fig. 3). Given the similar exhu-
mation ages between theMiddle Jurassic LLH and JLS sections, the exhu-
mation of theMiddle Jurassic LLH section is related to the same phase of
exhumation that is identified in the JLS and DMG sections. Collectively,
the Late Cretaceous to early Eocene exhumation in all the analyzed Me-
sozoic rocks at least consists of two stages, ca. 80–61 Ma and ca.
54–47 Ma (Fig. 6).

As mentioned above, the detrital AFT ages of Cenozoic rocks can also
be separated into two age populations, with the peak age ranges of
86–59 Ma and 54–36 Ma (Figs. 4–5, Table 2), implying two stages of
cooling and uplift of sedimentary sources during the Late Cretaceous
to Eocene. Furthermore, lag-time concept is employed to determine ex-
humation rates in source terranes for the Cenozoic samples. The lag-
time represents the difference between the time cooling minerals pass
through a closure isotherm in the source region and deposition time
in the adjacent basin (Garver et al., 1999; Bernet et al., 2006). To evalu-
ate the source exhumation rate, this concept assumes that detritus
transport time is negligible at geological time scales (Brandon and
Vance, 1992). Thus, the lag-time is calculated as the peak cooling age
minus the depositional age (Garver et al., 1999; Bernet et al., 2006). A
shortening trend of lag-time indicates accelerating exhumation over
time, while an increase in lag-time reveals a decrease in exhumation
rates, and constant lag-times reflect continuous exhumation at a certain
rate and long-term balance between convergence mass influx and ex-
humation outflux (Bernet and Garver, 2005). The detrital AFT peak
ages for those Paleogene samples (i.e. YCG-03, YCG-09 and YCG-20) of
the YCG section are approximately constant (with errors) and the lag
time correspondingly increases continuously up-section (Table 2,
Fig. 7). This situation is regarded as a static peak (Brandon and Vance,
1992). Bernet et al. (2006) states that a static peak could be either



Table 2
Binomial peak-fitting results of detrital apatite fission track data of Cenozoic sandstone samples.

Sample Depositional age Population 1 Population 2 P(X2) %

Peak (Ma) CI (95%) CI (68%) Frac (%) Peak (Ma) CI (95%) CI (68%) Frac (%)

B1-05 Middle Miocene (14 ± 2 Ma) 44.3 −4.7/+5.2 −2.5/+2.6 73.6 85.7 −16.9/+21.0 −9.1/+10.1 26.4 0.0
X9-18 Middle Miocene (16 ± 2 Ma) 35.9 −5.5/+6.5 −2.9/+3.2 53.8 58.7 −10.4/+12.7 −5.6/+6.1 46.2 0.5
YCG-38 Middle Miocene (13 ± 2 Ma) 47.1 −6.6/+7.7 −3.5/+3.8 70.3 69 −16.7/+22.0 −9.1/+10.5 29.7 0.9
YCG-30 Middle Miocene (17 ± 2 Ma) – – – 68.1 −6.4/+7.0 −3.3/+3.5 100 90.5
YCG-20 Late Oligocene (26 ± 4 Ma) 54 −5.0/+5.5 −2.6/+2.7 100 – – – 80.1
YCG-09 Late Eocene (39 ± 4 Ma) 53.8 −4.8/+5.2 −2.5/+2.6 100 – – – 53.8
YCG-03 Late Eocene (41 ± 4 Ma) 51.3 −4.5/+5.0 −2.4/+2.5 100 – – – 92.2

Note that the detrital AFT ages for the analyzed Cenozoic samples are older than the corresponding depositional ages, implying these ages represent cooling ages of source parent-rocks.
BINOMIAL software (Brandon, 2002) was employed to obtain the peak ages.
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(A) attributed to a source terrane that experienced a rapid but short-
lived cooling event, (B) due to recycling of a sedimentary source, in par-
ticular if the peak age is relatively old and predates orogenesis or
(C) derived from thick and non-reset volcanic rocks. The peak ages are
relatively young (ca. 54–51 Ma) and early Eocene volcanic activity
was rare within and along the Qilian Mountains (e.g., Ding et al.,
2003; Taylor and Yin, 2009; Xia et al., 2011). Therefore, we advocate
that the North Qaidam and South Qilian terranes, as the main sediment
sources, likely experienced fast exhumation during the early Eocene and
was then subsequently exhumed slowly and eroded into the Qaidam
basin until at least the early Miocene.

5.3. Tectonic evolution of the northern Tibet since the Late Cretaceous

Most studies agree that the central Tibetan crust was thickened sub-
stantially prior to the India-Eurasia collision (e.g., Kapp et al., 2005,
2007; Volkmer et al., 2007). Thermochronological evidence infers
rapid tomoderate cooling and substantial surface elevation gain in cen-
tral Tibet during the Cretaceous to Eocene (Wang et al., 2008;
Rohrmann et al., 2012), and paleoelevation estimates suggest that
most areas of Lhasa and Qiangtang terranes were likely elevated to
near-modern altitudes by the late Paleogene (e.g., Rowley and Currie,
2006; Polissar et al., 2009; Xu et al., 2013; Ding et al., 2014). If the Cre-
taceous Eurasian plate had an Andean-type margin in the south, the
thickened lithosphere of central Tibet was attributed to the northward
subduction of the Neo-Tethys oceanic plate (Ding et al., 2014; Lippert
et al., 2014; Staisch et al., 2016). Our new detrital AFT analysis results
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indicatewidespread Late Cretaceous–middle Paleocene (86–59Ma) ex-
humation in northern Tibet. This means that the extent of the pre-
collisional deformation region might be much larger than previously
known (Fig. 8A). In this case, Late Cretaceous–middle Paleocene sub-
duction of the Neo-Tethys lithosphere even influenced the tectonics of
current northmargin of the Tibet plateau. This mightmake us to recon-
sider the nature of the subduction zone in the south margin of the Eur-
asian plate before the India-Eurasia collision. Although the elevation
and the amount of crustal thickening of northern Tibet prior to the col-
lision remain less well known, the northern Tibet was likely involved in
pre-collisional development of the whole plateau.

The published low-temperature thermochronological data in the
Qilian Mountains demonstrate widespread deformation during the
Neogene (20–10 Ma) (George et al., 2001; Zheng et al., 2010; Lease
et al., 2011; Duvall et al., 2013), whereas the Eocene cooling signals
are minor (Fig. 1B). Conversely, The East Kunlun shows abundant Eo-
cene cooling ages (Fig. 1B). This is seemingly consistent with the
model of northward propagating deformation within the northern
Tibet, which predicts the Qilian Mountains experienced much later
deformation and uplift than the East Kunlun (Wang et al., 2008).
However, our new detrital AFT results, combined with previous
thermochronological, stratigraphic and basin structural analysis results
(e.g., Yin et al., 2002; Clark et al., 2010; Duvall et al., 2011; Zhuang et al.,
2011; F. Wang et al., 2016), favor synchronous distributed deformation
and crustal shortening throughout the northern plateau near the onset
of the India-Eurasia collision (Clark, 2012). Regardless of whether high
topographywas orwas not built simultaneously as a result of this defor-
mation event, more and more evidence suggests that the northern
boundary of the plateauwas established once the India-Eurasia collision
commenced at ca. 55–50Ma. The far-field stress resulted in accelerated
exhumation, rapid erosion and deposition (Fig. 8B), as well as the for-
mation of Cenozoic basins in northern Tibet (Yin et al., 2008a, 2008b;
Clark et al., 2010; Zhuang et al., 2011; Guan and Jian, 2013).

It isworth noting that themiddleMiocene samples don't haveOligo-
cene to early Miocene cooling ages (Figs. 3–5), implying quiescence in
exhumation of the southern Qilian Mountains during the Oligocene to
early Miocene. Lag-time analysis of those Paleogene samples indicates
decreasing exhumation rates of the source regions at least from late Eo-
cene to late Oligocene (Fig. 7). Furthermore, the low-temperature
thermochronology results of the thrust faulting-related bedrocks also
support Oligocene to early Miocene quiescence in range-bounding
thrust faulting activities in the Qilian Mountains (Zhuang et al., 2018).
Collectively, the Qilian Mountains were likely in relatively quiescent
tectonic settings during the Oligocene to early Miocene. This inference
is consistent with balanced cross-section restoration studies which
show the minima crustal thickening during that time (Zhou et al.,
2006). The weak exhumation and deformation is also reflected by the
sedimentation in Qaidam basin, where the Shang Ganchaigou and Xia
Youshashan Formations mainly consist of fine-grained fluvio-
lacustrine sedimentary rocks under low-gradient depositional systems
(Zhuang et al., 2011; Guan and Jian, 2013). We favor that this relatively
quiescent tectonic setting of the Qilian Mountains was probably related
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to large-amplitude lateral offset and extrusion along the sinistral strike-
slip Altyn Tagh Fault (Fig. 8C) before the end of earlyMiocene time (Yue
and Liou, 1999; Yue et al., 2003; Lu et al., 2016). The slip motion of the
Altyn Tagh Fault was accommodated out of the plateau, rather than
within the plateau during ca. 36–18 Ma (Yue and Liou, 1999; Yue
et al., 2003), resulting in very weak and low-rate crustal thickening in
the Qilian Mountains (Bovet et al., 2009; Lease et al., 2012; Zhang
et al., 2014).

Sediment provenance variations and dramatic changes of detrital
AFT lag-time (Fig. 7) at ca. 17 Ma were likely due to rapid uplift and
intensive deformation of the North Qaidam and South Qilian terranes
since the middle Miocene. This is consistent with results of Zhuang
et al. (2018), which show that Neogene exhumation started in the
south of Qilian Mountains prior to 18–16 Ma. This uplift event is
also supported by the high-gradient depositional systems in the
northern margin of the Qaidam basin (Zhuang et al., 2011; Guan
and Jian, 2013) and relatively higher sediment accumulation rates
since the middle–late Miocene (Fang et al., 2007; Lu and Xiong,
2009; Ji et al., 2017). Although the detrital AFT presented in this
study do not contain middle Miocene or younger cooling ages,
numerous published fission-track analysis and (U-Th)/He
thermochronological data indicate a fast exhumation event during
the middle–late Miocene throughout the Qilian Mountains (Fig. 1B;
George et al., 2001; Zheng et al., 2010; Lease et al., 2011; Lu et al.,
2012; Duvall et al., 2013; Zhuang et al., 2018). Combined with the
Late Cenozoic tectonic history of the other adjacent orogenic belts,
e.g. East Kunlun, Altun Mountains and West Qinling (e.g., Duvall
et al., 2013; Chang et al., 2015; Lu et al., 2016), we favor that the
rapid uplift of Qilian Mountains was a part of a tectonic reorganiza-
tion in northern Tibet during the middle Miocene (Fig. 8D). Given
the coevality of increasing Pacific-Asia plate convergence rates and
this tectonic reorganization, Zhuang et al. (2018) argued that the in-
creasing constrictive environment of the eastern plate boundary
changed the behavior of the Altyn Tagh Fault, causing it to change
from feeding slip into structures out of the plateau to feeding slip
into structures at plateau margins. This widely distributed deforma-
tion resulted in substantial crustal shortening in these orogenic belts
and thus led to near-modern elevations and the current tectonic
framework in northern Tibet (Polissar et al., 2009; Lease et al.,
2012; Zhang et al., 2014; Sun et al., 2015; Miao et al., 2016).
6. Conclusions

AFT-based detrital thermochronology of Jurassic, Early Cretaceous
and Cenozoic sandstone samples from thenorthernQaidambasin yields
the following conclusions concerning the tectonic evolution and defor-
mation history of northern Tibet:
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1) The northern Tibet regionally underwent Late Cretaceous to middle
Paleocene exhumation and early Eocene rapid but short-lived exhu-
mation in the early deformation history. The former exhumation
suggests that the extent of the pre-collisional (India-Eurasia) defor-
mation region in the plateau might be much larger than previously
known,whichwas probably attributed to the northward subduction
of the Neo-Tethys oceanic plate. The latter exhumation and corre-
sponding mountain-building and Cenozoic basin formation were
likely a far-field response to the collision between Indian and Eur-
asian plates, signifying synchronous distributed deformation and
crustal shortening throughout the northern plateau near the onset
of the collision.

2) The detrital AFT ages and lag-time analysis results of the Cenozoic
samples suggest relatively a quiescent tectonic setting and decreas-
ing exhumation rates in Qilian Mountains during the late Eocene to
early Miocene. This was probably related to large-amplitude lateral
strike-slip movement of the Altyn Tagh Fault before the end of
early Miocene, which was accommodated out of the plateau and re-
sulted in little crustal shortening in Qilian Mountains.

3) The differences among the detrital AFT ages of the analyzed Cenozoic
samples reveal sedimentary provenance changes at ca. 17Ma,which
was probably associated with the rapid uplift and intensive defor-
mation of the Qilian Mountains since the middle Miocene.
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